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Preface

This reprint book is a collection of articles published in a Special Issue on pediatric cancers in

Cancers. This reprint consists of 25 articles, comprising an editorial, 16 original research articles,

6 reviews, and 2 systematic reviews covering molecular insights into different pediatric cancers.

Overall, this Special Issue reprint on pediatric cancers brings together international leaders in the

field of cancers to discuss and present the current knowledge, understanding, management, subtypes,

and molecular features of different pediatric cancers. This reprint also includes research articles on

experimental therapeutics for different pediatric cancers and the development of therapies of the

future to cure pediatric cancers. This preface is an invitation to learn, share, and stand together in the

fight against pediatric cancers. Let these articles and research be a testament to our commitment and

unwavering hope for a future where no child will suffer from cancer.

Saurabh Agarwal and Jianhua Yang

Editors

xi





Citation: Agarwal, S. Pediatric

Cancers: Insights and Novel

Therapeutic Approaches. Cancers

2023, 15, 3537. https://doi.org/

10.3390/cancers15143537

Received: 28 June 2023

Accepted: 4 July 2023

Published: 8 July 2023

Copyright: © 2023 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Editorial

Pediatric Cancers: Insights and Novel Therapeutic Approaches
Saurabh Agarwal

Department of Pharmaceutical Sciences, College of Pharmacy and Health Sciences, St. John’s University,
New York, NY 11439, USA; agarwals@stjohns.edu ; Tel.: +1-718-990-1623

Pediatric cancers cast a dark shadow over the lives of countless children and their
families and represent a leading cause of mortality among children worldwide. Despite
significant advancements in medical research and treatment modalities, the battle against
pediatric cancers remains a challenging and urgent priority. Every day, numerous children
are diagnosed with cancers such as leukemia, brain tumors, neuroblastoma, sarcomas, and
others, thrusting them into a grueling battle against an invisible enemy. Treatments of
pediatric cancers present unique challenges compared to adult cancers, due to the harsh
side effects of chemotherapy and radiation, and delayed diagnosis. It is important to
understand the unique challenges and insights of different pediatric cancers and to develop
novel therapeutic approaches. This editorial covers the unique special edition on Pediatric
Cancers published in Cancers, which consists of 24 articles presented by international
leaders in the pediatric cancers field. This Special Issue comprises 16 original research
articles, 6 reviews, and 2 systematic reviews covering insights on different pediatric cancers.

Conventional chemotherapies play a vital role in pediatric cancer treatment, especially
in low- and middle-income countries. Several chemo drugs have been approved by the
FDA for pediatric cancers; however, multi-drug resistance (MDR) and transporters mediat-
ing MDR pose serious obstacles to drug efficacy and require dose escalation, which leads
to side effects in pediatric patients [1]. The review by Bo et al. summarizes the mechanisms
involving MDR and different drug transporters found in pediatric tumors. Understanding
the mechanisms of MDR transporters will enhance the efficacy of pediatric chemotherapies
to improve overall survival and reduce treatment toxicity [1]. A systematic review of the
effect of chemotherapy in the management of a very rare pediatric neoplasm Melanotic
Neuroectodermal Tumor of Infancy (MNTI) highlights the effects of chemotherapy treat-
ments in supporting surgical resections in inoperable, metastatic, and recurrent cases of
MNTI [2]. Another retrospective study showed substantial infectious morbidity in pediatric
sarcomas patients during neoadjuvant chemotherapy treatment [3]. This study empha-
sizes developing better risk stratification protocols for preventing and managing febrile
neutropenia and infections to maintain quality of life and better chemotherapy treatment
outcomes [3]. Understanding the interrelationships between childhood cancers and their
treatment with chronic stress in patients throughout their lifespan is very important for
effectively managing survivorship. White et al. review the physical, neurological, and
psychological effects that lead to chronic stress in childhood cancer survivors and advocate
for effective stress management for overall better outcomes [4].

The most common childhood cancer is acute leukemia, which accounts for almost
28% of all pediatric cancers. The most common types in children are acute lymphocytic
leukemia (ALL) and acute myeloid leukemia (AML) [5]. An acute leukemia data study
of 690 patients showed that the incidence of hyperleukocytosis was 16.6% in ALL and
20.3% in AML patients and was associated with higher morbidity rates and worse survival
outcomes. This study suggests modifying the treatment regimen and improving the early-
stage monitoring [5]. Myeloid sarcomas (MS), commonly referred to as chloromas, are
extramedullary tumors of AML with varying incidence and influence on outcomes [6]. The
review article by Zorn et al. summarizes the current understanding of pediatric MS and its

Cancers 2023, 15, 3537. https://doi.org/10.3390/cancers15143537 https://www.mdpi.com/journal/cancers
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biological drivers to spark the development of effective therapeutic strategies for MS and
AML [6].

The second most common pediatric cancers are brain and spinal cord tumors, ac-
counting for about 26% of childhood cancers. There are many types of brain and spinal
cord tumors, and the treatment and pathogenesis for each are different. The review arti-
cle by Thorbinson and Kilday summarizes the molecular landscape, prognosis, current
therapies, and novel therapeutic approaches for the three most common pediatric brain
tumors medulloblastoma, high-grade gliomas, and ependymoma [7]. Further, Chen et al.
review the immune microenvironment and immunotherapy clinical trials for the diffuse
intrinsic pontine glioma (DIPG) [8]. This glial tumor, DIPG, accounts for 10–15% of pedi-
atric brain tumors, with no effective treatment in the clinic. Therefore, developing novel
immunotherapies for transforming DIPG tumors from cold to hot holds a high potential
for effective DIPG treatment [8]. Ependymoma is the third most prevalent pediatric CNS
tumor with considerable molecular and clinical diversity. The review by Zaytseva et al.
underscores the importance of comprehensive molecular profiling to identify (epi)genetic
variants for advanced risk stratification of patients [9]. This profiling will support better
management and will be pivotal for the development of novel therapeutic strategies for
ependymoma [9].

The third most common pediatric cancer is neuroblastoma (NB) which accounts for
almost 15% of all pediatric cancer deaths with an overall 5-year survival rate of less than
50% [10]. Therefore, developing novel therapeutic approaches targeting the molecular
mechanisms that drive NB progression is very important. In this Special Issue, we have
published six research articles on developing effective therapeutic strategies for NB using
in vitro and in vivo tumor models. A dual HDAC and PI3K inhibitor CUDC-907 [10]
and an ERK inhibitor Ulixertinib [11] were found to be effective treatment approaches
for high-risk NB. Further, SOX4 is shown to mediate NB cell differentiation, and SOX4
knockdown partially reversed retinoic acid-induced differentiation in NB cells [12]. The
LPA-LPAR1 axis is shown to have migration-inhibitory effects on NB cells, and knockdown
of LPRA1 promotes NB cell migration and metastasis [13]. The featured paper published
in this Special Issue researches the role of Serine-threonine kinase receptor-associated
protein (STRAP) in NB [14]. Bownes et al. found that the genetic knockout of STRAP
inhibits NB cell proliferation in vitro and tumor growth in vivo, and overall concluded
that STRAP plays a role in NB stemness and tumorigenesis [14]. A retrospective clinical
study in 217 high-risk NB patients found that oral metronomic maintenance treatment can
improve overall survival in patients not treated with autologous stem cell transplantation
or anti-GD2 antibody therapy [15].

Nephroblastoma or Wilms tumor is the most common kidney tumor in childhood
and accounts for almost 5% of all pediatric cancers [16]. A retrospective clinical study
in 2927 Wilms tumor patients advocates for considering cancer predisposition syndrome
with causative genetic or epigenetic variants for effective genetic counseling and man-
agement [16]. Pediatric sarcomas represent a diverse group of rare bone and soft tissue
malignancies comprising almost 13% of all pediatric cancers [17]. The most common bone
sarcomas are osteosarcomas and Ewing’s sarcoma, while rhabdomyosarcoma is the most
common soft-tissue pediatric sarcoma [17]. A clinical study of 620 survivors of pediatric
bone sarcomas in Nordic countries reveals that these patients are at increased risk of devel-
oping somatic diseases and long-term adverse health effects [18]. This study emphasizes
intervention strategies for optimal patient counseling and follow-up care for the survivors
of osteosarcoma and Ewing’s sarcoma [18]. Kim et al. developed a radio-genomics pre-
dictive model that incorporates both imaging features and gene expression to accurately
predict metastasis and chemotherapy responses to improve pediatric osteosarcoma patient
outcomes [19]. Chen et al. identified RNA-binding protein level patterns as a prognostic
model to identify Ewing’s sarcoma patients with a higher mortality risk [20]. An interesting
research study screening natural product extracts identified fungal metabolite altertoxin
II (ATXII) inhibiting Ewing’s sarcoma growth both in vitro and in vivo [21]. ATXII was
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found to induce DNA double-strand breaks and cell cycle S phase accumulation without
directly binding to the DNA [21]. In rhabdomyosarcoma, increased EZH2 protein levels
are associated with poor prognosis and increased metastatic potential [22]. Direct and
indirect targeting of EZH2 showed differential efficacy due to divergent epigenetic and
cellular signaling regulations in different rhabdomyosarcoma cell subtypes [22]. A research
study by Lavoie et al. using cell surface proteomics, transcriptomics, and tissue specimens
uncovers B7-H3 as a major immunoregulatory molecule expressed by rhabdomyosarcomas
and not by normal human tissues [23]. Furthermore, B7-H3 knockout in rhabdomyosar-
coma tumor cells increases T-cell-mediated cytotoxicity, indicating B7-H3 as a potential
target for developing next-generation immunotherapies for rhabdomyosarcoma [23]. Fuchs
et al. used meta-analysis data and suggest developing a uniform classification for pediatric
rhabdoid liver tumors and small cell undifferentiated liver tumors, due to the evidence
of overlapping histopathology and significantly better survival [24]. Desmoplastic small
round cell tumor (DSRCT) is a rare and aggressive soft tissue sarcoma, characterized by
a chromosomal translocation resulting in the EWSR1-WT1 gene fusion [25]. Blejis et al.
develop a novel primary patient-derived DSRCT in vitro model recapitulating the original
tumor to study disease progression and drug sensitivity [25].

Overall, this Special Issue on pediatric cancers brings together the current understand-
ing of different pediatric cancers, their management, sub-types, and molecular features.
Additionally, this Special Issue also includes research articles on experimental therapeutics
for different pediatric cancers. In conclusion, this Special Issue book will provide the
readership with a comprehensive knowledge of pediatric cancers and hope for developing
more effective and less-toxic therapeutic strategies for children battling with cancers.

Conflicts of Interest: The author declare no conflict of interest.
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Simple Summary: High-risk neuroblastoma (NB) is an aggressive cancer of very young children
and accounts for almost 15% of all pediatric cancer deaths. Current therapies include high-dose
chemotherapy and radiation, which have long-term toxic side effects. Despite these intensive
therapies, the overall 5-year survival rate of NB is less than 50%. Therefore, developing novel
therapeutic approaches targeting the molecular mechanisms that drive NB progression is very
important. In the present study, we repurpose CUDC-907, a dual inhibitor of PI3K and histone
deacetylases. These regulators are known to regulate MYCN expression, a key prognostic marker
of NB. CUDC-907 potently inhibits NB growth and 3D spheroid tumor growth by inhibiting PI3K,
HDAC, and MYCN. Overall, our pre-clinical data demonstrate that repurposing CUDC-907 as a
single drug is a novel and effective therapeutic approach for NB.

Abstract: The dysregulation of PI3K, HDACs, and MYCN are well known for promoting multiple
cancer types, including neuroblastoma (NB). Targeting the upstream regulators of MYCN, including
HDACs and PI3K, was shown to suppress cancer growth. In the present study, we analyze different
NB patient datasets to reveal that high PI3K and HDAC expression is correlated with overall poor NB
patient survival. High PI3K level is also found to be associated with high MYCN level and NB stage
progression. We repurpose a dual inhibitor CUDC-907 as a single agent to directly target both PI3K
and HDAC in NB. We use in vitro methodologies to determine the efficacy and selectivity of CUDC-
907 using six NB and three control fibroblast cell lines. Our results show that CUDC-907 significantly
inhibits NB proliferation and colony growth, induces apoptosis, blocks cell cycle progression, inhibits
MYCN, and enhances H3K9Ac levels by inhibiting the PI3K/AKT signaling pathway and HDAC
function. Furthermore, CUDC-907 significantly inhibits NB tumor growth in a 3D spheroid tumor
model that recapitulates the in vivo tumor growth. Overall, our findings highlight that the dual
inhibition of PI3K and HDAC by CUDC-907 is an effective therapeutic strategy for NB and other
MYC-dependent cancers.

Keywords: drug repurposing; PI3K pathway; epigenetics; Fimepinostat; neuroblastoma; pedi-
atric cancer

1. Introduction

High-risk neuroblastoma (NB) is the most common extracranial solid tumor that
accounts for almost 10% of all childhood-related cancers [1]. Despite major advancements
in intensive multi-modal therapies, the overall 5-year survival rate of NB is less than 50% [2].
Current NB therapy follows an induction chemotherapy regimen that is often associated
with disease comorbidities and increased risk of secondary malignancies [3]. Therefore,
developing novel single-agent therapeutic strategies targeting multiple oncogenic pathways
such as PI3K/AKT, histone deacetylases, and MYCN, is important for NB and other cancers.

The pathologic activation of MYCN plays a central role in NB, with MYCN amplifica-
tion identified in approximately 25% of primary NB tumors [4]. MYCN amplification drives

Cancers 2022, 14, 1067. https://doi.org/10.3390/cancers14041067 https://www.mdpi.com/journal/cancers
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rapid metastasis, relapse, and drug resistance, and patients with relapsed MYCN amplified
tumors have less than 5% overall survival rate [5]. Direct MYCN targeting strategies were
shown to have limited effect, thus indirectly targeting the oncogenic activation of MYCN
transcription is an important therapeutic approach for MYCN-driven cancers [4]. Among
others, histone deacetylases (HDAC) and phosphoinositide-3 kinase (PI3K) are upstream
regulators of MYCN and are also known to promote NB pathogenesis [6]. PI3K/AKT path-
way is one of the most important intracellular signaling pathways regulating cell growth,
proliferation, angiogenesis, motility, survival, and metabolism [7]. The PI3K signaling
pathway also regulates multiple cellular proteins, such as mTORC1, S6 kinase, GSK3β,
FOXO, MDM2, MYCN, P27, and BAD [8–10]. The dysregulation of PI3K has been reported
in multiple cancer types, including prostate cancer, breast cancer, ovarian cancer, and
NB [11,12].

Epigenetic alterations, such as histone acetylation and methylation, play an essential
role in tumor initiation and progression [6]. HDACs are key transcription cofactors that reg-
ulate histone and non-histone protein substrates through epigenetic or non-epigenetic mod-
ifications, thus affecting multiple signaling networks, including MYC, p53, and STAT3 [13].
HDACs also play an important role in cell proliferation, differentiation, cellular homeosta-
sis, and stemness maintenance [13]. Studies showed that the H3K9 acetylation (H3K9Ac) of
active promoters positively correlates with gene expression, and HDAC inhibitors induce
these acetylation marks by inhibiting HDAC enzymes [14]. HDAC inhibitors alone or in
combination with other anti-cancer compounds showed promising preclinical results in the
treatment of different cancers [15]. Preclinical studies have shown promising anti-cancer
activity for combining PI3K inhibitors with HDAC inhibitors in various cancers [16].

In the present study, we use a dual PI3K and HDAC inhibitor, CUDC-907 or Fimepino-
stat, and show its potency in inhibiting NB growth. CUDC-907 is a first-in-class, oral small
molecule dual HDAC (class I and II) and PI3K (class Iα, β, and δ) inhibitor that can simul-
taneously target multiple oncogenic signaling pathways [17,18]. CUDC-907 is effective in
multiple cancer types, including acute myeloid leukemia, relapsed or refractory diffuse
large B-cell lymphoma, prostate cancer, thyroid cancer, and multiple myeloma [19–21]. FDA
designated CUDC-907 for fast track development for patients with relapsed diffuse large
B-cell lymphoma [17]. Our preclinical results in NB demonstrate that CUDC-907 potently
inhibits NB growth by inhibiting the PI3K signaling pathway and HDACs. We also found
that CUDC-907 inhibits MYCN and enhances the H3K9 histone acetylation. Overall, our
study highlights the efficacy of CUDC-907 as a single drug in targeting multiple pathways
and as a novel therapeutic approach for NB. As CUDC-907 is currently under extensive
clinical trials for multiple cancers, our study will further pave the way for the effective
clinical translation of CUDC-907 for NB patients.

2. Materials and Methods
2.1. Cell Culture and Reagents

Human NB cell lines NGP, LAN5, CHLA-255-MYCN (MYCN-amplified), SH-SY5Y,
SK-N-AS, and CHLA-255 (MYCN non-amplified), and normal fibroblast control cell lines
WI-38, NIH-3T3, and COS-7 were routinely cultured and maintained as described previ-
ously [22,23]. All cell lines used in this study were routinely tested for mycoplasma and
validated via short-tandem repeat analysis for genotyping. In this study, the experiments
were performed using different numbers of cell lines as required for the assay. Primary
antibodies anti-PI3K (4292S), anti-p-PI3K (4228S), anti-PDK1 (3062S), anti-p-PDK1 (Ser241;
3438S), anti-AKT (9272S), anti-p-AKT (Thr308; 9275S), anti- p70S6 kinase (S6K; 9202S), anti-
p-p70-S6 kinase (pS6K; Thr389; 9205S), anti-MYCN (9405S), anti-H3 (4499S), anti-H3K9Ac
(9649S), anti-Cyclophilin B (43603S), and anti-rabbit IgG HRP-linked secondary antibody
(7074S) were purchased from Cell Signaling Technology. CUDC-907 was purchased from
MedChem Express, Monmouth Junction, NJ, USA.
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2.2. Clinical Patient Dataset

NB patient datasets were analyzed using the publicly available patient databases
from the R2: Genomic Analysis and Visualization Platform. Available online: https:
//hgserver1.amc.nl/cgi-bin/r2/main.cgi (accessed on 1 February 2022). This unique
platform provides a multi-parametric analysis of NB patient outcomes with correlation to
gene expression and microarray profiles of their primary tumors. In the present study, we
analyzed a total of 1235 primary NB patient data by analyzing Versteeg, Kocak, and SEQC
datasets. Dataset analyses were performed by including patients’ confounding factors.

2.3. Cell Viability and Clonogenic Assay

Cell viability assays were performed as described previously [23]. Briefly, cells were
treated with different drug concentrations for 72 h, followed by incubation with CellTiter
96 AQueous One Solution from the Cell Proliferation Assay kit (G3582; Promega, Madison,
WI, USA) as per the manufacturer’s instructions. Cell viability was measured using a
spectrophotometer (SpectraMax iD3, Molecular Device, San Jose, CA, USA) at 490 nm. The
data were analyzed using GraphPad Prism 9 software, and IC50 values were calculated for
individual cell lines. Clonogenic cell colony formation assays were performed as described
previously [23,24].

2.4. Apoptosis and Cell Cycle Assay

Apoptosis assays were performed using the Muse Annexin V and Dead Cell Kit
(MCH100105; Luminex Corp., Austin, TX, USA), and cell cycle analysis was performed
using Muse Cell Cycle Kit reagent (MCH100106; Luminex Corp), according to the man-
ufacturer’s instructions and as described previously [23]. NB cell lines were treated for
16 h with different concentrations of CUDC-907. Apoptosis and cell cycle samples were
analyzed using the Guava Muse cell analyzer (Luminex Corp) to determine the percentage
of early apoptosis and cell cycle changes, respectively.

2.5. 3D Spheroid Tumor Assay

Three-dimensional spheroidal tumor assay was performed using three-dimensional
spheroidal 96-well microplates (4515; Corning Inc., Glendale, AZ, USA), according to the
manufacturer’s instructions and as described previously [23]. Briefly, NB spheroids of about
250 µm were formed, randomized, and treated with regular drug replenishment. Spheroid
images were captured, and size was measured using a Leica DMi1 microscope using the
LASX software suite from Leica Microsystems. This software suite provides tools to analyze
the captured images and measure size. Each treatment cohort includes at least 6 spheroid
tumors. A Viability/Cytotoxicity Assay Kit for Animal Live and Dead Cells (Biotium Inc.,
Fremont, CA, USA) was used to measure spheroid cell viability as per the manufacturer’s
instructions. Calcein AM stains live cells, and ethidium homodimer III stains dead cells
and yields green and red fluorescence, respectively. Fluorescent spheroid images were
captured using the EVOS FL imaging system (Thermo Fisher Scientific, Waltham, MA,
USA), and fluorescent quantification was performed using a SpectraMax iD3 microplate
reader (Molecular Device) at 517 nm to detect Calcein AM and at 625 nm to detect EthD-III
dye. Furthermore, the CellTiter-Glo 3D Cell Viability Assay (G968; Promega) dye was used
according to the manufacturer’s instructions to determine the viability of spheroid cells.

2.6. RNA Extraction and Quantitative Real-Time RT-PCR

Gene expression analysis was performed using the RT-qPCR method, as described
previously [23]. NB cells were treated with different drug concentrations for 6 h. Total RNA
was extracted by using RNeasy plus mini kit (74134; Qiagen, Hilden, Germany), followed
by cDNA synthesis using a high-capacity cDNA reverse transcription kit (4368814; Thermo
Fisher Scientific), as per manufacturer’s instructions. Further, the cDNA was used in
RT-qPCR reactions for individual genes using SYBR Green dye (4385610; Thermo Fisher
Scientific) and QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific). The
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expression of genes was normalized to the expression of GAPDH as a housekeeping gene.
Primers used in this study are listed in Supplementary Table S1.

2.7. Immunoblotting Assays

Immunoblotting assays were performed by treating NB cells with different concentra-
tions of CUDC-907 for 6 h, followed by cell lysis using RIPA buffer (89900; Thermo Fisher
Scientific) supplemented with protease inhibitor cocktail (Complete mini EDTA free, Roche,
Basel, Switzerland) and phosphatase inhibitor cocktail (PhosSTOP, Roche). Protein samples
were quantified with Bradford assay (5000205; Bio-Rad, Hercules, CA, USA) and equal
amounts of total protein were separated on 4–12% SDS-PAGE gels, followed by transfer
to PVDF membranes using a Bio-Rad Trans-Blot Turbo TM system, then blocking with
5% BSA solution, and probing with corresponding primary antibodies (1:1000 dilution)
overnight at 4 ◦C [25]. This was followed by washing and incubating the membranes with
either anti-mouse or anti-rabbit IgG HRP-conjugated secondary antibody (1:10,000 dilution)
for 2 h. Protein bands on membranes were developed using Clarity ECL Western substrate
(Bio-Rad) and visualized using the ChemiDoc XRS Plus system (Bio-Rad). Densitometric
analysis of the protein bands was performed using the ImageJ software.

2.8. Statistical Analysis

In the present study, three technical replicates and appropriate controls were per-
formed for all the assays. Results are presented as the mean ± standard error mean (SEM)
of the replicates. Two-tailed Student’s t-test and ANOVA statistical significance tests were
used among different groups in experiments. The p values were calculated for fold dif-
ferences among different comparative groups and p < 0.05 was considered statistically
significant. Patient survival analyses were performed using the Kaplan–Meier method and
two-sided log-rank tests.

3. Results
3.1. PI3K Expression Strongly Correlates with Poor NB Prognosis

To investigate the role of PI3K in NB, we analyzed different NB patient datasets (total
1235 primary NB patients) using the R2 dataset and determined the correlation of the
PI3K gene (PIK3C2A) with overall NB patient outcome. Kaplan–Meier survival analysis
revealed that expression of the PIK3C2A gene inversely correlates with the overall survival
of NB patients (Figure 1A–C). In contrast, the low expression of PIK3C2A gene showed
significantly better prognosis and overall survival in all the analyzed patient datasets (Kocak
N = 649, p = 1.3 × 10−9; SEQC N = 498, p = 1.2 × 10−6; Versteeg N = 88, p = 1.5 × 10−4;
Figure 1A–C). Additionally, aggressive higher stage NB tumors showed higher PIK3C2A
expression levels (Figure 1D–F), suggesting a role of PI3K in NB progression. Further, we
observed a strong correlation between PI3K and MYCN genes in NB (data not shown).
Additionally, HDAC2 gene expression also showed an inverse correlation with overall and
event-free survival of NB patients (Supplementary Figure S1). These findings suggest the
oncogenic role of PI3K and HDAC in NB and highlight an effective therapeutic targeting
strategy of using a dual inhibitor CUDC-907 for NB.

3.2. CUDC-907 Inhibits NB Proliferation

Based on the patient dataset analysis, we used CUDC-907, a dual PI3K and HDAC
inhibitor in NB. Cytotoxicity assays for CUDC-907 in different NB cell lines and control
fibroblast cell lines were performed (Figure 2). We used a total of six NB cell lines, in-
cluding three MYCN-amplified and three MYCN non-amplified cell lines. Additionally,
to determine the selectivity of CUDC-907 for cancer cells, we used three control fibroblast
cell lines (Figure 2A). The results show that CUDC-907 significantly inhibits the cell pro-
liferation of both MYCN-amplified (Figure 2B) and non-amplified cell lines (Figure 2C)
in a dose-dependent manner and in contract to control fibroblast cell lines, with IC50 val-
ues ranging from 0.91 µM (p < 0.01) for LAN-5 to 1.94 (p < 0.05) µM for NGP (Figure 2).

8
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The results of the cytotoxicity assays on control cell lines clearly show the selectivity and
potency of CUDC-907 in inhibiting NB proliferation (Figure 2A). To further validate the
anti-proliferative effect of CUDC-907, we performed clonogenic assays using four different
NB cell lines, including two MYCN-amplified (LAN-5, NGP) and two non-amplified (SH-
SY5Y, SK-N-AS) cell lines. Our data showed that CUDC-907 significantly inhibits overall
NB colony formation capacity in contrast to control treatment in a dose-dependent manner
(Figure 3). These results further demonstrate the inhibitory effect of CUDC-907 on NB
growth and proliferation.
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Figure 1. Expression of PIK3C2A gene inversely correlates with overall NB patients’ survival. Kaplan–
Meier survival analysis of PIK3C2A gene expression shows an overall inverse probability of NB patients’
survival. (A) Kocak (N = 649). (B) SEQC (N = 498). (C) Versteeg (N = 88). (D–F) International
Neuroblastoma Staging System (INSS)-based NB stage analysis showing the correlation of PIK3C2A
expression with NB progression: (D) Kocak dataset, (E) SEQC dataset, (F) Versteeg dataset. x represents
statistical significance within the group.
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B.A.

Figure 3. CUDC-907 inhibits NB colony formation and growth. Colony formation assays in response to CUDC-907 in four NB 
cell lines. (A) Representative images of colony formation assays in MYCN amplified cell lines NGP and LAN-5, and MYCN non-
amplified cell lines SH-SY-5Y and SK-N-AS in response to CUDC-907 treatment. Cells were treated with CUDC-907 for 48 h. (B)
Survival index graphs showing the quantitation of relative inhibition of colony formation in respective cell lines in response to 
CUDC-907 treatment. Colony numbers are normalized to control. *p<0.05, *** p<0.001, **** p<0.0001.

FIGURE 3

Figure 3. CUDC-907 inhibits NB colony formation and growth. Colony formation assays in response
to CUDC-907 in four NB cell lines. (A) Representative images of colony formation assays in MYCN-
amplified cell lines NGP and LAN-5, and MYCN non-amplified cell lines SH-SY-5Y and SK-N-AS in
response to CUDC-907 treatment. Cells were treated with CUDC-907 for 48 h. (B) Survival index
graphs showing the quantitation of the relative inhibition of colony formation in the respective cell
lines in response to CUDC-907 treatment. Colony numbers are normalized to control. *** p < 0.001,
**** p < 0.0001.

3.3. CUDC-907 Induces Apoptosis and Blocks Cell Cycle Progression in NB

Next, we performed apoptosis and cell cycle assays using different NB cell lines
in response to CUDC-907. The results show that CUDC-907 significantly and in a dose-
dependent manner induces apoptosis in both NGP and SH-SY5Y NB cell lines (Figure 4A,B).
Specifically, CUDC-907 treatment increases the percentage of early apoptotic cells by 1.45-
and 1.74-fold in SH-SY5Y cells, and 1.46- and 1.86-fold in NGP cells, in response to 0.5 µM
and 1 µM, respectively, and in contrast to control treatment (Figure 4A,B).

Furthermore, we observed that CUDC-907 treatment significantly inhibits NB cell
cycle progression by inhibiting the S phase (Figure 4C). In response to CUDC-907 treatment,
the percentage of cells in the S phase decreased by 0.88- and 0.62-fold (p < 0.05), while the
percentage of cells in the G2/M phase increased by 1.6- and 1.7-fold (p < 0.05), for 0.5 µM
and 1 µM, respectively, and in contrast to control treatment (Figure 4C). These data further
validate the efficacy of CUDC-907 in inducing cytotoxicity and inhibiting NB cell growth
by arresting the cell cycle and by inducing apoptosis.

3.4. CUDC-907 Inhibits NB Spheroid Tumor Growth

To further determine the effect of CUDC-907, we developed a 3D spheroid tumor
model of NB by using the SH-SY5Y cell line. These 3D spheroids strongly mimic the in vivo
physiological growth patterns of solid tumor NB by generating anchorage-independent
spheroid tumor mass. We have developed spheroid tumors of similar sizes, randomized
them, and treated them with increasing doses of CUDC-907 (Figure 5). The size and growth
of individual spheroid tumors were measured and imaged regularly. The results show
significant and dose-dependent inhibition of NB tumor growth in response to CUDC-907
and in contrast to control treatment (Figure 5A,B). Furthermore, we observed a significant
reduction of live cells in spheroid tumors in response to CUDC-907 treatments, emphasizing
the effect of CUDC-907 in inhibiting tumor mass by blocking NB cell growth (Figure 5C,E,F).
These results were further validated by a live-cell ATP release assay, which demonstrated
that CUDC-907 significantly and in a dose-dependent manner inhibits the number of
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live cells in NB spheroid tumors to overall inhibiting tumor growth (Figure 5D). These
qualitative and quantitative assays in 3D spheroid tumors further confirmed the efficacy of
CUDC-907 as a single drug in inhibiting NB growth.
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Figure 4. CUDC-907 induces apoptosis and blocks cell cycle progression in NB cells. (A,B) Represen-
tative images showing the percentage of apoptosis in NB cell lines in response to CUDC-907 treatment
for 16 h. (A) SH-SY5Y and (B) NGP. Early apoptosis cells from three independent experiments are
plotted and normalized to control treatments. C= control, * p < 0.05, ** p < 0.01. (C) Representative
images of cell cycle assay in SH-SY5Y cell line in response to CUDC-907 treatment for 16 h. Percentage
of cells in G0/G1, S, and G2/M cell cycle phases are represented, showing the effect of CUDC-907 on
NB cell cycle phases.

3.5. CUDC-907 Inhibits PI3K/AKT Pathway

To further determine the molecular mechanisms by which CUDC-907 inhibits NB
growth, we performed gene and protein expression profiling. Gene expression analysis
showed that CUDC-907 significantly inhibits mRNA expression of key PI3K/AKT pathway
genes, including PIK3C2A, AKT1, TBK1, and MTOR (Figure 6A). For the PIK3C2A gene,
we observed about three-fold inhibition of mRNA expression in response to 1 µM of
CUDC-907, and in contrast to the control treatment (Figure 6A). Additionally, we found
that CUDC-907 leads to significant inhibition of the phosphorylation and activation of the
PI3K/AKT pathway proteins, including p-PI3K (Tyr458/Tyr199), p-PDK1 (S241), p-AKT
(T308), and p-S6K (T389). The dose-dependent inhibition of phosphorylation was observed
in response to CUDC-907 treatment and in contrast to the control treatment (Figure 6B). As
expected, the total protein levels of PI3K, PDK1, AKT, and S6K were found to be slightly
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reduced in response to CUDC-907 treatments (Figure 6B). Furthermore, we observed a dose-
dependent inhibition of MYCN expression at both mRNA and protein levels in response to
the CUDC-907 treatment (Figure 6A,B). These data highlight the effects of CUDC-907 in
inhibiting the PI3K/AKT pathway and MYCN at both mRNA and protein levels.
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Figure 5. CUDC-907 inhibits NB spheroid tumor growth. (A) 3D spheroid tumors developed using
SH-SY5Y cell line at different days of growth in response to increasing concentrations of CUDC-907
treatment. (B) Spheroid tumor growth measurements as displayed in (A), show a significant decrease
in spheroidal mass in response to CUDC-907 treatments. (C) Representative images of terminal
spheroids stained with Calcein AM (green; live cells) and EthD-III (red; dead cells) fluorescence
dyes. (D) Quantitative assessment of the number of live cells in 3D spheroid tumors using live-cell
ATP release assay. (E) Quantitative representation of the percentage of cells stained with Calcein
AM shows a significant decrease in the number of live cells. (F) Quantitative representation of the
percentage of cells stained with EthD-III shows a significant increase in the number of dead cells.
* p < 0.05, ** p < 0.01. *** p < 0.001, **** p < 0.0001.

3.6. CUDC-907 Inhibits HDAC and Induces Histone Acetylation at H3K9

To further understand the effect of CUDC-907 at the epigenetic level, we analyzed the
gene expression of histone deacetylases HDAC1 and HDAC2 in response to CUDC-907.
Our results show an inhibition of HDAC1 mRNA by 0.2- and 0.4-fold and HDAC2 mRNA
by 0.6- and 0.7-fold in response to 0.5 and 1.0 µM, respectively, and in contrast to control
treatment (Figure 7A). Additionally, to determine the effect of HDAC inhibition, we further
analyzed the overall H3K9Ac levels in NB cells. The results show that CUDC-907 in a
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dose-dependent manner significantly increases H3K9Ac levels in contrast to the control
(Figure 7B). These data highlight the epigenetic effects of CUDC-907 by inhibiting HDACs
and therefore enhancing H3K9Ac levels in NB.
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Figure 6. CUDC-907 inhibits PI3K/AKT pathway: (A) Gene expression analysis of PIK3C2A, AKT1,
MTOR, TBK1, and MYCN in response to CUDC-907 treatments in SH-SY5Y cells. * p < 0.05, ** p < 0.01,
and *** p < 0.001. (B) Western blot analysis of different PI3K pathway proteins in response to
increasing concentrations of CUDC-907 treatments. CyPB was used as a loading control. Full blots
and densitometric data are available in Supplementary Figure S2.
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4. Discussion

The direct targeting of PI3K and HDAC enzymes has been shown as an effective
therapeutic approach in various cancers, including NB [7,26,27]. To date, five PI3K in-
hibitors (Copanlisib, Idelalisib, Umbralisib, Duvelisib, and Alpelisib) and four HDAC
inhibitors (Romidepsin, Vorinostat, Belinostat, and Panobinostat) received FDA approval
for treating different types of leukemia and lymphoma, multiple myeloma, and breast
cancer [28,29]. This highlights the clinical importance of both PI3K and HDAC inhibitors
for the development of targeted therapeutic approaches for hard-to-treat cancers, such as
NB [28]. A combination of PI3K and HDAC inhibitors has been shown to synergistically
inhibit tumor cell growth and induce apoptosis in diffuse large B-cell lymphoma and
glioblastoma multiforme [30]. Drug combinational approaches require individual admin-
istration of two or more drugs for their targets and are expected to have synergistic or
additive effects [31]. Another combination therapeutic approach is to develop single-agent
dual inhibitor drugs that can target two different pathways simultaneously. This approach
has several advantages, such as low toxicity, greater therapeutic efficacy, better pharma-
cokinetic and pharmacodynamic properties, and fewer solubility-related and drug–drug
interaction related issues [18].

In the present study, we used a dual inhibitor CUDC-907 that targets both PI3K and
HDAC [19,32]. Pre-clinical studies in colorectal cancer, B cell lymphoma, thyroid cancer,
refractory lymphoma, and multiple myeloma have shown that CUDC-907 significantly
inhibits both the PI3K pathway and different HDAC enzymes, to inhibit cancer proliferation
and growth [33,34]. Similarly, our results in NB also showed that CUDC-907, in a dose-
dependent manner, inhibits NB cell proliferation and 3D spheroid tumor growth. CUDC-
907 has been reported to inhibit pancreatic adenocarcinoma [35], glioblastoma [36], prostate
cancer [21], and acute myeloid leukemia [20] by inhibiting HDACs, DNA damage response,
cell cycle proteins, and by inducing apoptosis. In NB, we demonstrated that CUDC-907
induces apoptosis and inhibits the cell cycle S phase. Similar results of the CUDC-907-
mediated blockage of the S and G2/M phases were shown for pancreatic and thyroid
cancers via the downregulation of the cell cycle regulators cyclin B1, AURKA, and PLK1 [33,
35]. In glioblastoma, CUDC-907 induces G1 cell cycle arrest through CDKN1A promoter
hyperacetylation-driven transcriptional activation and downregulation of CDK1 [36], while
in lung fibroblast cells, CUDC-907 blocks G1 and S phase [37]. In breast cancer, CUDC-907
enhances TRAIL-induced apoptosis through the upregulation of cell survival proteins,
including XIAP, Bcl-xL, and Bcl-2 [38]. The oncogenic activation of PI3K/AKT signaling
pathway regulates multiple parallel signaling pathways, which are known to be involved in
metabolism, proliferation, motility, and autophagy in different cancers [39,40]. Our results
also showed that CUDC-907-mediated PI3K and HDAC inhibition leads to inhibiting NB
growth.

In the past decade, most preclinical studies were based on the 2D cell culture models
despite its limitations, including difficulty in simulating three-dimensional physiological
conditions [41,42]. In vitro 3D tumor models filled this gap by enumerating the growth
patterns of in vivo solid tumors. These 3D spheroidal tumor models became a research
standard by replacing time-consuming and expensive animal studies to determine pre-
liminary anti-cancer drug effects [42,43]. Three-dimensional cell culture models have
higher invasiveness and resistance to cytotoxic drugs in comparison to two-dimensional
monolayer studies [44]. Three-dimensional spheroidal tumor studies were shown as a
substitute for in vivo animal models in different cancers, including NB [45]. In our study,
we observed a dose-dependent inhibition of NB spheroidal tumor growth by CUDC-907.
Similar results were observed in in vitro hepatocarcinoma, pancreatic cancer, and thy-
roid cancer spheroidal models, and were found comparable with in vivo studies in these
cancers [17,33,35]. Our results demonstrated the effect of CUDC-907 in inhibiting the
PI3K/AKT, HDACs, and enhancing the H3K9Ac levels in NB. Numerous reports in dif-
ferent cancers have shown similar results of the CUDC-907-mediated inhibition of PI3K,
HDACs, and related proteins [20,21,32,35,37,38]. MYCN is one of the most important prog-
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nostic factors for the NB progression [46]. Our patient dataset analysis revealed a strong
correlation of PI3K and MYCN levels in primary NB patients. PI3K expression inversely
correlates with the poor overall survival of NB patients, and PI3K expression is found to
be significantly high in MYCN amplified tumors. Similarly, HDAC2 expression has been
shown to correlate with MYCN levels, and multiple reports show the development of
alternative strategies to target MYCN via the HDAC inhibition [6]. These analyses indicate
that the dual targeting of PI3K and HDAC by CUDC-907 may inhibit MYCN levels. Our
results showed that CUDC-907 significantly inhibits MYCN at both gene and protein levels.
Similar results have been shown for the CUDC-907-mediated inhibition of cancer cell
growth by inhibiting MYC levels in pancreatic adenocarcinoma, acute myeloid leukemia,
and prostate cancer [20,21,35].

Overall, our results showed the utility of drug repurposing by demonstrating the
efficacy of CUDC-907 in inhibiting NB growth. CUDC-907 is currently in phase I and
phase II clinical trials for different tumor types, including pediatric cancers (NCT02307240,
NCT02674750, NCT02909777, and NCT03002623). In phase I clinical studies, CUDC-
907 has been considered as a moderately safe compound with minor gastrointestinal and
hematologic side effects [47,48]. Therefore, our current study will provide further preclinical
evidence for repurposing CUDC-907 for NB, to develop a novel and effective therapeutic
approach for NB patients.

5. Conclusions

Our present study highlights the efficacy and potency of the dual inhibitor CUDC-907
in inhibiting NB growth. Our data demonstrated the inverse correlation between PI3K
and HDAC levels and overall NB patient outcomes. To conclude, CUDC-907 as a single
drug directly targets both PI3K and HDAC to inhibit the PI3K/AKT cell signaling pathway
and to enhance H3K9Ac levels that lead to the downregulation of MYCN and inhibition
of overall NB growth. As CUDC-907 is currently under advanced clinical trials for both
pediatric and adult cancers, our pre-clinical results will further pave the way for a successful
clinical translation of CUDC-907 for treating NB patients.
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//www.mdpi.com/article/10.3390/cancers14041067/s1: Figure S1: HDAC2 expression correlates
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Simple Summary: Neuroblastoma (NB) is the most common extracranial solid tumor in children,
and the majority of patients with high-risk disease are unable to be cured. There is an urgent need
to design novel therapeutics for NB patients. In NB, the RAS-MAPK pathway plays a crucial role
in essential processes such as cell proliferation, survival, and chemoresistance. In the present study,
we determined the therapeutic potential of the ERK inhibitor ulixertinib in NB using a panel of NB
cell lines, patient-derived xenograft (PDX) cell lines, and NB xenograft mouse models. Ulixertinib
significantly and potently inhibited NB cell proliferation and tumor growth, as well as prolonged
survival in the treated mice. Additionally, ulixertinib synergistically sensitized NB cells to the
conventional chemotherapeutic drug doxorubicin. This study provides proof-of-concept pre-clinical
evidence for exploring ulixertinib as a novel therapeutic approach for NB.

Abstract: Neuroblastoma (NB) is a pediatric tumor of the peripheral nervous system. Approxi-
mately 80% of relapsed NB show RAS-MAPK pathway mutations that activate ERK, resulting in
the promotion of cell proliferation and drug resistance. Ulixertinib, a first-in-class ERK-specific
inhibitor, has shown promising antitumor activity in phase 1 clinical trials for advanced solid tumors.
Here, we show that ulixertinib significantly and dose-dependently inhibits cell proliferation and
colony formation in different NB cell lines, including PDX cells. Transcriptomic analysis revealed
that ulixertinib extensively inhibits different oncogenic and neuronal developmental pathways, in-
cluding EGFR, VEGF, WNT, MAPK, NGF, and NTRK1. The proteomic analysis further revealed
that ulixertinib inhibits the cell cycle and promotes apoptosis in NB cells. Additionally, ulixertinib
treatment significantly sensitized NB cells to the conventional chemotherapeutic agent doxorubicin.
Furthermore, ulixertinib potently inhibited NB tumor growth and prolonged the overall survival of
the treated mice in two different NB mice models. Our preclinical study demonstrates that ulixertinib,
either as a single agent or in combination with current therapies, is a novel and practical therapeutic
approach for NB.

Keywords: neuroblastoma; ulixertinib; ERK inhibition; combination therapy; c-Myc/N-Myc
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1. Introduction

NB is the most common extracranial tumor in children, and accounts for 15% of
childhood malignancy-related deaths [1]. Although low- and intermediate-risk NB is highly
likely to be cured, high-risk NB usually recurs with incurable disease despite intensive
treatment with multiple modalities [2]. High-risk NB can develop sustained drug resistance
during chemotherapy, which contributes to relapsed disease [3]. Therefore, finding more
effective targeted therapies that can reduce drug resistance has been the focus of NB cancer
research for decades.

The MAPK pathway is the central signal cascade that promotes cell proliferation. This
pathway can be activated by growth factors binding to the corresponding receptors, leading
to the activation of the RAS, RAF, MEK, and ERK pathways [4]. ERK is a major effector
kinase of the MAPK pathway that activates various substrates through phosphorylation
and triggers multiple cellular responses, including cell proliferation, by upregulating cell
cycle genes [5]. Overactivation of the MAPK pathway due to the mutations of many
pathway-related components is observed in numerous cancers, including relapsed NB [6].
Therefore, targeting the ERK/MAPK pathway has been an attractive therapeutic strategy
in treating NB.

In addition to promoting cell proliferation, aberrant activation of the Raf/MEK/ERK
pathway has been demonstrated to induce drug resistance in cancer cells [7]. The hy-
peractivated ERK pathway can be suppressed by both BRAF and MEK inhibitors, which
has shown impressive results thus far [8,9]. However, tumors in most patients develop
resistance after about one year of treatment with these inhibitors, establishing ERK, the
terminal master kinase, as an ideal target for small-molecule inhibitors [10–12]. It has
been demonstrated that ERK activation and subsequent RSK activation suppress GSK-3β
activity [13]. Active GSK-3β can promote MYC phosphorylation and degradation in an
SCF FBW7-dependent manner, which may also apply to N-Myc destabilization [14]. ERK
activation can also upregulate c-Myc and N-Myc in NB [15,16]. Inhibition of ERK activation
may thus reduce c-Myc and N-Myc levels and destabilize both proteins. It has been known
that increased levels of c-Myc or N-Myc result in the development of drug resistance in
multiple cancers, such as NB [17], leukemia [18], endometrial cancer [19], hepatocellular
carcinoma (HCC) [20], human small cell lung carcinoma [21], and pancreatic cancer [22].
Ulixertinib, a novel selective ERK inhibitor, has shown promising preclinical activities in
treating several cancers in vitro and in clinical trials [23]. However, whether ulixertinib can
effectively treat NB or reduce the chemoresistance of NB cells remains unclear.

The present study demonstrates that ulixertinib inhibits NB cell proliferation in vitro
and NB tumor growth in vivo. We further delineated ulixertinib-induced transcriptomic
and proteomic alterations in multiple signaling pathways in NB cells by using RNA-Seq and
mass spectrometry analyses. Additionally, ulixertinib sensitizes NB cells to doxorubicin-
induced apoptosis, suggesting ulixertinib as a novel and effective treatment for relapsed
and chemo-resistant NB.

2. Materials and Methods
2.1. Reagents

Ulixertinib (BVD-523) (CT-VRT752) was purchased from ChemieTek (Indianapolis,
IN, USA). Fetal bovine serum (FBS) (35-011-CV), RPMI-1640 medium (10-040-CV), peni-
cillin/streptomycin (30-002-CI), and 0.25% trypsin (25-050-CI) were purchased from Corn-
ing Incorporated (Corning, NY, USA). Bovine serum albumin (BSA) (A7906), dimethyl sul-
foxide (DMSO) (D8418), and 3-(4, 5-dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide
(MTT) (M5655), were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Anti-c-Myc
(9E10) (sc-40), anti-α-tubulin (10D8) (sc-53646), and anti-N-Myc (NCM II 100) (sc-56729)
were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). ERK1/2 (#9102L),
phospho-RSK (#9341), RSK (#9355), Cleaved Caspase 3 (#9664), anti-rabbit (#7074S), and
anti-mouse (#7076S) secondary antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA).
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2.2. NB Cell Lines and Patient-Derived Xenograft Cells

Nine human NB cell lines were used in this study, including five MYCN-amplified NB
cell lines, LAN-1, NGP, SK-N-BE(2), CHLA136, IMR-32, and four MYCN-non-amplified
NB cell lines, CHLA255, SH-SY5Y, SK-N-AS, and LAN-6. Human bone marrow stro-
mal cell line HS-5 was purchased from ATCC. All cell lines were maintained in RPMI-
1640 medium, supplemented with 20% (v/v) heat-inactivated fetal bovine serum (FBS),
100 units/mL penicillin, and 100 µg/mL streptomycin at 37 ◦C in 5% CO2. All cell lines
were authenticated via short tandem repeat (STR) analysis. Mycoplasma testing was
performed by the LookOut® Mycoplasma PCR Detection Kit (MP0035, Sigma-Aldrich).
Patient-derived xenograft (PDX) COG-N-519x, COG-N-564x, COG-N-618x, and COG-N-
700x cells were obtained from the Children’s Oncology Group (COG) Cell Culture and
Xenograft Repository (www.COGcell.org) (Accessed on 4 March 2022) and maintained
in Iscove’s modified Dulbecco’s medium supplemented with 20% fetal bovine serum,
4 mM L-glutamine, 1X ITS (5 µg/mL insulin, 5 µg/mL transferrin, 5 ng/mL selenous acid)
(Biotechne, AR013, Minneapolis, MN, USA).

2.3. Cell Proliferation Assay

NB cell lines, NB PDX cells, and HS-5 cells were seeded in 96-well plates (3000 cells
per well) in culture media. After incubating overnight, ulixertinib was added at indicated
concentrations for five days. Cell proliferation was measured using Cell Counting kit-8
(CK04-20) purchased from Dojindo Molecular Technologies Inc. Each experiment was
performed in three replicates.

2.4. Anchorage-Independent Colony Formation Assay

The soft agar assay was performed as described previously [24]. Briefly, 0.5% agar in
cell culture media suspension was plated in 6-well plates and allowed to solidify, followed
by adding an upper layer of agar (0.3%) containing 3 × 103 NB cells/well. Ulixertinib was
added at the indicated concentrations to the soft agar surface the next day. After four weeks,
the cells were stained with 500 µL of 0.5% (w/v) MTT solution. Images of the colonies
were captured and counted using VersaDoc Imaging System (Bio-Rad). Each assay was
performed in triplicate.

2.5. Immunoblotting

After administration of ulixertinib at the indicated concentration and time point, cells
were harvested and lysed using RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 1%
NP-40 (IGEPAL CA-630) (#I8896, Sigma-Aldrich), 0.25% sodium deoxycholate, 150 mM
NaCl, 1 mM EDTA, 0.1 mM sodium orthovanadate, 0.5 mM PMSF, 1 mM DTT, 10 µg/mL
leupeptin, 10 µg/mL aprotinin, 1 mM benzamidine, and phosphatase inhibitor cocktail
2 and 3 (#P5726 and #P0044, Sigma). Total cell lysate (50 µg) was used for SDS-PAGE
and transferred onto PVDF membranes (Millipore). After blocking with 5% non-fat milk,
membranes were incubated with primary antibodies at 4◦C overnight. HRP conjugated
secondary antibodies and ECL Western blotting Kit (GE Health) were used for signal
detection. All the whole western blot figures can be found in the supplementary materials.

2.6. Synergy Studies

About 3 × 103 cells were seeded in each well of 96-well plates for CHLA255, SK–N-
BE(2), SK-N-AS, and NGP cells, then treated with ulixertinib, doxorubicin, or a combination
of both drugs. The CI values and dose-reduction indices (DRIs) were calculated using the
Chou–Talalay method for drug interactions, with CompuSyn software for the different
fractions affected [25]. CI < 1, =1, and >1 indicate synergism, additive effect, and antago-
nism, respectively. DRI > 1 and <1 indicate a favorable and an unfavorable dose reduction,
respectively.
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2.7. NB Xenograft Mouse Model

The NB xenograft mouse model was established as described by other studies [26,27].
NSG mice were purchased from The Jackson Laboratory and maintained at the Baylor
College of Medicine animal care facility. Eight- to twelve-week-old sex-matched mice were
intravenously injected with 1 × 106 NB cells with firefly luciferase expression (CHLA136-
Fluc and CHLA255-Fluc). Two weeks post-injection, mice were divided into two groups
and intraperitoneally injected with ulixertinib (50 mg/kg) or vehicle for three weeks. Mice
were assessed by a Xenogen IVIS 100 instrument every week. Xenogen images of mice were
taken 15 min after injection of 1.5 mg D-luciferin (#122799, Perkin Elmer) intraperitoneally.
For all experiments, the xenogen exposure time was set at 3 min. Mouse survival time
was defined as the length of time from tumor cell injection until the end of the study or
to euthanasia due to severe symptoms caused by tumor progression (for example, over
15% weight loss, weakness, seizures, inability to eat or drink, inability to stand, immobility,
and/or paralysis). Percent survival was determined using a Kaplan–Meier analysis and
a log-rank (Mantel-Cox) test. All animal procedures were approved by the Institutional
Animal Care and Use Committee of Baylor College of Medicine.

2.8. RNA-Seq Analysis

NGP cells were treated with ulixertinib at 7.5 µmol/L for 24 h, the same volume of
DMSO was used as the control. RNA was harvested using TRIzol™ Reagent (Thermo
Fisher, Waltham, MA, USA). About 100 ng of total RNA was used for the construction of
sequencing libraries. RNA libraries for RNA-seq were prepared using SMARTER mRNA-
Seq Library Prep Kit following the manufacturer’s protocols. RNA-Seq experiments were
conducted by using Illumina paired-end sequencing technology. Raw reads were adaptor
removed, and sequencing quality was assessed with the bioinformatics software FastQC
(version 0.11.2) (Babraham Bioinformatics, Babraham Institute, Cambridge, UK). Sequence
quality scores, sequence duplication, and adaptor content were evaluated to decide if
further filtering should be applied before the genome mapping. Reads were mapped
against the human reference genome (GRCh38.p13 assembly) using the aligner, HISAT2
(v2.1.0) (Lyda Hill Department of Bioinformatics, University of Texas Southwestern Medical
Center, Dallas, TX, USA). The mapped reads were subsequently assembled into transcripts
or genes using the assembler, StringTie (v1.3.5) (The Center for Computational Biology at
Johns Hopkins University, Baltimore, MD, USA).

2.9. Mass Spectrometry Data Analysis

In order to determine proteomic changes in NB cells (NGP) with the ulixertinib
treatment, three biological replicates of each condition were harvested after DMSO vehicle
or ulixertinib treatment for 24 h. Harvested cells were washed with cold PBS and lysed with
10 sample volumes of 50 mM ammonium bicarbonate with 1 mM CaCl2. Cell suspensions
were lysed and double-trypsinized as described previously [26]. Double-digested peptides
were fractionated into 15 fractions and pooled into 5 fractions in the Stage-tip C18 column,
as described previously [26]. Pooled fractions of peptide were enriched on a 2 cm trap
column (100 µm i.d.) and separated by 5 cm analytical column (150 µm i.d.) containing
Reprosil-Pur Basic C18 (1.9 µm, Dr. Maisch GmbH, Germany). A nanoLC-1200 (Thermo
Scientific, Lenexa, KS, USA) delivered a 75 min discontinuous gradient of 4 to 24 % of
acetonitrile/0.1% formic acid at a flow rate of 800 nL/min. A Orbitrap Fusion mass
spectrometer (Thermo Scientific) was operated in data dependent acquisition mode in the
following parameters, precursor was scanned by at 300–1400 m/z range, 120 k resolution at
400 m/z, AGC target of 5 × 105 (50 ms maximum injection time). Cycle time was top 3 s
selected MS1 signal using Quadrupole filter in 2 m/z isolation window, 15 s exclusion time.
The HCD fragmented MS2 ions were detected by ion trap with rapid scan, 5 × 103 AGC
target, and 35 ms of maximum injection time. Proteome Discoverer 2.1 software (Thermo
Fisher) with the Mascot 2.4 search engine (Matrix Science, Chicago, IL, USA) was used
for spectra analysis using a target-decoy Human RefSeq proteome database with a 1%
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false discovery rate (FDR) of percolator validation based on q-value. The acetylation of
the N-terminus and oxidation of methionine were allowed for dynamic modification. A
20 ppm of precursor mass tolerance, 0.5 Da of fragment mass tolerance, and a maximum
of two missed cleavages was allowed. A label-free quantification strategy (iBAQ) was
adopted for identified proteins quantification calculated by the gpGrouper algorithm [27].
Protein abundances are median normalized across the experiments.

2.10. Statistical and Bioinformatics Analysis

Data were represented as the means ± standard error. All experiments were repeated
at least three times. A two-tailed Student’s t-test was used to determine the statistical
significance of in vitro assay between drug treatment and the control groups. For sur-
vival analysis, the statistical significance was determined using a log-rank (Mantel-Cox)
test. Differential gene expression (DGE) analysis of RNA-Seq was conducted with the R
statistical package DESeq2 (v1.28.1) (Genome Biology Unit, European Molecular Biology
Laboratory, Heidelberg, Germany). Genes were considered significantly altered if they
had more or less than two-fold changes (FC ≥ 2 or FC ≤ 0.5) with an adjusted p-value
less than 0.05. Only coding genes were retained on the list. For DGE analysis of proteins
from MS, an unpaired t-test was adopted and a p-value < 0.05 was considered statistically
significant. We performed gene set analysis on DGEs by using an over-representation test
on the ConsensusPathDB [28] web-portal. Genes or proteins detected in our experiments
were selected on the background list. KEGG and Reactome pathway databases were con-
sidered. Differentially expressed proteins were submitted to the STRING [29] database
(https://string-db.org/) to evaluate global protein–protein interaction networks. The
STRING version is 11.5 (Accessed on 12 August 2021). All parameters are default settings
but confident scores. We only keep interaction scores higher than 0.70 (high confidence).
The interaction score is a combined scored calculated by combining the probabilities from
the different source and scaled between 0 and 1.

3. Results
3.1. Ulixertinib Significantly Inhibits NB Cell Proliferation

To test whether ulixertinib can inhibit cell proliferation and promote apoptosis in
human NB cells, we first treated a panel of NB cell lines and PDX cell lines, including
five MYCN-amplified (LAN-1, IMR-32, NGP, SK-N-BE(2), and CHLA136), four MYCN
non-amplified (CHLA255, SH-SY5Y, SK-N-AS, and LAN-6), four NB PDX MYCN-amplified
(COG-N-519x), and MYCN non-amplified (COG-N-564x, COG-N-618x, and COG-N-700x)
cell lines. Our data demonstrate that ulixertinib significantly inhibited cell proliferation of
all NB and PDX cell lines tested in a dose-dependent manner regardless of the MYCN status
(Figure 1A–C). Treatment of a noncancerous bone marrow stromal fibroblast cell line HS-5
with ulixertinib showed inhibition of cell proliferation at a very high drug dose, in contrast
to NB cell lines (Figure 1A). Different cell lines displayed a wide range of half-maximal
inhibitory concentrations (IC50), in which CHLA255 was most sensitive, and LAN-1 and
COG-N-618x were found to be least sensitive to ulixertinib, respectively (Figure 1D–F).
Furthermore, ulixertinib significantly and dose-dependently inhibited different NB cells’
anchorage-independent colony formation (Figure 1G). Ulixertinib at the respective IC50
concentrations dramatically reduced colony sizes and numbers compared to controls.
Across all cell lines, several colonies were observed in higher concentrations (5-fold IC50)
(Figure 1H–K). Our data show that ulixertinib can suppress NB cell proliferation and
anchorage-independent colony formation capacity in vitro.

23



Cancers 2022, 14, 5534

Cancers 2022, 14, x FOR PEER REVIEW 6 of 19 
 

 

fold IC50) (Figure 1H–K). Our data show that ulixertinib can suppress NB cell proliferation 
and anchorage-independent colony formation capacity in vitro. 

 
Figure 1. Ulixertinib inhibits NB cell proliferation and anchorage-independent growth in vitro. (A) 
Five MYCN amplified NB cell lines (IMR-32, NGP, SK-N-BE(2), LAN-1, and CHLA136) and a non-
cancerous bone marrow stromal fibroblast cell line, HS-5, were treated with the indicated concen-
trations of ulixertinib for 5 days. Cell proliferation was measured by CCK-8 assays. (B,C) Four 
MYNC- non-amplified NB cell lines (LAN-6, CHLA255, SH-SY5Y, and SK-N-AS) (B) and four PDX 
cell lines (COG-N-519x, COG-N-564x, COG-N-618x, and COG-N-700x) (C) were also treated with 
unlixertinib as in (A). Cell proliferation was measured by CCK-8 assays. (D–F) IC50 values were 
calculated based on the data collected in the CCK-8 assay from (A–C). (G) The effects of ulixertinib 
on anchorage-independent cell proliferation. Four NB cell lines (NGP, SK-N-BE(2), CHLA255, and 
SK-N-AS) were grown in soft agar with DMSO, 1 × IC50, and 5 × IC50 of ulixertinib for 4 weeks. 
Cells were stained with 0.5% (w/v) MTT solution to visualize colonies and photographed. (H–K) 
Colonies from (G) were counted in NGP (H), SK-N-BE(2) (I), CHLA255 (J), and SK-N-AS (K) cells. 
Colony numbers were represented as mean ± S.D. A two-tailed Student’s t-test was used to deter-
mine the statistical significance. 

3.2. Ulixertinib Inhibits RSK Phosphorylation and Downregulates c-Myc/N-Myc Protein Levels 
in NB Cells 

Ulixertinib has been shown to inhibit RSK phosphorylation induced by ERK activa-
tion in other cancer cell types [23]. We hypothesized that ulixertinib has the same effects 
on ERK signaling in NB cells. Ulixertinib treatment in all tested NB cells significantly in-
hibited RSK1 phosphorylation (Figure 2). It suggests that ulixertinib also blocks ERK 

Figure 1. Ulixertinib inhibits NB cell proliferation and anchorage-independent growth in vitro.
(A) Five MYCN amplified NB cell lines (IMR-32, NGP, SK-N-BE(2), LAN-1, and CHLA136) and
a noncancerous bone marrow stromal fibroblast cell line, HS-5, were treated with the indicated
concentrations of ulixertinib for 5 days. Cell proliferation was measured by CCK-8 assays. (B,C) Four
MYNC- non-amplified NB cell lines (LAN-6, CHLA255, SH-SY5Y, and SK-N-AS) (B) and four PDX
cell lines (COG-N-519x, COG-N-564x, COG-N-618x, and COG-N-700x) (C) were also treated with
unlixertinib as in (A). Cell proliferation was measured by CCK-8 assays. (D–F) IC50 values were
calculated based on the data collected in the CCK-8 assay from (A–C). (G) The effects of ulixertinib on
anchorage-independent cell proliferation. Four NB cell lines (NGP, SK-N-BE(2), CHLA255, and SK-
N-AS) were grown in soft agar with DMSO, 1 × IC50, and 5 × IC50 of ulixertinib for 4 weeks. Cells
were stained with 0.5% (w/v) MTT solution to visualize colonies and photographed. (H–K) Colonies
from (G) were counted in NGP (H), SK-N-BE(2) (I), CHLA255 (J), and SK-N-AS (K) cells. Colony
numbers were represented as mean ± S.D. A two-tailed Student’s t-test was used to determine the
statistical significance.

3.2. Ulixertinib Inhibits RSK Phosphorylation and Downregulates c-Myc/N-Myc Protein Levels in
NB Cells

Ulixertinib has been shown to inhibit RSK phosphorylation induced by ERK activation
in other cancer cell types [23]. We hypothesized that ulixertinib has the same effects on ERK
signaling in NB cells. Ulixertinib treatment in all tested NB cells significantly inhibited RSK1
phosphorylation (Figure 2). It suggests that ulixertinib also blocks ERK activation in NB
cells. MYCN and MYC play a crucial role in NB tumor development. The previous study
shows that both are the downstream targets of ERK [15,16]. We then explored whether
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ulixertinib-mediated ERK inhibition affects c-Myc or N-Myc protein levels. Our data
show that ulixertinib treatment, in a time-dependent manner, significantly down-regulated
N-Myc protein levels in MYCN amplified cell lines (NGP, SK-N-BE(2), CHLA136, and
LAN-1) (Figure 2A–D), and c-Myc protein levels in MYCN non-amplified cell lines (LAN-6
and CHLA255) (Figure 2E,F). Since MYCN is an important prognostic factor in NB and
is known to drive NB tumorigenesis and progression, our data on ulixertinib-mediated
N-Myc inhibition highlight the potential of ulixertinib as a novel therapeutic approach for
high-risk NB.
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Figure 2. Ulixertinib suppresses ERK activation and reduces MYC/N-MYC levels in NB cells. Six NB
cell lines, NGP (A), SK-N-BE(2) (B), CHLA136 (C), LAN-1 (D), LAN-6 (E), and CHLA255 (F) were
treated with indicated doses of ulixertinib for variable periods (0 h, 8 h, 16 h, and 24 h). The proteins
were extracted and subjected to SDS-PAGE for immunoblotting with the antibodies indicated. Gel
densitometrical analysis was performed using ImageJ software (Version 1.52a, accessed on 23 April
2018) (Wayne Rasband, National Institutes of Health, USA).
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3.3. Ulixertinib Induces Extensive Transcriptomic Changes in NB

To uncover how ulixertinib inhibits cell proliferation in NB, we performed a genome-
wide transcriptomic analysis with RNA-Seq in ulixertinib-treated NB cells (Figure 3A).
This analysis revealed 120 upregulated and 187 downregulated genes in response to ulixer-
tinib treatment compared to the controls (Figure 3A and Table S1). Gene set enrichment
analysis by the over-representation test has revealed inhibition of multiple pathways
and their cross-talks (Figure 3B,C). As expected, MAPK signaling was significantly de-
creased as well as EGFR, VEGF, and WNT signaling pathways, demonstrated by multiple
shared key components (Figure 3C, left panel). Overexpression and dominance of these
survival pathways drive NB tumorigenesis and the malignant transformation [30,31]. NGF-
stimulated transcription and NTRK1 signaling (Figure 3C, right panel) are the other two
pathways significantly inhibited by ulixertinib, both of which are required for neuronal
growth or nervous system development [32]. Among the upregulated genes, MBNL2 [33],
SEPT4 [34], REPS2 [35], OTUD5 [36], and TXNIP [37] were shown to play a tumor-
suppressive role in many tumors. To determine the correlation between these upregulated
genes with NB patient prognosis, we analyzed NB patient datasets in the R2 database
(https://hgserver1.amc.nl/cgi-bin/r2/main.cgi, access on 1 April 2021) and found that
decreased expression of these genes predicted a significantly poor outcome (Supplementary
Figure S1). These results suggest that these genes upregulated by ulixertinib treatment
exert a tumor-suppressive function in NB cells.

3.4. Ulixertinib Exerts Extensive Proteomic Changes in NB

To further delineate the mechanisms of ulixertinib-mediated ERK pathway inhibition
in NB and to determine the proteomic effects of ulixertinib in NB, we performed mass
spectrometry analysis in NB cells (NGP) with and without ulixertinib treatment. Our
proteomic analysis data identified a total of 157 differentially expressed proteins out of a
total of 6105 measurable proteins (Table S2), with a threshold of p < 0.05 and a log fold
change of expression with an absolute value of at least 1.0 (Figure 3D). Ulixertinib treatment
led to the upregulation of 72 proteins and the downregulation of 85 proteins. The complete
lists of gene names are shown in Table S2. In our analysis, ulixertinib is found to significantly
inhibit cell cycles or cell cycle-related pathways and DNA replication/synthesis pathways,
as revealed by gene set analysis using an over-representation test (Figure 3E). STRING
analysis (https://string-db.org/, access on 12 August 2021) of ulixertinib-inhibited proteins
revealed global protein–protein interaction networks and core interactomes (Figure 3F). The
core components are ATAD2, AURKB, CENPF, CENPM, CDCA5, FAM64A, KIF20A, KIF22,
KIFC1, KIF2C, KPNA2, MK167, NUSAP1, PRC1, RRM2, SPDL1, TOP2A, TPX2, UBE2T,
and UHRF1. Among these proteins, MK167 is a cellular marker for proliferation [38].
KIF (kinesin superfamily) proteins (KIF20A, KIF22, KIFC1, and KIF2C) are microtubule-
dependent molecular motors that play vital roles in cellular transport and cell division [39].
Moreover, high expression of some of these identified proteins inhibited by ulixertinib,
including CDCA5, ATAD2, CDC25A, CDK2, ANAPC10, RRM2, LRG5, SKP2, CENPM, and
UBE2T, are strongly associated with worse overall survival of NB patients (Supplementary
Figure S2). Ulixertinib treatment enhanced the PRUNE2 level (Table S2), and PRUNE2 has
been identified as a pro-apoptotic effector in NB [40]. Decreased expression of PRUNE2
predicted poor NB patients’ outcomes (Supplementary Figure S1). Our proteomic data
indicate that ulixertinib inhibits cell proliferation and cell cycle by regulating the expression
levels of multiple factors involved in NB development.
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resent the thresholds to define the differentially expressed genes. Red dots are up-regulated genes 
after the drug treatment (fold changes ≥ 2 and adjusted p < 0.05). Blue dots are down-regulated genes 
with the drug treatment (fold changes ≤ 0.5 and adjusted p < 0.05). (B) Top inhibited pathways re-
vealed by down-regulated genes from RNA-Seq. N is number. (C) Key components inhibited and 
their associated pathways. (D) The differentially expressed proteins from MS were represented in 
the volcano plot in terms of their measured expression change (log2 of fold changes, x-axis) and the 
significance of the change (-log10 of p values, y-axis; unpaired t-test). The dotted lines represent the 
thresholds to define the differentially expressed proteins. Red dots are up-regulated proteins after 
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drug treatment (fold changes ≤ 0.5 and p < 0.05). (E) Top inhibited pathways revealed by downreg-
ulated proteins from MS. N is number. (F) Protein–protein interaction networks analysis of down-
regulated proteins from MS. 
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Figure 3. Transcriptomics and proteomics reveal ulixertinib-induced gene changes in NGP
cells. (A) The differentially expressed genes revealed by DESeq2 analysis of RNA-Seq read counts.
They are represented in the volcano plot in terms of their measured expression change (log2 of fold
changes, x-axis) and the significance of the change (−log10 of adjusted p values, y-axis). The dotted
lines represent the thresholds to define the differentially expressed genes. Red dots are up-regulated
genes after the drug treatment (fold changes ≥ 2 and adjusted p < 0.05). Blue dots are down-regulated
genes with the drug treatment (fold changes ≤ 0.5 and adjusted p < 0.05). (B) Top inhibited pathways
revealed by down-regulated genes from RNA-Seq. N is number. (C) Key components inhibited and
their associated pathways. (D) The differentially expressed proteins from MS were represented in
the volcano plot in terms of their measured expression change (log2 of fold changes, x-axis) and the
significance of the change (-log10 of p values, y-axis; unpaired t-test). The dotted lines represent the
thresholds to define the differentially expressed proteins. Red dots are up-regulated proteins after the
drug treatment (fold changes ≥ 2 and p < 0.05). Blue dots are down-regulated proteins with the drug
treatment (fold changes ≤ 0.5 and p < 0.05). (E) Top inhibited pathways revealed by downregulated
proteins from MS. N is number. (F) Protein–protein interaction networks analysis of down-regulated
proteins from MS.
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3.5. Ulixertinib Sensitizes NB to Chemotherapeutic Agent Doxorubicin

Doxorubicin, a chemotherapy agent standardly used in the treatment of high-risk
NB, exhibited stronger cytotoxicity in combination with Raf inhibition in NB cells [41]. To
determine whether blocking the ERK pathway using ulixertinib could enhance doxorubicin-
induced apoptosis in NB cells, we treated four NB cell lines, including SK-N-AS, NGP,
SK-N-BE(2), and CHLA255, with a combination of doxorubicin and ulixertinib and deter-
mined the combination index (CI) using the Chou–Talalay method. CI values < 1 signify
synergism, =1, additive effects, and >1, antagonism [42]. A strong synergy, which was
evaluated by different effective doses (ED: ED50, ED75, ED90, and ED95), was observed in
the combination of doxorubicin and ulixertinib in all four NB cell lines (CI < 0.72 at ED50;
CI < 0.19 at ED95) (Figure 4A–D). In addition, enhanced apoptosis in the cells with the treat-
ment combination of ulixertinib and doxorubicin was observed using an immunoblotting
assay to assess cleaved Caspase 3, an apoptosis marker, compared to single agent treatment
(Figure 4E,F). To further confirm the results, apoptosis of different treatment groups was
determined by flow cytometry detection of their sub-G0 DNA contents using propidium io-
dine (PI) staining. Results showed that ulixertinib and doxorubicin combination treatment
increased the sub-G0 population compared to ulixertinib or doxorubicin treatment alone
(Supplementary Figure S3). Our data indicate that ulixertinib significantly sensitizes NB
cells to doxorubicin-induced apoptosis and could serve as a promising therapeutic agent for
treating chemo-resistant NB when combined with conventional chemotherapeutic agents.
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Figure 4. Ulixertinib enhances the anti-tumor activity of doxorubicin in human neuroblastoma cells.
(A–D) CI plots for SK-N-AS, NGP, CHLA255, and SK-N-BE (2). Four NB cell lines, including SK-N-AS
(A), NGP (B), SK-N-BE(2) (C), and CHLA255 (D) cells, were treated with ulixertinib, doxorubicin,
and their combinations at a ratio of 1:2 respectively, for 72 h. The combination index (CI) values were
calculated by the Chou–Talalay method for drug interactions using Compusyn software. Values of
CI < 1, =1, and >1 indicate synergism, additive effects, and antagonism, respectively. The obtained CI
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values for the combination of ulixertinib and doxorubicin at different effective doses (ED50, ED75,
ED90, and ED95). (E,F) SK-N-AS (E) and SK-N-BE(2) (F) cells were treated with either doxorubicin
alone, ulixertinib alone, or their combinations for 4 h, 8 h, and 24 h. Then the whole-cell lysates were
subjected to SDS-PAGE and immunoblotted with the cleaved-caspase 3 antibody. α-tubulin was
used as a loading control in all samples. Gel densitometrical analysis was performed using ImageJ
software (https://imagej.nih.gov/ij/index.html, accessed on 25 October 2022).

3.6. Ulixertinib Inhibits NB Tumor Growth in Xenograft Mouse Models

To further evaluate the therapeutic potential of ulixertinib in treating NB, we tested its
effect on tumor growth using two xenograft NB mouse models. We used CHLA136-Fluc
(MYCN amplified) and CHLA255-Fluc (c-Myc overexpressed) to generate these xenograft
mouse NB tumor models. Randomized mice were grouped in different cohorts and treated
with ulixertinib or vehicle daily for three weeks (Figures 5A and 6A). Ulixertinib daily
injection was well tolerated at a concentration of 50 mg/kg without apparent bodyweight
loss and other adverse effects. We found that treatment with ulixertinib significantly
inhibited the overall NB tumor growth compared to vehicle (Figure 5B,C and Figure 6B,C).
We also found that ulixertinib-treated xenograft NB mice survived significantly longer
when compared to control mice (Figures 5D and 6D). Overall, this data clearly demonstrate
the potency and efficacy of ulixertinib in inhibiting NB tumor growth and prolonging
overall survival.
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Figure 5. Ulixertinib inhibits tumor growth in the CHLA136-Fluc xenograft NB mouse model.
(A) Treatment strategy of the xenograft NB mouse model. (B) Bioluminescent imaging photos of
CHLA136-Fluc xenograft NB mice from the DMSO control group and the ulixertinib-treated group
(50 mg/kg). (C) The values of bioluminescent imaging of xenograft NB mice were monitored during
tumor growth. (D) The survival rate of CHLA136-Fluc xenograft NB mice treated with ulixertinib
and control. Statistical analysis was performed by a Log-rank test. (χ2 = 7.344; p = 0.0067).
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Figure 6. Ulixertinib inhibits tumor growth in the CHLA255-Fluc xenograft NB mouse model.
(A) Treatment strategy of the xenograft NB mouse model. (B) Bioluminescent imaging photos
of CHLA255 xenograft NB mice from the DMSO control group and the ulixertinib treated group
(50 mg/kg). (C) The values of bioluminescent imaging of xenograft NB mice were monitored during
tumor growth. (D) The survival rate of CHLA255 xenograft NB mice treated with ulixertinib and
control. Statistical analysis was performed by a Log-rank test. (χ2 = 5.213; p = 0.0224).

4. Discussion

Aberrant RAS-MAPK-ERK activity can lead to uncontrolled cell proliferation, im-
mortalization, and tumorigenesis. In NB, activation of the RAS-MAPK-ERK pathway has
been associated with enhanced tumor cell proliferation and chemoresistance, possibly
contributing to the recurrent disease that more than half of NB patients experience [6].
Targeting the RAS-MAPK-ERK pathway, especially ERK, provides a promising solution
for improving survival in high-risk NB. In this study, we demonstrated that ulixertinib, a
specific ERK inhibitor, effectively inhibits NB cell proliferation, promotes apoptosis, and
sensitizes NB to doxorubicin, partially through downregulating c-Myc/N-Myc and other
key signaling pathways. For the first time, we showed that in preclinical models ulixertinib
inhibits NB tumor growth. We further delineated the underlying mechanisms of ulixertinib
as a therapeutic agent for NB through the analysis of transcriptomics and proteomics.
This could provide a solid foundation and clinical application of ulixertinib for use in the
treatment of NB, especially for patients with refractory or recurrent disease.
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Targeting ERK using small molecules has been demonstrated to effectively inhibit
the Ras/Raf/MEK/ERK pathway in several models of cancers, including NB. Five ERK
inhibitors have been tested in clinical trials, but only GDC-0994 and ulixertinib have
shown antitumor activity [43]. Compared to GDC-0994, ulixertinib has exhibited anticancer
activities for broader cancer types. More importantly, in clinical settings, cancer patients
tolerated much higher doses of ulixertinib than GDC-0994 (1200 mg vs. 120–400 mg
daily) [11,23,44,45]. Our study illustrates the efficacy of ulixertinib in treating NB in vitro
and in vivo. Therefore, ulixertinib may be an ideal therapeutic agent to treat NB.

ERK inactivation by ulixertinib has been demonstrated in multiple cancers, includ-
ing pancreatic cancer [46], melanoma, colon cancer [23], and glioma [47]. In these can-
cer cells, ulixertinib treatment significantly suppressed the phosphorylation of its target
RSK [46]. Our study consistently revealed the same results in all tested NB cells. Vari-
ous ERK inhibitors have been shown to have different effects on ERK phosphorylation.
For instance, ERK phosphorylation was increased with ulixertinib; this was not observed
with SCH772984 (an ERK inhibitor) in pancreatic cancer cells [46]. However, RSK phos-
phorylation is constantly suppressed by all ERK inhibitors tested, suggesting that RSK
phosphorylation should be a reliable ERK activation marker regardless of cell types and
inhibitors in NB.

In addition to blocking ERK activity, ulixertinib treatment also inhibited the Wnt/β-
catenin pathway by downregulating LGR5 transcription (Figure 3A and Table S1). Tumor
samples from high-risk NB patients with and without MYCN amplification show the
expression of canonical Wnt pathway target genes at high levels, indicative of Wnt pathway
deregulation in NB [31]. High expression of LGR5 is reported in human colorectal adenomas
and cancers [48], hepatocellular carcinoma, and basal cell carcinoma [49,50]. LGR5 is
highly expressed in NB, which modulates Wnt signaling and is associated with increased
proliferation [51]. Importantly, LGR5 also regulates MEK/ERK and Akt pro-survival
signaling, pathways that are frequently activated in primary NBs [51]. This suggests that
LGR5 could be one of the key components in ulixertinib-induced inhibition of pro-survival
signaling. It has been well documented that overexpression of MYC or MYCN promotes
NB cell proliferation [17]. Ulixertinib-induced ERK inhibition can efficiently inhibit NB
cell proliferation by modulating various downstream targets, including c-Myc/N-Myc,
required for the transcription of critical cell cycle genes. Marco Ciró et al. showed that
ATAD2 is highly expressed in multiple types of human cancers and cooperates with MYC
to activate MYC target genes transcriptionally [52]. Depletion of ATAD2 could reduce the
mRNA expression of Myc and the key genes in hepatocellular carcinoma [53]. Our study
demonstrates that ulixertinib downregulated ATAD2, ensuring an effective blocking of
MYC/MYCN transcriptional activation of target oncogenes in NB cells. The exact roles of
ATAD2 in NB development need to be further explored, given high ATAD2 expression is
closely associated with worse survival outcomes. AURKB, one of the core components of
ulixertinib-inhibited global protein–protein interaction networks (Figure 3F and Table S2),
promotes MYC protein stability by regulating its serine 67 phosphorylation [54]. Taken
together, our findings indicate that ulixertinib might decrease MYCN/MYC levels by
downregulating the expression of ATAD2 and AURKB.

Another possible mechanism of ulixertinib suppressing cell proliferation could be
through RSK kinase inactivation-mediate p27KiP1 nuclear translocation, which can further
inhibit the activation of cyclin A/E-CDK2 complexes that are required for G1 progres-
sion [55]. In addition to reduced activation of cyclin A/E-CDK2 complexes, the mass
spectrometry results revealed that ulixertinib treatment reduces CDK2 protein levels, fur-
ther suppressing G1 progression. Moreover, ulixertinib also reduces the levels of other
cell cycle proteins, such as CDCA5, ANAPC10, SKP2, and CENPM. Therefore, ulixertinib
may inhibit cell cycle progression by downregulating multiple key regulators. In human
cervical carcinoma cells, downregulation of CDK2 has been shown to induce tumor cell
cycle arrest and cell apoptosis [56]. We therefore expect that inhibition of CDK2 might also
be one mechanism by which ulixertinib promotes apoptosis in NB cells.

31



Cancers 2022, 14, 5534

Transcriptomic and proteomics analyses also revealed some upregulated genes fol-
lowing ulixertinib treatment in NB cells, such as TXNIP, MBNL2, and SEPT4. TXNIP is
considered to be a potential tumor suppressor gene in multiple tumors, including breast
cancer [57], hepatocellular carcinoma [58], non-small-cell lung cancer [59], and renal cell
carcinoma [60]. The expression of TXNIP is at a low level in these tumor types, and the
overexpression of TXNIP inhibits the proliferation of cancer cells. Lee YH, et al. found that
the expression of MBNL2 was lost in the late stage of hepatocellular carcinoma develop-
ment [33]. MBNL2-positive correlates with better 5-year overall survival [33]. Overexpres-
sion of MBNL2 inhibits cell proliferation, migration in vitro, and tumor growth in vivo [33].
Genetic evidence shows that SEPT4 suppresses tumor development by antagonizing the
function of inhibitor of apoptosis proteins (IAPs) [34]. Consistently, our findings indicate
that patients with elevated expression of these three genes had significantly longer overall
survival compared to patients bearing tumors with low levels (Supplementary Figure S1).
The exact function of these genes in NB development requires further exploration.

Chemoresistance has long been a challenge in treating high-risk NB. Among ERK
downstream targets, c-Myc and N-Myc have been demonstrated to promote chemoresis-
tance of NB cells [61,62]. In our study, ulixertinib inhibits c-Myc/N-Myc levels in NB cells
regardless of TP53 status and MYCN status. This further enhanced doxorubicin sensitivity
on all tested NB cells. Moreover, in addition to small molecules, RNA silencing of MYCN
has been demonstrated to restore doxorubicin sensitivity in NB cells [63]. Enhancing the
effectiveness of doxorubicin, a key component of high-risk NB induction chemotherapy,
may help to improve end of induction disease response and thus potentially survival as
well. Compared to the RNA silencing approach, treatments with small molecules are more
efficient and controllable in in vivo studies and clinical applications. We also found that
ulixertinib significantly reduced the levels of other promoters of chemoresistance, such
as RRM2 and UBE2T. RRM2, a downstream target of ERK [64] and positive regulator of
BCL2 [65], is a key determinant in suppressing apoptosis and promoting chemoresistance.
In addition, high RRM2 expression has also been demonstrated to promote epithelial-
mesenchymal transition (EMT) and angiogenesis in prostate cancer, resulting in poor
patient outcomes [66]. So far, UBE2T has not been linked to being a downstream target of
ERK signaling. Therefore, we speculate that ulixertinib could not only enhance the sensitiv-
ity of NB cells to chemotherapeutic drugs but may also suppress EMT and angiogenesis in
NB. We chose to study doxorubicin given the existing pre-clinical data in combination with
RAF inhibitors. One disadvantage of doxorubicin however is that it is not standardly used
for patients with relapsed disease. Future studies can explore the impact ulixertinib has on
chemotherapy regimens typically used for patients with relapsed disease. In the present
study, treatment with ulixertinib induced the expression of PRUNE2 in NB cells (Table S2).
PRUNE2 is associated with a favorable prognosis in NB, and is found in the cytoplasm of
favorable NB cells but not in unfavorable ones with MYCN amplification [67]. PRUNE2,
triggered by DNA damage, also exerts a pro-apoptotic role by interacting with BCL2 and
suppressing AKT pathway activity in NB [40,68]. A recent study shows that EPO, NGF,
and HGF signaling pathways are upregulated in NB patients with no or partial response to
chemotherapy [69]. Chemical inhibitors potentiate strong ERK signaling activation by EPO
and NGF, providing a protective effect to NB cells [69]. Our study suggests that ulixertinib
also inhibits the NGF-induced signaling pathway (Figure 3C). However, we also found the
tumor relapse after treatment with ulixertinib alone for 3 weeks. This suggests that ulixer-
tinib has to be used in combination with current chemotherapy to treat NB. Valencia-Sama I.
et al. also reported that ulixertinib was synergistic and showed reversed resistance to SHP2
inhibition in neuroblastoma in vitro and in vivo [70]. Considering that a phase 2 clinical
trial using ulixertinib to treat solid tumors, including NB, is in progress (NCT03698994),
ulixertinib could be closer to clinical use compared to other therapeutic strategies for
treating NB. However, more NB clinical trials using the combination of ulixertinib and
chemotherapeutic drugs are needed to verify the efficacy of this novel regime.
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5. Conclusions

Our study evaluated the therapeutic potential of ulixertinib-based treatment in NB.
Ulixertinib significantly inhibits cell proliferation in NB cell lines and PDX cells in vitro.
Moreover, ulixertinib inhibits tumor growth and prolongs the overall survival in preclini-
cal tumor models. Transcriptomics and proteomic analysis revealed tumor-suppressive
properties of ulixertinib on the expression of genes involved in NB development. Impor-
tantly, we also demonstrated the efficacy of ulixertinib in sensitizing NB cells to standard
chemotherapy. Ulixertinib has the potential either as a single agent or in combination with
standard chemotherapy to improve survival for patients with high-risk NB.
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gene expression (DGE) analysis of proteins from MS.
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ERK extracellular signal–regulated kinases
MAPK mitogen-activated protein kinase
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RSK ribosomal S6 kinase
MEK mitogen-activated protein kinase
BRAF B-Raf proto-oncogene, serine/threonine kinase
GSK-3β glycogen synthase kinase 3 beta
SCF Skp1-Cullin 1-F-box proteins
FBW7 F-box and WD repeat domain containing 7
CDK2 cyclin dependent kinase 2
ANAPC10 anaphase promoting complex subunit 10
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SKP2 S-phase kinase associated protein 2
CENPM centromere protein M
UBE2T ubiquitin conjugating enzyme E2T
EMT Epithelial–mesenchymal transition
BCL2 B cell lymphoma 2
E2F1 E2F transcription factor 1
KIFs kinesin superfamily proteins
LGR5 Leucine-rich repeat-containing G protein-coupled receptor 5
RRM2 ribonucleotide reductase regulatory subunit M2
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Simple Summary: Infections are an important cause of morbidity and mortality in childhood cancer
treatment. The aim of our retrospective study was to assess the infectious burden in pediatric sarcoma
patients during neoadjuvant chemotherapy administered according to the EWING 2008, CWS SoTi-
SaR and EURAMOS clinical trial or registry. Our analyses indicate a substantial infectious morbidity
in this group of patients, with 58.8% experiencing at least one episode of febrile neutropenia (FN) and
20.6% at least one microbiologically documented infection (MDI). We also identified parameters that
impact on the occurrence of FN and MDIs, including treatment protocol, patient age, and mucositis.
These findings may contribute to a better risk stratification for prevention and management of FN
and infections as well as for maintaining quality of life, cost control, and optimum outcomes of
anticancer treatment.

Abstract: The purpose of this retrospective, single-center cohort study was to assess the infectious
burden in pediatric sarcoma patients during neoadjuvant chemotherapy. The review included all
patients with a new diagnosis of Ewing sarcoma, osteosarcoma or soft tissue sarcoma between
September 2009 and December 2018 who were enrolled in the EWING 2008, CWS SoTiSaR and
EURAMOS clinical trial or registry. Primary endpoints were the occurrence of febrile neutropenia
(FN) and microbiologically documented infection (MDI). Parameters with a potential impact on FN
and MDI were also analyzed. A total of 170 sarcoma patients (median age: 13 years, range: 0–21;
96 m/74 f) received 948 chemotherapy courses (median: 6; range: 2–8). Of these patients, 58.8% had
≥1 FN episode and 20.6% ≥ 1 MDI. FN occurred in 272/948 courses (28.7%) with fever of unknown
origin (FUO) in 231 courses and 45 MDI and 19 clinically documented infections (CDI) occurring
in a total of 57 courses. Patients enrolled in EWING 2008 had significantly more FN (p < 0.001),
infections (p = 0.02) and MDI (p = 0.035). No infection-related deaths were observed. Younger age,
tumor type and localization, and higher median and maximum mucositis grades were significantly
associated with higher numbers of FN (p < 0.001), and younger age (p = 0.024) and higher median
mucositis grade (p = 0.017) with MDI. The study shows substantial infectious morbidity in sarcoma
patients during neoadjuvant chemotherapy treatment and opportunities to improve prevention and
management.

Keywords: infections; cancer; children; bacteremia; pneumonia; sarcoma; solid tumor; outcome
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1. Introduction

Febrile neutropenia and documented infections are important causes of morbidity in
pediatric patients receiving chemotherapy for cancer [1,2], and optimal infectious disease
supportive care in this population relies largely on a precise knowledge of their epidemi-
ology and risk factors. Most information about febrile neutropenia and documented
infections stems from studies conducted in patients undergoing treatment for hematologi-
cal malignancies or allogeneic hematopoietic cell transplantation (HSCT) [3–5]. Although
prior studies have suggested no substantial differences in the course or outcome of febrile
neutropenia and infections between leukemia and solid tumor groups [6], very few studies
have focused on febrile neutropenia and infections in pediatric patients with solid tumors,
in particular sarcomas [5,7–11]. Given current approaches to antibiotic stewardship and
risk-based strategies for management of febrile neutropenia, differentiating the risk for
febrile neutropenia and infection for separate entities of solid tumors has become more
important.

Sarcoma treatment involves the use of intensive neoadjuvant chemotherapy regimens
prior to local therapy that result in transient myelosuppression, which is often complicated
by fever and infection [12–16]. Although the safety assessment of induction chemotherapy
in the treatment of Ewing sarcoma in the EURO-E.W.I.N.G. 99 clinical trial showed a high
incidence of infections [12], little is known about the incidence, risk factors, and outcome of
febrile neutropenia and infections during the neoadjuvant chemotherapy treatment phase
of pediatric sarcomas. In order to contribute to a better understanding of the burden of
infections in this patient population, we analyzed prevalence, risk factors, patterns and
outcome of febrile neutropenia and documented infections in pediatric patients with Ewing
sarcoma, soft tissue sarcoma, and osteosarcoma who received neoadjuvant chemotherapy
according to internationally conducted treatment protocols.

2. Patients and Methods
2.1. Study Design

The study was a retrospective single-center cohort study of children and adolescents
enrolled at the Department of Pediatric Hematology and Oncology, University Children’s
Hospital of Muenster, in the EWING 2008 clinical trial and registry, EURAMOS 1 clinical
trial and EURAMOS-COSS registry, and CWS SoTiSaR registry treatment protocols between
September 2009 and December 2018. Patients received neoadjuvant chemotherapy for
Ewing sarcoma, osteosarcoma, or soft tissue sarcoma, respectively. The last follow-up was
on 31 January 2020.

The Department serves an area of five million people in the Northwest of Germany and
provides specialized care for the entire spectrum of pediatric hematological and oncological
disorders. Each year, 140 to 160 patients with a new diagnosis of cancer, 20 to 40 patients
with recurrent cancer and approximately 35 patients scheduled to undergo allogeneic
HSCT are admitted, accounting for approximately 1200 hospital admissions and close to
15,000 outpatient or day clinic contacts [17].

Patients were identified through the registries of the Department’s clinical research
office. Inclusion criteria were: (1) medical care at the Department of Pediatric Hematology
and Oncology, Muenster, Germany, (2) a diagnosis of either Ewing sarcoma, osteosarcoma,
or soft tissue sarcoma, and (3) receipt of neoadjuvant chemotherapy according to either
EWING 2008, CWS SoTiSaR or EURAMOS protocols. Patients not treated according
to these protocols, diagnosed in Muenster but treated elsewhere or with an incomplete
medical record were excluded. Patient demographics and clinical data were retrieved
from the medical information system according to the study protocol by a pseudonymized
standardized electronic case report form.

The primary endpoints were episodes of febrile neutropenia (FN) and microbiologi-
cally documented infections (MDI). Clinically documented infections (CDI), episodes of
fever of unknown origin (FUO), unscheduled hospitalizations, treatment delay, admission
to intensive care unit (ICU), and survival through January 2020 were further endpoints.
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Parameters with a potential impact on FN and MDI were also analyzed. Analyses were
performed both on the basis of patients and on the basis of chemotherapy courses, as
appropriate.

Written informed consent for data collection and analysis was obtained within the
consent procedure for cancer treatment. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was reviewed and approved by the joint Ethics
Committee of the University of Muenster and the Chamber of Physicians Westfalen-Lippe
(Az 2017-728-f-S; 5 January 2018).

2.2. Neoadjuvant Chemotherapy Regimens

Detailed information on the neoadjuvant chemotherapy regimens can be found in the
respective protocols [18–20]. In brief, the EWING 2008 clinical trial and registry (EWING
2008) protocol stipulated a total of six neoadjuvant courses of vincristine, ifosfamide, dox-
orubicine, etoposide (VIDE) administered in 21-day intervals depending on hematological
recovery. Granulocyte colony-stimulating factor (G-CSF) was recommended, especially
when the previous course was complicated by FN, but not mandatory, and MESNA was
administered for prevention of urothelial toxicity. G-CSF-supported stem cell mobilization
and harvesting was planned after the third course, if indicated. Local therapy was recom-
mended to be performed 21 days after course six, depending on hematological recovery
and clinical status [18].

Patients with soft tissue sarcoma enrolled in the CWS SoTiSaR registry (CWS SoTiSaR)
were treated according to CWS-Guidance, which recommends courses of different combi-
nations and dosages of actinomycin D (A), adriamycin (Ad), vincristine (V), ifosfamide
(I), carboplatinum (C) and etoposide (E) according to risk stratification. G-CSF could be
considered, but use was at the discretion of the attending physician. Local therapy was
recommended after four courses of neoadjuvant chemotherapy in the majority of risk
groups, but more courses were possible [20].

The EURAMOS 1 clinical trial and EURAMOS-COSS registry (EURAMOS) for os-
teosarcoma patients stipulated a neoadjuvant regimen of MAP, consisting of two cycles
each of adriamycin/cisplatinum (AP) in week one plus two separate doses of high-dose
methotrexate (M) in weeks 4 and 5, respectively. MAP is sometimes considered as one
course, but as chemotherapy feasibility was assessed before each administration of M or AP,
we considered each M and each AP as a separate course. G-CSF was recommended when
a previous AP cycle had been complicated by FN or prolonged hospitalization (>7 days).
Local therapy was planned after the completion of 2 MAP cycles. If needed for logistical
reasons, up to two more doses of M were allowed prior to local therapy [19].

2.3. Standard of Care

Outpatients presenting with FN or signs of infection were generally hospitalized for
diagnostics, treatment, and clinical observation. Patients with FN were evaluated by vital
signs, physical examination, interim history, full blood count, c-reactive protein (CRP), liver
and renal function, electrolytes, blood and urine cultures prior to the start of antimicrobial
therapy. Further diagnostic, e.g., imaging or additional microbiological or biochemical
diagnostics, was guided by clinical and laboratory findings.

Initial empirical antibacterial therapy for FN consisted of ceftazidime plus gentamycin
until 2016 and was then replaced by piperacillin/tazobactam. Unstable patients were
started with meropenem plus vancomycin and were subsequently de-escalated when feasi-
ble, based on microbiology laboratory reports. This regimen was also used for escalation in
patients with fever persisting for more than 48–72 h or a new fever after defervescence, with
or without additional empirical antifungal therapy at the discretion of the attending physi-
cian. Patients older than two years of age in stable condition with an anticipated duration
of neutropenia of <7 days could be treated with ceftriaxone with the option of outpatient
treatment after definite defervescence. Empirical antibacterial therapy was continued
until defervescence for at least 48 h and recovery of the neutrophil count (ANC) above
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500/µL. Suspected or proven infections were treated according to current management
recommendations [21,22].

As standard of care, patients received a surgically implanted central venous catheter
prior to the initiation of neoadjuvant chemotherapy. All patients received trimetho-
prim/sulfamethoxazole 8 mg/msqu twice weekly as prophylaxis for prevention of Pneumo-
cystis jirovecii pneumonia, and topical polyenes or azoles for prevention of oropharyngeal
candidiasis.

2.4. Definitions

Neutropenia was defined as an ANC of <500/µL or assumed when the white blood
cell count (WBC) was <1000/µL. Fever was defined as a single oral temperature ≥38.3 ◦C
or temperatures ≥38.0 ◦C during an 1-h-period [23]. FN was defined as every distinct
episode of fever that occurred during neutropenia. FUO was defined as the presence of
fever without a clinically or microbiologically identified focus. Organ infection was defined
according to the International Pediatric Sepsis Consensus Conference in 2005 [24]. The
diagnosis of a blood stream infection (BSI) was based on the detection of the organism
in ≥1 blood culture bottle. Invasive fungal disease (IFD) was defined according to the
revised definitions of invasive fungal disease by the EORTC/MSGERC consensus group
2020 [25]. Mucositis was defined according to the Common Toxicity Criteria (CTC) for
adverse events version 4.03 [26]. Unscheduled hospitalization was defined as any ad-
mission to hospital not planned by the treatment protocol. Treatment delay was defined
as difference in days between planned and the actual start of the next chemotherapy
course. Underweight was defined as a body weight <10th percentile and overweight as a
body weight >90th percentile, according to the age- and gender-adjusted German KiGGS
reference percentiles [27].

2.5. Statistical Analysis

Statistical analysis was performed using Microsoft Excel and IBM SPSS Statistics
(version 26, IBM, Armonk, New York, NY, USA) software. Categorial variables were
analyzed by chi-square test or Fisher’s exact test, where applicable. Metric variables were
analyzed by Mann–Whitney U and Kruskal–Wallis test as appropriate. Parameters with
potential impact on FN and MDI were analyzed by bivariate analysis; due to the small
sample size and strong correlations between the respective factors in explorative analysis,
multivariate analyses were not performed. Similar to the study of Haupt et al. [7], we
calculated infection incidence rates for MDI per 100 person-months at risk. Overall and
event-free survival were analyzed by Kaplan–Meier curves. All p-values are two-tailed
and considered statistically significant at <0.05.

3. Results

A total of 195 patients were identified in the study registries, of whom 170 were
included in the final analysis. Of the 25 patients excluded, 10 patients were excluded due
to the administration of medical treatment at their referring hospitals, nine due to missing
indication for chemotherapy, four due to individual treatment concepts and two due to an
incomplete medical record.

In a further nine patients, a number of the neoadjuvant chemotherapy courses (14 in
total) were not analyzed due to intermittent treatment at hospitals close to home.

3.1. Patient Demographics

The demographic and clinical characteristics of the 170 patients are shown in Table 1.
Of the 170 patients, 58 (34.1%) were treated in EWING 2008, 50 (29.4%) in the CWS SoTiSaR
and 62 (36.5%) in the EURAMOS trial or registry. The median age at diagnosis was 13 years
(range 0–21); 96 (56.5%) of the patients were male and 74 (43.5%) were female, and the
majority had a body mass index (BMI) between the 10th and the 90th percentile at baseline.
Most tumors (62.4%) were localized in the extremities, and approximately one third (37.3%)
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of patients had metastases at diagnosis. None of the patients had abnormal granulocyte
counts at presentation, and, while the case report form did not capture steroid use, only
a very few patients may have received glucocorticosteroids to reduce tumor-associated
edema. During neoadjuvant chemotherapy, a total of 948 chemotherapy courses were
administered (median per patient: 6, range: 2–8) (Table 1).

Table 1. Demographics and clinical characteristics of 170 patients.

Characteristic

No. (%) or Median (Range)

All EWING 2008 CWS SoTiSaR EURAMOS
(n = 170) (n = 58) (n = 50) (n = 62)

Age 13 (0–21) 14 (0–21) 9.5 (0–18) 13.5 (2–18)
0–4 years 18 (10.6) 3 (5.2) 13 (26.0) 2 (3.2)
5–9 years 27 (15.9) 9 (15.5) 12 (24.0) 6 (9.7)
10–14 years 72 (42.4) 24 (41.4) 15 (30.0) 33 (53.2)
15–19 years 51 (30.0) 20 (34.5) 10 (20.0) 21 (33.9)
≥20 years 2 (1.2) 2 (3.4) 0 0

Sex
male 96 (56.5) 36 (62.1) 22 (44.0) 38 (61.3)
female 74 (43.5) 22 (37.9) 28 (56.0) 24 (38.7)

BMI at baseline 18.9 (10.0–38.1) 20.0 (10.0–34.3) 17.6 (11.4–27.0) 19.1 (12.9–38.1)
BMI < P10 26 (15.3) 8 (13.8) 9 (18.0) 9 (14.5)
BMI P10–P90 126 (74.1) 41 (70.7) 38 (76.0) 47 (75.8)
BMI > P90 18 (10.6) 9 (15.5) 3 (6.0) 6 (9.7)

Underlying condition
Ewing sarcoma 53 (31.2) 53 (91.4) 0 0
osteosarcoma 62 (36.5) 0 0 62 (100)
rhabdomyosarcoma 31 (18.2) 0 31 (62.0) 0
NOS 5 (2.9) 2 (3.4) 3 (6.0) 0
Ewing-like-sarcoma 2 (1.2) 2 (3.4) 0 0
synovial sarcoma 8 (4.7) 0 8 (16.0) 0
PNET 1 (0.6) 1 (1.7) 0 0
infantile fibrosarcoma 1 (0.6) 0 1 (2.0) 0
liposarcoma 1 (0.6) 0 1 (2.0) 0
DSRCT 1 (0.6) 0 1 (2.0) 0
MPNST 2 (1.2) 0 2 (4.0) 0
pleuropulmonary blastoma 2 (1.2) 0 2 (4.0) 0
neuroblastoma 1 1 (0.6) 0 1 (2.0) 0

Tumor localization
extremities 106 (62.4) 30 (51.7) 17 (34.0) 59 (95.2)
trunk 46 (27.1) 24 (41.4) 20 (40.0) 2 (3.2)
other 18 (10.6) 4 (6.9) 13 (26.0) 1 (1.6)

Any metastases at diagnosis 63 (37.3) 29 (50.0) 15 (30.0) 19 (31.1)
distant metastases 56 (33.1) 26 (44.8) 11 (22.0) 19 (31.1)

lung 30 (53.6) 12 (46.2) 3 (27.3) 15 (78.9)
bone 10 (17.9) 6 (23.1) 2 (18.2) 2 (10.5)
lymph nodes 2 (3.6) 0 2 (18.2) 0
other 2 (3.6) 1 (3.8) 1 (9.1) 0
multiple (≥2 organs) 12 (21.4) 7 (26.9) 3 (27.3) 2 (10.5)

regional lymph node infiltration 23 (13.5) 14 (24.1) 8 (16.0) 1 (1.6)
skip lesions 9 (5.3) 6 (10.5) 0 3 (4.8)
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Table 1. Cont.

Number of chemotherapy courses 2 948 341 239 368
per patient 6 (2–8) 6 (3–7) 5 (2–8) 6 (3–8)

G-CSF administration 3 67 (39.4) 57 (98.3) 9 (18.0) 1 (1.6)

BMI, Body mass index (kg/m2); P10, 10th perentile and P90, 90th percentile, adapted to age and sex; NOS, not other specified sarcoma;
PNET, peripheral neuroectodermal tumour; DSRCT, desmoplastic small round cell tumour; MPNST, malignant peripheral nerve sheath
tumour; G-CSF, granulocyte-colony stimulating factor. 1 In one patient treated in the CWS protocol diagnosis was changed to neuroblastoma
after local therapy. 2 VIDE (vincristine, ifosphamide, doxorubicin, etoposide) in 342 (36.1%); M (high-dose methotrexate) in 247 (26.1%), AP
(adriamycin, cisplatinum) in 120 (12.7%); I2VA (ifosphamide, vincristine, actinomycin D) in 137 (14.5%) and various other courses of CWS
guidance in 102 (10.6%) courses. 3 G-CSF was administered in a total of 291 (30.7%) of the courses (41.5% of non-M courses).

3.2. Overall Infectious and Non-Infectious Patient Morbidity

Table 2 provides an overview of FN episodes, MDIs, CDIs, ICU-admission, weight
loss, treatment delay and survival throughout neoadjuvant chemotherapy until local ther-
apy (i.e., surgery or start of radiotherapy). The majority of the patients (n = 100; 58.8%)
experienced at least one FN episode, and 63 (37.1%) experienced two or more. Comparison
across the three different treatment protocols revealed significant differences in both occur-
rence and frequency of FN episodes with the highest FN morbidity in patients enrolled
in EWING 2008, followed by those enrolled in CWS SoTiSaR and those enrolled in EU-
RAMOS (p < 0.001). A similar trend across treatment protocols was observed for MDIs that
occurred in a total of 20.6% of patients. Of note, there was no apparent difference in MDIs
and CDIs between metastatic and non-metastatic disease. Median loss of weight during
neoadjuvant chemotherapy was 7.0% of the baseline weight and the median treatment
delay accounted for seven days with wide variability but no significant differences among
treatment protocols for both parameters. ICU admission occurred in five patients, and all
patients survived through local therapy (Table 2).

Table 2. Febrile neutropenia, microbiologically and clinically documented infections, weight loss, treatment delay and
survival throughout neoadjuvant chemotherapy until local therapy in 170 patients.

Characteristic
No. (%) or Median (Range) chi 2 Test

All EWING 2008 CWS SoTiSaR EURAMOS
(n = 170) (n = 58) (n = 50) (n = 62) p-Value

Febrile neutropenia
≥1 episode of FN 100 (58.8) 49 (84.5) 32 (64.0) 19 (30.6) <0.001
≥2 episodes of FN 63 (37.1) 40 (69.0) 17 (34.0) 6 (9.7) <0.001

Microbiologically documented
infection

≥1 episode of MDI 35 (20.6) 17 (29.3) 10 (20.0) 8 (12.9) 0.084
≥2 episodes of MDI 6 (3.5) 4 (6.9) 1 (2.0) 1 (1.6) 0.230

Clinically documented infection
≥1 episode of CDI 18 (10.6) 8 (13.8) 5 (10.0) 5 (8,1) 0.587
≥2 episodes of CDI 1 (0.6) 1 (1.7) 0 0 0.379

ICU admission 5 (2.9) 2 (3.4) 3 (6.0) 0 0.168

Weight loss during chemotherapy in % 7.0 (0–31.2) 7.2 (0–25.1) 4.1 (0–17.9) 8.4 (0–31.2)

Overall treatment delay in days 7.0 (0–61) 8.5 (0–61) 4.0 (0–23) 9.0 (0–48)

Survival through local therapy 165 (100) 1,2,3 57 (100) 1 49 (100) 2 59 (100) 3

FN, febrile neutropenia; MDI, microbiologically documented infection; CDI, clinically documented infection; ICU, intensive care unit. 1 1
missing value, 1 censored due treatment discontinuation. 2 1 missing value. 3 1 censored due to treatment discontinuation, 1 censored due
to treatment modification.
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3.3. Febrile Neutropenia and Infections during Chemotherapy

The episodes of febrile neutropenia and infections in the 948 chemotherapy courses
are presented in Table 3. Neutropenia was observed in 519 (54.9%) of the 948 chemother-
apy courses. Febrile neutropenia occurred in 272 (28.7%) courses with FUO as the final
diagnosis in 231 and MDIs or CDIs in 41 courses. In an additional 16 courses, infection was
diagnosed in absence of fever, and in 12 of these, the patient was non-neutropenic. In total,
64 documented infections occurred in 57 of the 948 courses (6.0%), of which 45 were micro-
biologically and 19 clinically documented. Significant differences in frequency between the
different treatment protocols were observed for neutropenia (p < 0.001), febrile neutropenia
(p < 0.001), FUO (p < 0.001), documented infections (p = 0.02) and MDI (p = 0.035) with the
highest rates in EWING 2008, followed by CWS SoTiSaR and EURAMOS (Table 3).

Table 3. Neutropenia, febrile neutropenia, FUO, documented infections, unscheduled hospitalisation, ICU admission and
mucositis in 948 courses.

Characteristic
No. (%) of Courses or Median (Range) chi 2 Test

All EWING 2008 CWS SoTiSaR EURAMOS p-Value
(n = 948) (n = 341) (n = 239) (n = 368)

Neutropenia 519 (54.9) 321 (94.1) 157 (65.7) 41 (11.2) <0.001

Febrile neutropenia 272 (28.7) 179 (52.5) 67 (28.0) 26 (7.1) <0.001

FUO 231 (24.4) 152 (44.6) 55 (23.0) 24 (6.5) <0.001

Documented infections 1 64 (6.0 1) 32 (8.5 1) 18 (6.3 1) 14 (3.5 1) 0.020
MDIs 1 45 (4.4 1) 23 (6.5 1) 13 (4.6 1) 9 (2.4 1) 0.035
CDIs 19 (2.0) 9 (2.6) 5 (2.1) 5 (1.4) 0.475

Unscheduled hospitalization 354 (37.4) 192 (56.3) 79 (33.2) 83 (22.6) <0.001
duration in days 7.0 (1–23) 7.0 (2–21) 5.0 (2–21) 7.0 (1–23)

ICU admission 5 (0.5) 2 (0.6) 3 (1.3) 0 0.112
duration in days 9.0 (2–21) 5.0 (2–8) 11.0 (8–21)
infectious cause 2 2 0

Mucositis <0.001
no mucositis 662 (69.8) 109 (32.0) 225 (94.1) 328 (89.1)
CTC grade 1–2 149 (15.7) 138 (40.5) 3 (1.3) 8 (2.2)
CTC grade 3–4 137 (14.5) 94 (27.6) 11 (4.6) 32 (8.7)

FUO, fever of unknown origin; MDI, microbiologically documented infection; CDI, clinically documented infection; ICU, intensive care
unit; CTC, common toxicity criteria. 1 5 courses with 2 infectious episodes, 1 course with 3 infectious episodes; in 16 courses infections
occurred in absence of FN (2 EWING, 3 CWS, 11 EURAMOS); of those in 12 in absence of neutropenia (0 EWING, 1 CWS, 11 EURAMOS),
please see text.

Among the MDIs, there were 21 BSI, one case of disseminated invasive aspergillosis
and 23 infections at various body sites. More than one pathogen was isolated in two
BSI episodes. Seventeen of the 23 isolates were Gram-positive organisms with coagulase-
negative staphylococci (CoNS) as predominant isolate, and six were Gram-negative rods
including two cases of extended-spectrum ß-lactamase (ESBL) producing Klebsiella ssp
(Table 4). The most common sites for the 23 MDI organ infections were the abdomen,
followed by the urogenital system and bone and soft tissues for bacterial infections and
the upper respiratory tract followed by the otorhinolaryngeal system for viral infections.
Among the 19 CDI organ infections, the upper respiratory tract, the abdomen and bone
and soft tissues were the predominantly affected sites (Table S1).
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Table 4. Overview of 45 * MDI infections and 19 CDI infections in 948 chemotherapy courses.

Infection
MDI (No.) CDI (No.)

Bacterial Fungal Viral
Gram+/Gram−

Blood stream infection 17/6 1 - - -

Systemic infection 0/0 1 6 1 7 -

Organ infection - - - -
Central nervous system 1/0 2 - - -
Oropharynx - - 3 8 2 10

Upper respiratory tract - - 7 9 5 11

Lung - - - 2 12

Abdomen and gastrointestinal tract 7/0 3 - - 4 13

Urogenital tract 2/2 4 - - 2 14

Bone and soft tissues 1/3 5 - - 4 15

MDI, microbiologically documented infection; CDI, clinically documented infection. * 4 infections with multiple pathogens. 1 for detail, consult
Supplementary Materials, Table S1. 2 Staphylococcus hominis. 3 Clostridioides difficile colitis (6), enteropathogenic Staphylococcus aureus enteritis (1). 4

Enterococcus faecalis (2), Pseudomonas aeruginosa (1), Enterobacter cloacae (1). 5 wound infection with Enterococcus faecalis, Pseudomonas luteola and Bacteroides
sp. (1), axillary abscess with Escherichia coli (1). 6 invasive pulmonary aspergillosis with dissemination in liver and spleen (1). 7 primary Epstein-Barr virus
infection. 8 Herpes simplex virus stomatitis (3). 9 human Metapneumovirus (1), Influenza A virus (1), Parainfluenza 2 virus (1), Rhinovirus (1), Enterovirus (1),
Respiratory syncycial virus (2). 10 tonsillitis (1), dental abscess (1). 11 unspecific upper respiratory tract infections (5). 12 pneumonia (2; 1 with respiratory
insufficiency). 13 gastroenteritis (1), colitis (2), migratory peritonitis (1). 14 urinary tract infections (2; 1 with transurethral indwelling catheter). 15 port
catheter site infection (1), panaritium (3); without documented microbacterial cause.

The overall infection rate for MDIs was 7.2 per 100 person-months at risk; the rates
for patients treated for Ewing sarcoma, soft tissue sarcoma and osteosarcoma were 9.5, 7.0,
and 4.6, respectively. The overall rate for BSI/IFD was 3.5 per 100 person-month at risk
and 6.6, 2.7 and 0.5 for the respective entities. Of note, no infection-related deaths occurred
during neoadjuvant chemotherapy.

3.4. Hospitalization, ICU Admission and Mucositis

Unscheduled hospitalizations for treatment-related adverse events occurred in 37.4%
(354/948) of all courses with a median duration of seven days and were significantly more
often in EWING 2008 than in CWS SoTiSaR than in EURAMOS (p < 0.001). In five courses
(0.5%), patients were admitted to the ICU for a median duration of nine days. Admission
was for infectious causes in two cases only. As marker of cytotoxicity, CTC grade 1–2
mucositis was recorded in 149 (15.7%) and CTC grade 3–4 in 137 (14.5%) courses. There
were significant differences between treatment protocols with higher rates of CTC grade
3–4 mucositis in EWING 2008 than in EURAMOS than in CWS SoTiSaR (Table 3).

3.5. Factors Associated with FN and MDI

Younger age was significantly associated with higher number of FN episodes (weak
association, Tau b = −0.208; p < 0.001). Higher number of FN episodes was also signifi-
cantly associated with longer duration of unscheduled hospitalization (strong association,
Tau b = 0.665, p < 0.001). Significant associations were also found for treatment regimen
(p < 0.001; EWING 2008 > CWS SoTiSaR > EURAMOS), tumor localization (p < 0.001;
trunk > extremities), and maximal and median mucositis grade (p < 0.001; mucositis grade
3–4 > grade 1–2 > no mucositis) during treatment. No associations were found for sex,
metastases, weight at diagnosis, overall treatment delay and weight loss during treatment.
Due to its predominant use in patients enrolled in EWING 2008, the effects of G-CSF were
not included in the bivariate analyses (Table S2).

Significant associations with the occurrence of MDI by bivariate analysis were found
for younger age (p = 0.024) and maximal and median mucositis grade (p = 0.003 and
p = 0.017, respectively) with CTC grade 3–4 > CTC grade 1–2 > no mucositis. Presence of
MDI was also significantly associated with longer treatment delay (p = 0.006) and longer
duration of unscheduled hospitalization (p = 0.001). No association was found for sex,
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treatment regimen, tumor localization, metastases, weight at diagnosis and weight loss
during therapy (Table S3).

Due to methodological limitations (small sample size and strong correlations between
the respective factors in explorative analysis), we decided to abstain from performing mul-
tivariate analyses to further substantiate the statistical associations obtained by bivariate
analyses.

3.6. Overall and Event-Free Survival

After a median duration of follow-up of 4.23 years (range 0.3–10.5), overall cumulative
survival at last follow-up one year after the inclusion of the last patient was 68.8% (63.4%,
71.3%, and 70.6% for patients receiving treatment on EWING 2008, CWS SoTiSaR, and
EURAMOS, respectively).

The cumulative event-free survival at last follow-up was 59.2% (55.8%, 59.4%, and
62.1% for patients receiving treatment on EWING 2008, CWS SoTiSaR, and EURAMOS,
respectively).

4. Discussion

Apart from a recent publication on infectious complications in children with malignant
bone tumors [11], detailed information on prevalence, risk factors, and outcome of febrile
neutropenia and infections in pediatric patients undergoing chemotherapy for sarcoma
is scarce. The results presented here document substantial infectious morbidity during
the neoadjuvant chemotherapy treatment phase. The majority of the 170 patients (58.8%)
experienced at least one FN episode, and 20.6% had at least one MDI. Febrile neutropenia
occurred in 272 (28.7%) of the 948 treatment courses, and in 57 (6.0%) courses, a total of 45
microbiologically and 19 clinically documented infections were recorded.

The overall prevalence of FN in our cohort (58.8%) corresponds to data reported
by others for pediatric solid tumors [9,28,29]., Patients enrolled in EWING 2008 had a
significantly higher prevalence of FN (84.5%) than those enrolled in CWS SoTiSaR and
EURAMOS, respectively (Table 3). This rate is also higher than that previously reported
in unselected patients with solid tumors [8]. While the relative distribution of FUO and
MDI or CDI is overall comparable to that reported in the literature [6,30,31], there was a
significantly higher proportion of documented infections in patients enrolled in EWING
2008 relative to patients enrolled in CWS SoTiSaR and EURAMOS.

We observed an overall incidence rate of 7.2 MDI per 100 person-months at risk and
of 3.5 BSI/IFD per 100 person-months at risk. These rates are similar to those reported
by Haupt et al. who noted an infection rate of 3.2 per 100 person-months at risk for
BSI/IFD in their cohort of solid tumors and a rate of 3.4 per 100 person-months at risk
for sarcoma patients [7]; these are also similar to data presented by Calton et al. who
reported 3.96 BSI per 100 person-months at risk for solid tumors [10]. However, when
analyzed by tumor type, we found numerically higher infection rates for patients with
Ewing sarcoma (9.5 MDI and 6,6 BSI/IFD per 100 person-months at risk) and lower rates
for osteosarcoma patients (4.6 MDI and 0.5 BSI/IFD per 100 person-months at risk), while
rates for soft tissue sarcoma patients were similar to the overall infection rate (7.0 MDI
and 2,7 BSI/IFD per 100 person-months at risk). A recent retrospective multicenter survey
also showed a high risk for infectious complications in patients treated for malignant bone
and soft tissue tumors, particular for patients with Ewing sarcoma, during neoadjuvant
and adjuvant chemotherapy with higher cumulative incidence rates as in patients with
acute lymphoblastic leukemia, non-Hodgkin’s lymphoma and Hodgkin’s disease, and
comparable incidence rates to those in patients with acute myeloid leukemia [11]. A study
conducted at our center in patients undergoing autologous hematopoietic cell rescue for
solid tumors and lymphoma showed an occurrence of non-fungal MDI in 16.5% of the
patients [32]. In the analysis presented here, MDI occurred in 20.6% of the patients overall
and in 29.3%, 20.0% and 12.9% of patients enrolled in EWING 2008, CWS SoTiSaR and
EURAMOS, respectively. Compared to patients undergoing dose intensive chemotherapy
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with autologous hematopoietic stem cell rescue, who are generally considered to be at
high risk of infection, the data from the present study show a comparable, and, in the case
of Ewing sarcoma patients, an even higher risk of MDI. However, our findings stand in
contrast to the results of a meta-analysis of global individual participant data regarding the
prediction of MDI for FN episodes. By univariate analysis, a diagnosis of Ewing sarcoma
and osteosarcoma was associated with a decreased risk of MDI [33].

The differences in FN and MDI between the different sarcoma types and treatments
and also, tumor localization, may be explained by the differential dose-intensity and
mucosal toxicity of the respective regimens [6,30,34], with VIDE combination therapy for
Ewing sarcoma being particularly intense [12,14]. Multiagent combination chemotherapy,
as used in EWING 2008 and CWS SoTiSaR, may also contribute [35]. An analysis of
the potential influence of different chemotherapy courses or individual chemotherapy
agents and their cumulative dosages on FN and MDI rates might have provided further
associations but was not possible due to methodological limitations. Considering that
patients treated for Ewing and soft tissue sarcoma have higher infection rates than the
overall population of pediatric solid tumors, and that these rates are comparable to those
observed in patients with hematological malignancies, the outcome in our study was
favorable, with no infection-related death during neoadjuvant chemotherapy, and only
two patients requiring intensive care unit admission for infection-related supportive care.

The spectrum of bacterial species in the 21 episodes of blood stream infection was
predominated by CoNS (9/21, Table S1), which is in line with other reports [36]. How-
ever, the detection of CoNS raises the question of whether it reflects a true infection or
contamination. There is good reason to assume that the detection of CoNS corresponds
to true infection as the majority were S. epidermidis mainly found in neutropenic patients,
both factors that have been associated with an increased likelihood of true infection [37].
Similar to other studies in patients with solid tumors, bone tumors, and solid tumors
with autologous hematopoietic stem cell rescue [7,11,32], we observed a low frequency of
fungemia and other forms of invasive fungal diseases in sarcoma patients. The only IFD in
our cohort was a case of proven pulmonary and disseminated invasive aspergillosis in a
patient with Ewing sarcoma following a period of profound granulocytopenia exceeding a
duration of twenty days.

Apart from younger age, bivariate analysis identified an association of mucositis
with FN and MDI: Higher grades of mucositis correlated with more FN episodes and
higher infection rates. These findings are in concordance with the results of other studies
that found associations of mucositis with FN [8,38] and severe infections [39] in bivariate
analysis. Indeed, mucositis is the result of a complex series of biological events involving
inflammation, alteration of the local tissue response, apoptosis of the basal cell layer and
loss of mucosal integrity that facilitates migration of mucosal microorganisms and makes
the individual prone to invasive bacterial, fungal and viral infection [40–44]. Patients with
FN and mucositis are clearly at higher risk of infection, and the presence of mucositis
should be considered in approaches to stratify patient management in low and high-risk
categories. In addition, strategies to avoid or ameliorate mucositis and the development of
treatments that do not cause mucositis should be prioritized in order to reduce infection
risks.

Higher numbers of FN and the presence of MDIs were significantly associated with
longer duration of unscheduled hospitalization. Longer duration of hospitalization reflects
the burden of therapy-induced morbidity and accounts for important use of health care
resources. There also was a significant association of MDIs with longer treatment delay,
which in turn may contribute to worse event-free survival in the affected patients as has
been demonstrated by others for osteosarcoma patients [45,46].

5. Conclusions

In conclusion, the data presented here document substantial infectious morbidity
in sarcoma patients during the neoadjuvant chemotherapy treatment phase. Prevention
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and appropriate management of FN and infections are essential to maintain quality of life
and cost control, and to avoid treatment delays that may compromise the outcomes of
anticancer treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13091990/s1, Table S1: Overview of 21 blood stream infections in 19 patients. Table S2:
Bivariate analysis of potential factors associated to the number of FN episodes during neoadjuvant
chemotherapy in 170 patients. Table S3: Bivariate analysis of potential factors associated with
development of ≥ MDI episode during neoadjuvant chemotherapy in 170 patients.
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Simple Summary: Pediatric osteosarcoma is one of the most aggressive cancers, and predictions
of metastasis and chemotherapy response have a significant impact on pediatric patient survival.
Radiogenomics, as methods of analyzing gene expression or image texture features, have previously
been used for the diagnosis of chemotherapy responses and metastasis and can reveal the current
state of cancer. In this study, we aimed to generate a predictive model using gene expression and
18F-FDG PET/CT image texture features in pediatric osteosarcoma in relation to metastasis and
chemotherapy response. A predictive model using radiogenomics technology that incorporates both
imaging features and gene expression can accurately predict metastasis and chemotherapy responses
to improve patient outcomes.

Abstract: Chemotherapy response and metastasis prediction play important roles in the treatment
of pediatric osteosarcoma, which is prone to metastasis and has a high mortality rate. This study
aimed to estimate the prediction model using gene expression and image texture features. 18F-
fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG PET/CT) im-
ages of 52 pediatric osteosarcoma patients were used to estimate the machine learning algorithm. An
appropriate algorithm was selected by estimating the machine learning accuracy. 18F-FDG PET/CT
images of 21 patients were selected for prediction model development based on simultaneous KI67
and EZRIN expression. The prediction model for chemotherapy response and metastasis was esti-
mated using area under the curve (AUC) maximum image texture features (AUC_max) and gene
expression. The machine learning algorithm with the highest test accuracy in chemotherapy response
and metastasis was selected using the random forest algorithm. The chemotherapy response and
metastasis test accuracy with image texture features was 0.83 and 0.76, respectively. The highest test
accuracy and AUC of chemotherapy response with AUC_max, KI67, and EZRIN were estimated
to be 0.85 and 0.89, respectively. The highest test accuracy and AUC of metastasis with AUC_max,
KI67, and EZRIN were estimated to be 0.85 and 0.8, respectively. The metastasis prediction accuracy
increased by 10% using radiogenomics data.

Keywords: KI67; EZRIN; 18F-FDG PET/CT; random forest; radiogenomics; chemotherapy re-
sponse; metastasis
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1. Introduction

Pediatric osteosarcoma is well-known as one of the most aggressive cancers [1]. Pre-
dictions of metastasis and chemotherapy response have a significant impact on pediatric
patient survival because metastasis progresses rapidly, and treatment is difficult after the
progression of metastasis in pediatric osteosarcoma [2,3]. Chemotherapy responses and
cancer metastasis have a profound relationship with gene expression, and the current state
of cancer can be identified and predicted by analyzing changes in gene expression [4,5].
Methods of analyzing gene expression or image texture features have previously been used
for the diagnosis of chemotherapy responses and metastasis [6–8]. KI67 is a well-known
cancer metastasis marker [9]. It is mainly used to indicate cancer metastasis because it is
primarily involved in cell division, an important function of metastasis, and an increase
in expression was observed when metastasis was actively progressing and the number
of cancer cells increased. KI67 overexpression has been identified in pediatric osteosar-
coma [10]. It has also been used as a marker of chemotherapy response [11]. EZRIN is a
protein constituting the ERM (EZRIN-radixin-moesin) family that exists on the cell surface.
EZRIN plays many roles, including acting as a signaling tube between metastasis-related
cell surface molecules and signaling components. Similar to KI67, EZRIN has been used
as a marker for cancer metastasis and chemotherapy response [12,13]. EZRIN expression
provides an early survival advantage for cancer cells and plays an important role in the
invasion of other tissues in pediatric osteosarcoma [14].

Nuclear medicine images, such as positron emission tomography/computed tomogra-
phy (PET/CT), have also been used to analyze the results of metastasis and chemotherapy
responses [15]. The phenotype of cancerous tissues from images or text image features ob-
tained through image analysis can be used to analyze the results of chemotherapy response
or cancer metastasis. The combination of genetic expression analysis and nuclear imaging
texture features has been used to analyze pre-chemotherapy or chemotherapy responses
and metastasis [16,17]. This can be done by observing the phenotype and postponing the
change in a given gene because genetic changes in cells lead to changes in the phenotype.
A predictive model was estimated using image texture features obtained by analyzing
PET/CT images with machine and deep learning [18,19]. In a recent study, the associations
between image texture features from tumor 18F-FDG PET/CT image texture features and
genetic alterations in patients were identified as lung cancer [20]. The related factors were
investigated by analyzing the image texture characteristics of the 18F-FDG PET/CT image
of the gene phenotype.

Radiogenomics technology has also been used to determine whether cancer metasta-
sizes in liver cancer and to estimate a metastasis prediction model [21]. Radiogenomics
studies can reveal the current state of cancer by analyzing genetic expression and image
texture features. In addition, it is possible to estimate predictive models using machine
or deep learning because numerical analysis results, such as gene expression levels and
quantitative image texture features, can be derived. In one study, a prediction model was
estimated using the machine learning algorithm with a combination analysis of CT images
and genetic expression in breast cancer [22]. In another study, image texture features from
CT images and gene expression in pancreatic ductal adenocarcinoma were estimated using
a prediction model [23].

In this study, we aimed to estimate a predictive model using KI67, EZRIN, and 18F-FDG
PET/CT image texture features in pediatric osteosarcoma, which are expressed in relation
to metastasis and chemotherapy response. Machine and deep learning techniques were
used to construct various predictive models. The accuracy of each model was compared
to evaluate a predictive model suitable for metastasis and chemotherapy responses in
pediatric osteosarcoma.
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2. Materials and Methods
2.1. Pediatric Osteosarcoma Patient Data

Data from a total of 52 pediatric osteosarcoma patients consisted of 31 male and 21 fe-
male children aged <14 years. All of the patients with osteosarcoma received neoadjuvant
chemotherapy over four weeks, which involved a combination of methotrexate (a dose
of 8–12 g/m2), adriamycin (a dose of 60 mg/m2), and cisplatin (a dose of 100 mg/m2)
at intervals of three weeks. The surgery was performed three weeks after the end of the
second neoadjuvant chemotherapy. A total of 21 patients expressed both EZRIN and KI67
(Figure S1). KI67 expression > 15% was classified as KI67-positive and <15% was classified
as KI67-negative. EZRIN expression was classified as EZRIN-positive or -negative with
no EZRIN expression. Cancer tissues were collected from the femur, tibia, humerus, and
pelvis. All cancer tissues were classified into 2A, 2B, IIA, and unknown according to the
American Joint Committee on Cancer stage classification method. The pathologic subtypes
of each cancer tissue were identified as osteoblastic (OB), chondroblastic (CB), or others
(Table 1). necrosis of 90% or more tumor region indicated a good histological response, and
less than 90% tumor region necrosis indicated a poor histological response [24]. A total of
25 patients showed a good histological response to chemotherapy, whereas the remaining
27 patients had no response. In addition, 37 patients had no metastasis, whereas 15 patients
had metastasis. Overall, 18 patients had a good histological chemotherapy response and no
metastasis, 19 patients had a poor histological chemotherapy response and no metastasis,
seven patients had a good histological chemotherapy response and metastasis, and eight
patients had a poor histological chemotherapy response and metastasis.

Table 1. Patient information.

Characteristic Value

Sex, n (%) 21 (40.38%)
Female 31 (59.61%)
Male

Age, n (%) 52 (100%)
Years ≤ 14

Location of primary tumor, n (%) 33 (63.46%)
Femur 16 (30.76%)
Tibia 2 (3.84%)

Humerus 1 (1.92%)
Pelvis

AJCC stage, n (%) 13 (25%)
2A 16 (30.76%)
2B 4 (7.69%)
IIA 19 (36.53%)

Unknown
Pathologic subtype, n (%) 39 (75%)

OB (Osteoblastic) 10 (19.23%)
CB (Chondroblastic) 3 (5.76%)

Others

2.2. 18F-FDG PET/CT Image Texture Features

A total of 52 patient 18F-FDG PET/CT images were used for analysis. The 18F-
FDG PET/CT images were acquired before chemotherapy to confirm the prediction of
chemotherapy treatment response in pediatric osteosarcoma patients. Radiomic features
were extracted by texture analysis of the acquired 18F-FDG PET/CT images. LiFEx (ver-
sion 4.0) was used for radiomics feature extraction of the 18F-FDG PET/CT images. Over-
all, 47 image texture features were classified as first-order, second-order, and high-order.
Figure 1 shows a flow diagram of prediction model generation using image texture features
and gene expression.
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Figure 1. Diagram of the process for generation of the prediction model with image texture features
and gene expression.

2.3. Feature Selection for the Prediction Model

Among the 47 imaging features, the area under the curve (AUC) values of 0.6 or
higher were identified to improve the accuracy of chemotherapy treatment response and
metastasis prediction in pediatric osteosarcoma patients. The AUC values of the imaging
features were evaluated by analyzing the 18F-FDG PET/CT images based on EZRIN and
KI67 expression levels. The image texture features for radiogenomics were selected by
maximizing the AUC value (AUC_max). Medcalc (version 19.4.1) was used to determine
the AUC value of each image feature obtained by extracting the features of the 18F-FDG
PET/CT images.

2.4. Prediction Model Development Using Machine and Deep Learning

Random forest and gradient boosting algorithms were used to predict the treatment
response of pediatric osteosarcoma patients. To achieve this goal, the ratio of machine
learning training data to test data was set to 7:3. However, owing to the lack of patient
datasets, it is difficult to consider any input pre-processing involving the deletion of some
data. Cross-validation was performed 10 times to increase the statistical reliability of the
performance measurements. A convolutional neural network (CNN; Keras 2.3.1) was used
to calculate the accuracy of the prediction model. The CNN consisted of an input layer, an
output layer, two convolution layers, two pooling layers, and three fully connected layers.
Maximum pooling was used to conserve each layer’s properties. A fully connected layer
was used to flatten the two-dimensional layer to a one-dimensional layer. A feature map
was extracted from the output layer of the deep learning results. The feature map data
were classified as 0 or 1 for the t-distributed stochastic neighbor embedding (t-SNE) plot.

2.5. Radiogenomics Data Analysis

Machine learning was performed to evaluate the predictive model for chemotherapy
response and metastasis. For the chemotherapy response prediction model, EZRIN, KI67, im-
age texture features (AUC > 0.6, 7 features) + EZRIN + KI67, and AUC_max + EZRIN + KI67
were used as inputs. For the metastasis prediction model, EZRIN, KI67, image texture
features (AUC > 0.6, 17 features) + EZRIN + KI67, and AUC_max + EZRIN + KI67 were
used as inputs.

3. Results

3.1. Image Texture Feature Extraction from 18F-FDG PET/CT Images

A total of 47 imaging features (Table S1) were acquired by drawing the region of
interest of the tumor site on each 18F-FDG PET/CT image from responders/non-responders
to chemotherapy and metastasis (Figure 2). Seven of the 47 imaging features had an AUC
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value of 0.6 or higher for evaluating the chemotherapy response (Table S2). 17 of the 47
imaging features had an AUC value of 0.6 or higher for evaluating the metastasis (Table
S3). The image feature with the highest AUC was Neighborhood Gray-Level Different
Matrix (NGLDM)_Contrast, for which the value was 0.652 (Table S2). After dimension
reduction with t-SNE, the texture features of 47 images from the chemotherapy response
and metastasis prediction models did not allow a clear separation of each image (Figure 3).

Figure 2. Transverse, coronal, and sagittal sections from osteosarcoma 18F-FDG PET/CT images.
(a) Images from a chemotherapy responder; (b) images from a chemotherapy non-responder.

Figure 3. t-Distributed stochastic neighbor embedding (t-SNE) of texture features from 47 images.
The 0/1 values represent non-responders and respondents, respectively. (a) Chemotherapy response
t-SNE; (b) metastasis t-SNE.

3.2. Machine and Deep Learning Algorithms Using 18F-FDG PET/CT Images

The sensitivity, specificity, AUC, train accuracy, and test accuracy of the prediction
models for chemotherapy response and metastasis were calculated using the random forest
algorithm, gradient boosting algorithm, and deep learning. The random forest algorithm
prediction model test accuracy using total text features (47) and text features (AUC > 0.6)
was 0.71 and 0.83 for chemotherapy response, respectively. In the gradient boosting
prediction model, the test accuracy using total text features (47) and text features (AUC
> 0.6) were 0.81 and 0.81, respectively (Table 2). In the deep learning prediction model,
the test accuracy was 0.975 (Figure 4). The accuracy and loss function of chemotherapy
response and metastasis were represented in Figure S2. The random forest algorithm
prediction model test accuracy using total text features (47) and text features (AUC > 0.6)
was 0.72 and 0.76 for metastasis, respectively. In the gradient boosting prediction model, the
test accuracy using total text features (47) and text features (AUC > 0.6) was 0.61 and 0.76,
respectively. In the deep learning prediction model, the test accuracy was 0.983 (Figure 4).
Thus, the prediction models using the random forest algorithm and deep learning showed
the highest accuracy for chemotherapy response and metastasis (Table 2).
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Table 2. Chemotherapy response and metastasis prediction model with various machine learning algorithms and deep learning.

Chemotherapy
Response

Random Forest Gradient Boosting Deep Learning

Text Feature (47) AUC > 0.6 (7) Text Feature (47) AUC > 0.6 (7) Train (37): Test (15)

Sensitivity 0.76 0.79 0.85 0.84 0.956
Specificity 0.74 0.82 0.94 0.88 0.964

AUC 0.76 0.80 0.88 0.86 0.917
Train accuracy 0.71 0.83 0.77 0.83 0.978
Test accuracy 0.71 0.83 0.81 0.81 0.975

Metastasis
Random Forest Gradient Boosting Deep Learning

Text Feature (47) AUC > 0.6 (17) Text Feature (47) AUC > 0.6 (17) Train (37): Test (15)

Sensitivity 0.77 0.80 0.76 0.85 0.958
Specificity 0.74 0.66 0.76 0.73 0.990

AUC 0.73 0.85 0.74 0.72 0.970
Train accuracy 0.72 0.76 0.77 0.67 0.986
Test accuracy 0.72 0.76 0.61 0.76 0.983

Figure 4. Deep learning t-distributed stochastic neighbor embedding (t-SNE) results. The 0/1
values represent non-responders and respondents, respectively. (a) Chemotherapy response t-SNE;
(b) metastasis t-SNE.

3.3. Deep Learning Interpretation: t-SNE Plots

As shown in Figure 4, after dimension reduction with t-SNE, image texture features
from the chemotherapy response and metastasis prediction models were separated into
two classes. In the two cases, the classes were clearly separated. We obtained a relatively
high precision rate for the chemotherapy response and metastasis prediction model class
because the chemotherapy response and metastasis clusters were pure.

3.4. Radiogenomics Machine Learning Model

The random forest algorithm was confirmed to be used as a prediction model for the
chemotherapy response and metastasis of pediatric osteosarcoma with a combination of
gene expression data and image features. The sensitivity, specificity, AUC, train accuracy,
and test accuracy of the prediction model were calculated.

The chemotherapy response prediction model AUCs using EZRIN, KI67, image texture
features (7, AUC > 0.6) + EZRIN + KI67, and NGLDM_Contrast (AUC_max) + EZRIN
+ KI67 were 0.58, 0.57, 0.77, and 0.89, respectively. The accuracy of the chemother-
apy response prediction model using EZRIN, KI67, image texture features + EZRIN
+ KI67, and NGLDM_Contrast (AUC_max) + EZRIN + KI67 was 0.53, 0.52, 0.73, and
0.85, respectively. The metastasis prediction model AUCs using EZRIN, KI67, image
texture features (17, AUC > 0.6) + EZRIN + KI67, and Gray-Level Co-occurrence Matrix
(GLCM)_Correlation (AUC_max) + EZRIN + KI67 were 0.56, 0.57, 0.76, and 0.80, respec-
tively. The metastasis prediction model test accuracy using EZRIN, KI67, image texture
features + EZRIN + KI67, and GLCM_Correlation (AUC_max) + EZRIN + KI67 was 0.54,
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0.52, 0.74, and 0.85, respectively. The prediction model using AUC_max, EZRIN, and KI67
with the random forest algorithm showed the highest accuracy (Table 3).

Table 3. Chemotherapy Response and metastasis prediction model with gene expressions, combination of gene expression
image texture features and gene expression and combination of area under curve max (AUC_max) image texture and
gene expressions.

Chemotherapy Response EZRIN KI67 Image Texture Feature +
EZRIN + KI67

NGLDM_Contrast +
EZRIN+ KI67

Sensitivity 0.59 0.57 0.84 0.87
Specificity 0.44 0.68 0.75 0.85

AUC 0.58 0.57 0.77 0.89
Train accuracy 0.53 0.52 0.73 0.85
Test accuracy 0.53 0.52 0.73 0.85

Metastasis EZRIN KI67 Image Texture Feature+
EZRIN + KI67

GLCM_Correlation +
EZRIN+ KI67

Sensitivity 0.61 0.54 0.77 0.91
Specificity 0.42 0.65 0.55 0.6

AUC 0.56 0.57 0.76 0.8
Train accuracy 0.54 0.52 0.74 0.85
Test accuracy 0.54 0.52 0.74 0.85

3.5. Machine Learning Prediction Model with the Random Forest Algorithm

The receiver operating characteristic curves of the chemotherapy response and metas-
tasis prediction models are shown in Figure 4. The AUCs for chemotherapy prediction
using KI67, EZRIN, image texture features + EZRIN + KI67, and NGLDM_Contrast +
EZRIN + KI67 were 0.58, 0.57, 0.77, and 0.89, respectively. The AUCs for metastasis predic-
tion using KI67, EZRIN, image texture features + EZRIN + KI67, and GLCM_Correlation +
EZRIN + KI67 were 0.56, 0.57, 0.76, and 0.8, respectively (Figure 5).

Figure 5. Receiver operating characteristic curves of the prediction features for patient outcomes.
(a) Chemotherapy response. (b) Metastasis.

4. Discussion

In this study, we evaluated a predictive model that can predict the chemotherapy
response and metastasis of pediatric osteosarcoma by analyzing gene expression and 18F-
FDG PET/CT image texture features. Several appropriate algorithms were selected from
machine learning algorithms that have shown good predictive performance. Imaging
features that are associated with metastasis and chemotherapy response were extracted. A
predictive model showing high accuracy was estimated using the extracted image features,
gene expression, and the previously selected algorithm.
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KI67 and EZRIN are clinically used as biomarkers to determine metastasis or chemother-
apy responses [25–28]. Rejniak et al. reported that KI67 expression is associated with
pediatric osteosarcoma metastasis and chemotherapy response [29], and Bacci et al. re-
ported that EZRIN expression is associated with pediatric osteosarcoma metastasis and
chemotherapy response [30]. In other studies, it is well-known that the expression levels of
KI67 and EZRIN are associated with metastasis and chemotherapy responses in pediatric
osteosarcoma [31–36]. As described previously, these two genes were previously used
as biomarkers for pediatric osteosarcoma, but the prediction model test accuracy was
low in our study (test accuracy ~ 0.53). Low accuracy was estimated despite the use of
well-known biomarkers for chemotherapy response and metastasis. The predictive model
of chemotherapy response and metastasis suggests that accurate prediction is difficult
using the expression of a single gene.

A total of 47 image features were extracted from the 18F-FDG PET/CT images. Imaging
features related to chemotherapy response and metastasis were classified by the AUC value.
The image texture feature that was most closely related to chemotherapy response was
NGLDM_Contrast, and related to metastasis was GLCM_Correlation. The prediction
model with AUC_max showed low accuracy in chemotherapy response and metastasis.
The chemotherapy results showed a high predictive accuracy than metastasis from the
prediction models estimated using image texture features.

The predictive model using imaging texture features showed an accuracy of 83% for
chemotherapy response and 76% for metastasis. For clinical applications, it is necessary
to generate a predictive model with higher accuracy. We used a radiogenomics technique
that evaluates both gene expression and imaging factors to improve the accuracy of the
predictive model for both conditions. The predictive model using the radiogenomic
technique showed high predictive ability in both chemotherapy response and metastasis
(Figure 4). The accuracy was improved by about 10% or more when the AUC_max value
was used in both conditions.

The predictive model using images to predict chemotherapy responses showed good
results. In metastasis, the predictive model that used images and genetic information
displayed improved performance. Deep learning has shown high predictive performance
with image texture features, but it is difficult to apply genetic information with image
texture features to improve accuracy. Machine learning predictive models can be applied
to data with a variety of properties, such as gene expression and image texture features, as
in this study. Additionally, factors other than gene expression and image factors can be
used when conducting research on machine learning predictive models with digitalization
of data.

The predictive model of chemotherapy using machine learning showed a high accu-
racy of 83% when estimated by 18F-FDG PET/CT imaging alone and 85% when analyzed
after adding gene expression. The chemotherapy response reaction process is related to
the heterogeneity of cancer cells, and since this can be confirmed by imaging, it is possible
to obtain higher accuracy with the analysis results of the image. It is difficult to obtain
high accuracy through image analysis alone because of the challenge in determining the
metastasis process through simple image analysis. The accuracy of the metastasis process
was 76%, and when the genetic analysis results were added, it increased to 85%. A more
accurate predictive model was estimated by adding the gene expression results to the
image analysis of the metastasis process.

A limitation of this study is that owing to the rarity of pediatric osteosarcoma, a patient
set for extra validation could not be obtained. The predictive model was generated using
the radiogenomics technique, but the accuracy of the predictive model was not high even
in other patient groups through additional verification. A larger population of pediatric
osteosarcoma patients is needed to evaluate the accuracy of the predictive model. The data
in this study may not be reliable because of the small sample size. However, it can be used
as preliminary evidence to estimate the probability of the predictive model. Even though
the number of patient groups is small, the analysis method using image texture features and
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gene expression data have been shown to be applicable to chemotherapy and metastasis
prediction models. Additional data from other pediatric patients with osteosarcoma could
improve the accuracy of the model for predicting chemotherapy response and metastasis.

5. Conclusions

Predictive models using the random forest algorithm showed the best accuracy for
predicting metastasis and chemotherapy responses in our pediatric osteosarcoma dataset.
The predictive model that combined KI67, EZRIN, and image texture features was estimated
to have a higher accuracy than the predictive models using each factor separately. The
accuracy of metastasis prediction increased by 10% using radiogenomics data. High
accuracy was estimated using a radiogenomics technique that uses both gene expression
and imaging texture features for metastasis prediction. Thus, a predictive model using
radiogenomics technology that incorporates both imaging features and gene expression can
accurately predict metastasis and chemotherapy responses to improve patient outcomes.
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10.3390/cancers13112671/s1, Figure S1. Immunohistochemical staining of KI67 (a) and EZRIN
(b). Figure S2. 18F-FDG PET/CT image deep learning accuracy and loss value, (a) Chemotherapy
response prediction, (b) Metastasis prediction. Table S1. The AUC values of image texture features
for chemotherapy response from 52 pediatric osteosarcoma. Table S2. The AUC values of image
texture features for metastasis from 52 pediatric osteosarcoma. Table S3. 47 image texture features
from 18F-FDG PET/CT.
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Simple Summary: Neuroblastoma is the most common extra-cranial tumor in children and despite
medical advancements in cancer treatment, five-year survival for high-risk neuroblastoma remains
less than 50%. Investigation of the mechanisms responsible for aggressive disease is necessary to
identify novel therapeutic targets and improve survival. Serine-threonine kinase receptor associated
protein (STRAP) is upregulated in several malignancies and plays an important role in tumor growth
and metastasis. The role of STRAP in pediatric malignancies and specifically in neuroblastoma
has not been explored. We sought to determine whether STRAP functions assisted to promote the
malignant phenotype in neuroblastoma and could provide a potential target for future therapies.

Abstract: Background: Serine-threonine kinase receptor-associated protein (STRAP) plays an im-
portant role in neural development but also in tumor growth. Neuroblastoma, a tumor of neural
crest origin, is the most common extracranial solid malignancy of childhood and it continues to
carry a poor prognosis. The recent discovery of the role of STRAP in another pediatric solid tumor,
osteosarcoma, and the known function of STRAP in neural development, led us to investigate the
role of STRAP in neuroblastoma tumorigenesis. Methods: STRAP protein expression was abrogated
in two human neuroblastoma cell lines, SK-N-AS and SK-N-BE(2), using transient knockdown with
siRNA, stable knockdown with shRNA lentiviral transfection, and CRISPR-Cas9 genetic knockout.
STRAP knockdown and knockout cells were examined for phenotypic alterations in vitro and tumor
growth in vivo. Results: Cell proliferation, motility, and growth were significantly decreased in
STRAP knockout compared to wild-type cells. Indicators of stemness, including mRNA abundance
of common stem cell markers Oct4, Nanog, and Nestin, the percentage of cells expressing CD133
on their surface, and the ability to form tumorspheres were significantly decreased in the STRAP
KO cells. In vivo, STRAP knockout cells formed tumors less readily than wild-type tumor cells.
Conclusion: These novel findings demonstrated that STRAP plays a role in tumorigenesis and
maintenance of neuroblastoma stemness.

Keywords: serine-threonine kinase receptor-associated protein; neuroblastoma; CRISPR-Cas9
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1. Introduction

Despite advancements in pediatric cancer care, neuroblastoma, a childhood malig-
nancy resulting from abnormal neural crest cell development, remains the cause of over
15% of pediatric cancer related deaths [1]. Current treatment regimens for high-risk dis-
ease include chemotherapy, surgical resection, autologous stem cell transplant, radiation,
immunotherapy, and retinoic acid [2]. Despite these extensive therapies, outcomes remain
dismal for patients with high-risk disease as less than 50% will attain a 5 year survival [3]. It
is crucial to continue to investigate this disease in order to develop new therapies, especially
for the cohort of patients with high-risk disease.

Serine-threonine kinase receptor-associated protein (STRAP) is a scaffolding protein
that facilitates protein to protein interactions [4]. Investigators began to study the role
of STRAP in cancer when they found that STRAP inhibited the tumor suppressor, TGF-
β [5]. STRAP is overexpressed in several malignancies, including colorectal [6] and lung
cancer [7] and the pediatric bone cancer, osteosarcoma [8]. In these malignancies, STRAP
enhanced cancer cell proliferation and tumor growth.

STRAP expression supports tumorigenicity by promoting the Wnt/β-catenin pathway
in colorectal cancer. In cells overexpressing STRAP, silencing the STRAP gene with short
hairpin RNAs (shRNA) resulted in decreased invasion and metastasis [6]. In lung cancer,
STRAP led to tumor progression by downregulating tumor suppressors, E-cadherin, and
the CDK inhibitor, p21Cip1, through the modulation of the transcription factor Sp1 [9].
Pruksakorn et al. found STRAP was upregulated in osteosarcoma and inhibiting STRAP
with small interfering RNA (siRNA) decreased migration and invasion; this suggests that
STRAP contributed to osteosarcoma metastasis [8]. These discoveries lend support for
investigating STRAP in neuroblastoma. We hypothesized that inhibition of STRAP protein
expression in neuroblastoma would result in a decrease in the malignant phenotype in vitro
and in vivo. In the current study, we demonstrate STRAP inhibition with siRNA, shRNA,
and CRISPR-Cas9 knockout (KO) decreased tumor cell viability, proliferation, growth,
stemness, and motility in vitro and tumor growth in vivo. To our knowledge, researchers
have not performed extensive study of STRAP in neuroblastoma and our findings provide
evidence for STRAP as a potential driver for neuroblastoma tumorigenesis.

2. Materials and Methods
2.1. Cells and Cell Culture

The human neuroblastoma cell lines SK-N-AS (AS, CRL-2137, and MYCN non-
amplified), SK-N-BE (2) (BE, CRL-2271, and MYCN amplified), and SH-SY5Y (CRL-2266
and MYCN non-amplified) were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The isogenic SH-EP (SHEP) and WAC (2) (WAC), MYCN
non-amplified and amplified cell lines, respectively, were a gift from M. Schwab (Deutsches
Krebsforschungszentrum, Heidelberg, Germany) [10]. Cells were maintained under stan-
dard culture conditions at 37 ◦C and 5% CO2. AS cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, 30-2601, ATCC) containing 10% fetal bovine serum (FBS,
Hyclone, Suwanee, GA, USA), 4 mM L-glutamine (Thermo Fisher Scientific Inc., Waltham,
MA, USA), 1 µM non-essential amino acids, and 1 µg/mL penicillin/streptomycin (Gibco,
Carlsbad, CA, USA), which is referred to as media. BE cells were maintained in a 1:1
mixture of minimum Eagle medium and Ham F-12 medium (30–2004, ATCC) with 10%
FBS (Hyclone), 1 µM non-essential amino acids, 2 mM l-glutamine (Thermo Fisher Sci-
entific Inc.), and 1/µg/mL penicillin/streptomycin (Gibco). SH-EP and WAC (2) were
maintained in Roswell Park Memorial Institute (RPMI) 1640 medium (30–2001, ATCC)
with 10% FBS (Hyclone), 2/mM l-glutamine (Thermo Fisher Scientific Inc.), and 1 µg/mL
penicillin/streptomycin (Gibco). All cell lines were verified within the last 12 months using
short tandem repeat analysis (University of Alabama at Birmingham (UAB) Genomics
Core, Birmingham, AL, USA) and tested for and deemed free of mycoplasma infection.
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2.2. Small Interfering RNA (siRNA) Inhibition of STRAP

AS or BE cells (1 × 106) were plated in 6-well plates and transfected for 72 h with
Lipofectamine RNAiMax (Thermo Fisher Scientific) or siRNA directed to either control
(siNeg), siSTRAP1, siSTRAP2, or a combination of the two STRAP siRNAs at 20 µM
concentration with Lipofectamine RNAiMax (Thermo Fisher Scientific). SiNeg (ON-
TARGETplus Non-targeting siRNA #1) was obtained from Dharmacon (GE Dharmacon,
Thermo Fisher Scientific, Lafayette, CO, USA). The siSTRAP1 (SASI_Hs01_00016957) and
siSTRAP2 (SASI_Hs02_00343131) were obtained from Sigma Aldrich (St. Louis, MO, USA).

2.3. Short Hairpin RNA (shRNA) Inhibition of STRAP

The shScramble and shSTRAP cell lines were generously provided by Dr. Pran Datta’s
laboratory and were established as previously described [11]. The shScramble served as the
control for shSTRAP cells. AS cells that underwent lentiviral transfection with shScramble
or shSTRAP were cultured in AS media with the addition of puromycin (5 µM, P8833,
Sigma-Aldrich, St. Louis, MO, USA) for selection.

2.4. CRISPR-Cas9 Knockout (KO) of STRAP

The CRISPR vector, pSpCas9(BB)-2A-GFP (pX458), was a gift from Dr. A. Joseph Tector
and developed by Dr. Feng Zhang (Addgene plasmid #48138) [12]. We used Geneious soft-
ware (Biomatters, Auckland, New Zealand) to design guide RNAs (gRNAs) to regions from
the 5′ untranslated region through exon 3 of the STRAP gene. The selected gRNAs were
evaluated with the MIT CRISPR Design Tool (http://crispr.mit.edu/) to assess for potential
off-target sequences. The oligonucleotides (5′-CACCGTTGGGGTGCAACACTGAATA-3′

and 5′-CAACCCCACGTTGTGACTTATCAAAA-3′) were annealed at 37 ◦C for 30 min,
95 ◦C for 5 min, and ramped down to 25 ◦C at 5 ◦C per minute. Annealed oligonucleotides
were cloned into the CRISPR plasmid by digesting 1 µg of plasmid pX458 with BbsI
(New England Biolabs, Ipswich, MA, USA) in the presence of annealed oligonucleotides,
T7 ligase, and ATP in a MyCycler™ thermal cycler (Bio-Rad, Hercules, CA, USA) for
37 ◦C for 5 min and 23 ◦C for 5 min for 6 cycles. Ligation reaction was transformed into
Invitrogen MAX Efficiency™ DH5α™ competent E. coli cells (Invitrogen) following the
manufacturer’s protocol. Plasmids were isolated from one colony per treatment using the
QIAprep® Miniprep (Qiagen, Germantown, MD, USA). DNA was isolated using QIAprep
Spin Miniprep Kit (Qiagen) and sequenced by the UAB Genomics Core. AS or BE cells
(2 × 106) were plated in 6-well plates and 24 h later, transfection was carried out using
FuGENE® HD Transfection Reagent (Promega, Madison, WI, USA) per the manufacturer’s
protocol. The STRAP gRNA plasmid was incubated for 15 min at room temperature in
OptiMEM™ media (Thermo Fisher Scientific) with FuGENE® HD Transfection Reagent
(Promega) in 3:2 ratio of the transfection reagent to DNA. Plasmid DNA (10 µg) was added
to the cells while swirling the flask. Forty-eight hours after transfection, cells from the
plasmid transfection were sorted based on green fluorescent protein (GFP) expression
using a FACSAria II cell sorter (BD Biosciences, San Jose, CA, USA) into 96-well plates
with a single cell per well (Comprehensive Flow Cytometry Core, UAB, Birmingham, AL,
USA). In order to screen for CRISPR-Cas9 mediated deletions of the STRAP gene, genomic
DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen) from AS or BE wild-type
(WT) cells and those clones that had grown to confluence and survived passage into larger
flasks. Pwo SuperYield DNA Polymerase, dNTPack (Sigma Aldrich) with GC-rich solution
were utilized per manufacturer’s protocol to amplify the region of interest within the
STRAP gene using the following primers, (forward: 5′-TTAGTGCCTTCAGTGGGTGG-3′,
reverse: 5′-GGTGGGATCAAACATGCGTTC-3′), which were designed using Primer-Blast
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/ (accessed on 3 September 2018)).
PCR products were assessed using gel electrophoresis on a 1% agarose gel. Individual
bands were cut and DNA was purified using the QIAquick Gel Extraction Kit (Qiagen).
Nucleotide sequences of these DNA fragments were analyzed by Sanger sequencing
(UAB Genomics Core) and aligned to the human reference sequence using the basic lo-
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cal alignment search tool (BLAST, NCBI, https://pubmed.ncbi.nlm.nih.gov/22708584/
(accessed on 27 February 2019)). STRAP protein expression in the AS or BE WT cells and
selected STRAP KO clones was assessed by Western blotting to confirm the absence of the
STRAP protein.

2.5. Rescue of STRAP Expression

In order to validate that the phenotypic changes noted with STRAP KO cells were
not secondary to off-target effects of the CRISPR-Cas9 system, we performed rescue ex-
periments by transfecting AS STRAP KO cells with c-Flag pc-DNA empty vector (EV)
or pc-DNA STRAP plasmid [13]. STRAP KO cells (3 × 103) were plated in 6-well plates
and transfected with either FuGENE® HD, FuGENE® HD and EV plasmid, or FuGENE®

HD and STRAP plasmid for 72 h. Stable rescue cells were selected and maintained in AS
media with the addition of G418 (600 µg/mL, A1720, Sigma-Aldrich). Cells were used in
proliferation studies with CellTiter 96® assay as described below to examine the phenotype
of the KO cells following the re-introduction of STRAP.

2.6. Reagents and Antibodies

Trypan blue stain was obtained from Life Technologies Corporation (Grand Island,
NY, USA). Primary antibodies used for Western blotting included the following: polyclonal
rabbit anti-STRAP (18277-1-AP) from Proteintech (Rosemont, IL, USA), monoclonal rabbit
anti-PGDFRβ (#3169) and monoclonal rabbit anti-vinculin (E1E9V, #13901) from Cell
Signaling (Danvers, MA, USA), and monoclonal mouse anti-FLAG (F3165) and monoclonal
mouse anti-β-actin (A1978) from Sigma Aldrich. Antibodies were used according to
manufacturers’ suggestions.

2.7. Immunoblotting

Cells or homogenized tumor specimens were lysed on ice in a buffer consisting of
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton x-100, 1% sodium de-
oxcycholate, 0.1% SDS, phosphatase inhibitor (P5726, Sigma Aldrich), protease inhibitor
(P8340, Sigma Aldrich), and phenylmethylsulfonyl fluoride (PMSF, P7626, Sigma Aldrich)
for 30 min. Lysates were centrifuged at 17,000× g for 30 min at 4 ◦C. Protein concentrations
were determined using a Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific). Pro-
teins were separated on SDS-PAGE gels by electrophoresis and transferred to Immobilon®-P
polyvinylidene fluoride (PVDF) transfer membrane (EMD Millipore, Burlington, MA, USA).
In order to confirm the expected size of target proteins, Precision Plus Protein Kaleidoscope
Standards (161-0375, Bio-Rad) molecular weight markers were used. Antibodies were used
per the manufacturers’ recommended protocol. Luminata Classico or Luminata Crescendo
(EMD Millipore) substrates were used to visualize immunoblots by enhanced chemilumi-
nescence (ECL) of horseradish peroxidase (HPR)-conjugated secondary antibodies. β-actin
or vinculin served as a control to ensure equal protein loading. We performed densitometry
of Western blots using ImageJ software (Ver 1.49, http://imagej.nih.gov/ij (accessed on 7
July 2018).

2.8. Proliferation

Proliferation was examined using the CellTiter 96® Aqueous One Solution Cell Prolif-
eration assay (Promega). Cells (5 × 103 cells) were plated onto 96-well plates. After 24 h,
CellTiter 96® dye (10 µL) was added to each well and the absorbance was measured at
490 nm using a microplate reader (Epoch Microplate Spectrophotometer, BioTek Instru-
ments, Winooski, VT, USA). For the siRNA experiments, we transfected the cells with
siRNA for 72 h as described above, then we lifted and plated transfected cells onto 96-well
plates for 24 h, added CellTiter96® dye (Promega), and read the plates. Proliferation ex-
periments were completed with at least three biologic replicates and data reported as fold
change ± standard error of the mean (SEM).
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2.9. Growth Curve

Cells (5 × 104) were plated in a 12-well plate in adherent conditions in 12-well plates.
In order to measure cell growth over time, cells were lifted and live cells were counted after
being stained with trypan blue at 1, 2, 3, and 4 days for AS cells and at 5, 7, and 9 days for
BE cells.

2.10. Cell Cycle

AS WT and STRAP KO cells were plated in 6-well plates and maintained in AS media
with decreased FBS (4%). After 24 h, cells (5 × 105) were washed with PBS and fixed with
100% ethanol at 4 ◦C for at least 30 min. After a second wash with PBS, cells were stained
with propidium iodide (Invitrogen), 0.1% TritonX (Active Motif, Carlsbad, CA, USA), and
RNAse A (0.1 mg/mL, Qiagen) and cell cycle data were obtained using the FACSCalibur™
Flow Cytometer (BD Biosciences) and analyzed using the FlowJo software (FlowJo, LLC,
Ashland, OR, USA).

2.11. Migration and Invasion

The effect of STRAP KO or shRNA inhibition on migration was assessed using
modified Boyden chamber assays. Cells (4 × 104) were seeded onto 8 µM pore inserts
(TransWell®, Corning, Corning, NY, USA) and were allowed to migrate for 24 h with
laminin (10 µg/mL, 100 µL, Trevigen, Gaithersburg, MD, USA) used in the outer well
as a chemoattractant. Inserts were fixed with 4% paraformaldehyde for 10 min, stained
with 1% crystal violet for 15 min, and photographed. Photographs were analyzed us-
ing ImageJ software (Ver 1.49, http://imagej.nih.gov/ij (accessed on 17 March 2019) to
quantitate migration.

Invasion was evaluated similarly, except for a layer of Matrigel™ (1 mg/mL, 50 µL,
BD Biosciences) which was used to coat the top of the insert membrane. Cells (4 × 104)
were seeded in the upper chamber and allowed to invade through the Matrigel™ layer for
24 h toward the laminin chemoattractant in the outer well. Inserts were then fixed, stained,
and photographed as described for migration. Photographs were analyzed using ImageJ to
quantitate invasion.

2.12. Anchorage-Independent Growth

A soft agar assay was utilized to assess for anchorage-independent growth. A base
layer of 1% noble agar mixed with culture media was established in 60 mm culture dishes.
AS WT or STRAP KO cells (1 × 104) were plated in the top layer in the agar and culture
media mixture. After 6 weeks, colonies were stained with crystal violet, imaged, and
quantified using ImageJ.

2.13. RNA Sequencing and Analysis

Total cellular RNA was extracted from AS WT and AS STRAP KO cells using the
RNAeasy kit (Qiagen) according to the manufacturer’s protocol. UAB Genomics Core per-
formed sample quality control, library preparation, and RNA sequencing. The Agilent 2100
Bioanalyzer was used to assess the total RNA quality, which was followed by two rounds
of poly A+ selection and conversion to cDNA. The NEBNext® Ultra™ Directional RNA
Library Prep Kit for Illumina® library generation kit (New England Biolabs) was used
per the manufacturer’s instructions. qPCR in a Roche LightCycler 480 with the Kapa
Biosystems kit (Kapa Biosystems, Woburn, MA, USA) was used for library quantitation.
The Illumina NextSeq500 was used to perform the sequencing using the latest versions of
the sequencing reagents and flow cells with single-end 75 bp reads. Raw and processed
data were deposited in the Gene Expression Omnibus (GEO, Accession GSE169322) [14].

STAR (version 2.7.3a) was used to align the raw RNA-Seq fastq reads to the hu-
man reference genome (GRCh38 p13 Release 32) from Gencode using parameters the
following parameters: outReadsUnmapped Fastx; outSAMtype BAM SortedByCoordi-
nate; outSAMattributes All –outFilterIntronMotifs RemoveNoncanonicalUnannotated [15].
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Following alignment, Cufflinks (version 2.2.1) was used to assemble transcripts, estimate
their abundances, and test for differential expression and regulation using parameters—
library-type fr-firststrand-G–L [16]. Cuffmerge, which is part of Cufflinks, merged the
Cufflinks transcripts across multiple samples using the default parameters. Cuffdiff found
significant changes in transcript expression, splicing, and promoter usage using default
parameters. For generating pathway analysis of biological processes, a data set containing
gene identifiers and corresponding expression values was uploaded into Reactome Path-
way Database [17]. Differentially expressed genes that met the fold change cutoff of ±2
were considered for the analysis. Each identifier is mapped to its corresponding molecule
in the Reactome database and pathways identified at a false discovery rate (FDR) of 0.05.
Entities ratio is defined as the proportion of Reactome pathway molecules represented in
the dataset.

2.14. Real-Time PCR (qPCR)

iScript cDNA Synthesis kit (Bio-Rad) was used to synthesize cDNA with 1 µg of RNA
used in a 20 µL reaction. The reverse transcription products were stored at −20 ◦C until
further use. SsoAdvanced™ SYBR® Green Supermix (Bio-Rad) was utilized according
to the manufacturer’s protocol for quantitative real-time PCR (qPCR). Primers specific
for Octamer-binding transcription factor 4 (Oct4), homeobox protein Nanog, and β-actin
were utilized (Applied Biosystems, Foster City, CA, USA). Nestin primers (forward: 5′-
TCCAGGAACGGAAAATCAAG-3′, reverse: 5′-GCCTCCTCATCCCCTACTTC-3′) were
designed using Primer3 web version 4.1.0 [18] and examined for non-specific binding using
BLAST (NCBI). qPCR was performed with 10 ng cDNA in 20 µL reaction volume. Amplifi-
cation was performed using an Applied Biosystems 7900HT cycler (Applied Biosystems).
Cycling conditions were 95 ◦C for 2 min, followed by 39-cycle amplification at 95 ◦C for
5 s and 60 ◦C for 30 s. β-actin was utilized as an internal control. Gene expression was
calculated using the ∆∆CT method [19] and reported as mean fold change ± SEM.

2.15. CD133 Cell Surface Expression

AS WT or STRAP KO cells (1 × 106) were labeled with CD133/1 (AC133)-APC (Mil-
tenyi Biotec, San Diego, CA, USA) according to the manufacturer’s instructions. Unlabeled
cells served as negative controls. The percent of cells positive for APC was determined via
flow cytometry using the FACSCalibur™ Flow Cytometer (BD Biosciences) and analyzed
using the FlowJo software (FlowJo, LLC FlowJo, Ashland, OR, USA).

2.16. Extreme Limiting Dilution Analysis

AS WT or STRAP KO cells were plated in conditioned media in 96-well plates with
a decreasing number of cells in each row of 12 wells (1000 to 10 cells). After one week,
each well was assessed for formation of tumorspheres. The number of wells containing
spheres in each group was counted and analyzed using the extreme limiting dilution
analysis (ELDA) software [20] and a plot of the log proportion of negative wells versus
the number of cells plated was generated. The slope of the line is the estimated log-active
sphere-forming fraction. Tables showing estimated and 95% confidence intervals for the
1/(stem cell frequency) for each group were also generated.

2.17. Animal Statement

Animal experiments were approved by the University of Alabama at Birmingham
(UAB) Institutional Animal Care and Use Committee (IACUC-09363) and were conducted
within institutional, national, and NIH guidelines and in compliance with the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.

2.18. In Vivo Tumor Growth

AS WT or STRAP KO cells (1.8 × 106 cells in 25% Matrigel™, Corning, Inc.) were
injected into the right flank of 6-week-old female athymic nude mice (n = 9 per group, En-
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vigo, Prattville, AL, USA). Tumors were measured three times weekly, and tumor volumes
calculated with the formula [(width2 × length)/2] mm3 with width being the smallest
measurement. After 21 days post-injection or when animals met IACUC parameters for
euthanasia, the animals were humanely euthanized in their home cages with CO2 and
cervical dislocation. Tumors were harvested and prepared for further study.

2.19. Immunohistochemistry

In order to evaluate proliferation in the tumors, immunohistochemistry staining for
Ki67 [21] was performed. Formalin-fixed paraffin-embedded samples of AS WT and
STRAP KO flank tumors were cut (5 µm sections), baked for 1 h at 70 ◦C, deparaffinized,
rehydrated, and steamed. The sections were quenched with 3% hydrogen peroxide and
blocked with PBS-blocking buffer (BSA, powdered milk, Triton X-100, PBS) for 30 min
at 4 ◦C. Ki67 staining was completed by adding the primary antibody anti-Ki67 (rabbit
polyclonal, 1:100, AB9260, Millipore Sigma) and incubated overnight at room temperature.
After PBS washing, secondary antibody for rabbit (R.T.U. biotinylated universal antibody,
Vector Laboratories, Burlingame, CA, USA) was added for 1 h at 22 ◦C. VECTASTAIN Elite
ABC reagent (PK-7100, Vector Laboratories) and Metal Enhanced DAB Substrate (Thermo
Fisher Scientific) was used to develop the staining reaction. Slides were counterstained
with hematoxylin. For each run, a negative control (rabbit IgG, 1 µg/mL, EMD Millipore)
was included. A board-certified pediatric pathologist (EMM), blinded to the treatment
groups, evaluated the Ki67 staining which was quantified by counting the number of Ki67
positive cells per 500 cells in a representative section of each tumor [21]. The mean was
calculated and results reported as mean ± SEM.

2.20. Statistical Analysis

ImageJ was utilized to perform densitometry of immunoblots with each protein band
being normalized to the background (http://www.yorku.ca/yisheng/Internal/Protocols/
ImageJ.pdf and the protein band in question then normalized to the internal control
(vinculin or β-actin). Normalized bands were compared to that of WT cells. All experiments
were performed with a minimum of three biologic replicates. Data were reported as
mean ± SEM of separate experiments. Student’s t test or analysis of variance (ANOVA)
were used where appropriate. Statistical significance was defined as p ≤ 0.05.

3. Results
3.1. STRAP Knockdown Decreased Proliferation, Growth, and Motility

Immunoblotting confirmed the presence of STRAP in five long-term passage neurob-
lastoma cell lines (Supplemental Figure S1). STRAP knockdown (KD) was accomplished
with transient transfection of siRNA. Immunoblotting confirmed decreased STRAP protein
expression in AS and BE cells following siSTRAP transfection (Figure 1A). Knockdown
with siSTRAP2 was more marked than with siSTRAP1. STRAP expression was not af-
fected by transfection with RNAiMax or siNeg (Figure 1A). STRAP band intensity was
quantified with densitometry (Figure 1A). We wished to determine if STRAP KD affected
neuroblastoma proliferation. We chose siSTRAP2 (SASI_Hs02-00343131) for these studies
since it demonstrated the most knockdown in AS cells and in BE cells by densitometry
(Figure 1A). STRAP KD via siRNA significantly decreased proliferation in the AS cells by
26 ± 1% (p ≤ 0.001) and in the BE cells by 4 ± 1% (p ≤ 0.05), when compared to the siNeg
transfected cells (Figure 1B).
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Figure 1. STRAP knockdown decreased neuroblastoma cell proliferation, growth, and motility. (A) SK-N-AS (AS) and
SK-N-BE(2) (BE) cells were transfected with STRAP siRNA for 3 days. Immunoblotting of whole cell lysates revealed
STRAP knockdown after transfection with siSTRAP1 or siSTRAP2 or both siRNAs (siCombo) compared to control siRNA
(siNeg) or RNAiMax transfection reagent. Densitometry was used to quantify STRAP knockdown. Transfection with
siSTRAP2 resulted in the most marked knockdown in STRAP expression in both the AS and BE cell lines. Therefore,
siSTRAP2 was chosen for further studies. Vinculin was used as a loading control. (B) In both AS and BE cell lines, STRAP
knockdown demonstrated a significant decrease in proliferation, measured by CellTiter 96® assay, compared to control
siNeg cells. (C) Stable transfection of shScramble (control) and shSTRAP was established in AS cells. Immunoblotting
of whole cell lysates confirmed the knockdown of STRAP in the shSTRAP cells. B-actin was used as a loading control.
(D) Knockdown of STRAP with shRNA resulted in decreased proliferation in AS shSTRAP compared to AS shScramble
cells. (E) The shScramble and shSTRAP cells were plated and counted at 24 h time points up to 72 h. The shSTRAP cells
demonstrated significantly decreased growth over time compared to shScramble control cells. (F) To assess the effect of
STRAP knockdown on motility, cells were seeded into modified Boyden chambers and allowed to migrate through an 8 µm
micropore membrane for 24 h. There was a significant decrease in migration in shSTRAP cells compared to shScramble
control cells. (G) Invasion was assessed similarly to migration with the addition of a layer of Matrigel™ to the top side
of the insert. The shSTRAP cells demonstrated a significantly decreased ability to invade through the Matrigel™ layer
compared to the shScramble control cells. Representative photomicrographs of stained migration and invasion inserts are
shown in the graphs below and scale bars are shown in the bottom left corner of representative photographs. Experiments
were repeated with at least three biologic replicates and data reported as mean fold change ± SEM. * p ≤ 0.05, ** p ≤ 0.01,
and *** p ≤ 0.001.
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In order to further validate the siRNA findings, we next investigated STRAP knock-
down (KD) using stable lentiviral transfection of AS cells with shScramble and shSTRAP
plasmids. Due to the more rapid growth rate of the AS cell line versus BE, the focus of
our phenotypic studies on STRAP were performed using AS cells to optimize experimen-
tation and to produce the important conclusions discussed in this paper on the role of
STRAP in neuroblastoma. Lentiviral transfection of AS cells resulted in successful STRAP
KD (Figure 1C). The shSTRAP cells demonstrated a 27 ± 1% decrease in proliferation
compared to the control shScramble cells (p ≤ 0.001, Figure 1D). When examining cell
growth over 72 h, we found a significant decrease in growth over time in the shSTRAP
cells compared to the shScramble controls (p ≤ 0.05, Figure 1E).

Other researchers have demonstrated the effects of STRAP on cancer cell motil-
ity [6,8,22]. In order to determine whether neuroblastoma cell motility was affected by
STRAP KD, we utilized modified Boyden chamber assays to assess migration and invasion.
The ability of the shSTRAP cells to migrate (65 ± 10% in shSTRAP cells compared to
shScramble, p ≤ 0.05, Figure 1F) and invade (38 ± 10% in shSTRAP cells compared to
shScramble, p ≤ 0.01, Figure 1G) was significantly decreased. These results indicate STRAP
inhibition with shRNA affected motility in neuroblastoma.

3.2. STRAP KO Decreased Proliferation and Growth

Due to the potential for off-target effects seen with si/shRNA technology [23], we
wished to determine the effect of decreased STRAP on the neuroblastoma cell phenotype
following knockout of the STRAP gene. Using CRISPR-Cas9 gene editing technology,
we established stable STRAP KO cells in two neuroblastoma cell lines, AS and BE. DNA
gel showed the unedited WT DNA band to be at the expected 416 bp while the STRAP
KO DNA band yielded lower molecular weight DNA fragments, confirming a cut in the
DNA in both cell lines (Figure 2A,E). DNA fragments were excised and sent for Sanger
sequencing. Using BLAST (https://pubmed.ncbi.nlm.nih.gov/22708584/, sequencing
revealed that the unedited WT DNA aligned to the human reference gene, while the
STRAP KO band possessed a gap which corresponded to the position of the STRAP gRNA
that had been introduced. These findings confirmed the successful genetic knockout of
STRAP in AS (Supplemental Figure S2A) and BE cells (Supplemental Figure S3A). In
addition, immunoblotting confirmed the resulting absence of STRAP protein expression in
the STRAP KO cells of both cell lines (Figure 2B,F).

Other investigators have shown the effects of STRAP on cancer cell growth [11,22].
Proliferation, as measured by CellTiter 96®, demonstrated a 23% decrease in the STRAP KO
compared to AS WT cells (p ≤ 0.01, Figure 2C). Examining cell growth over time, STRAP
KO had significantly decreased growth compared to AS WT cells (p ≤ 0.05, Figure 2D).
In order to further validate the role of STRAP in these functions, we performed the same
experiments in an additional neuroblastoma cell line, BE, with stable STRAP CRISPR-Cas9
KO. Similar to the findings in the AS cells, STRAP KO in BE cells resulted in decreased
proliferation (52%, p ≤ 0.01, Figure 2G) and growth (p ≤ 0.01, Figure 2H) compared to BE
WT cells.
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Figure 2. CRISPR-Cas9 gene knockout of STRAP decreased proliferation and growth in SK-N-AS and SK-N-BE (2) cells.
(A) Gel electrophoresis was used to examine PCR products following amplification of genomic DNA isolated from clones
transfected with STRAP gRNA and using STRAP primers. The STRAP band was found at the expected size of 416 bp in
unedited SK-N-AS (AS) WT cells. The AS STRAP KO demonstrated two DNA fragment bands at a lower molecular weight
than the WT, indicating a cut in the DNA following CRISPR-Cas9 gene editing. (B) Immunoblotting of whole cell lysates
confirmed the absence of detectable STRAP protein in AS STRAP KO cells. (C) AS WT and STRAP KO cells were plated
and proliferation was measured with CellTiter 96® assay at 24 h. AS STRAP KO demonstrated significantly decreased
proliferation compared to AS WT. (D) AS WT and AS STRAP KO cells were plated and counted for 72 h. The AS STRAP
KO cells had significantly decreased cell growth over time compared to AS WT cells. (E) Similar to AS cells following
CRISPR-Cas9 gene editing, a DNA gel confirmed the presence of the STRAP band at the expected 416 bp in SK-N-BE (2)
(BE) WT cells and two DNA fragments in the BE STRAP KO cells. (F) Immunoblotting of whole cell lysates confirmed
the absence of detectable STRAP protein in BE STRAP KO cells. Similar to AS STRAP KO cells, BE STRAP KO cells had
decreased (G) proliferation and (H) growth over time compared to BE WT cells. Data reported as mean fold change ± SEM.
Experiments were repeated with at least three biologic replicates. * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001.

3.3. STRAP KO Resulted in Failure to Progress through the Cell Cycle

In order to investigate a potential mechanism by which STRAP KO decreased cell
proliferation, we examined the cell cycle. There was a significant decrease in the percentage
of AS STRAP KO cells in the S phase (17.5% vs. 28.2%, STRAP KO vs. AS WT, p ≤ 0.01,
Figure 3A) and an increase in the percentage of AS STRAP KO cells in the G1 phase (62.7%
vs. 53.8%, STRAP KO vs. AS WT, p = 0.08, Figure 3A). Data from three biologic replicates
are presented in tabular form in Supplemental Table S1. The decrease in S phase provides
evidence that STRAP KO cells do not progress through the cell cycle as well as their WT
counterparts. These results support our findings of a decrease in proliferation in the STRAP
KO cells (Figure 2C). Representative histograms of AS WT and AS STRAP KO cells from a
single experiment are presented in Figure 3B.
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Figure 3. STRAP knockout diminished cell cycle progression and motility. (A) AS WT and AS STRAP KO cells were serum
starved for 24 h then plated in routine culture media and stained with propidium iodide after 24 h. Flow cytometry was
used to analyze progression through the cell cycle. AS STRAP KO had significantly decreased the percentage of cells
in the S phase and an associated increased percentage of cells was observed in the G1 phase. Values represent mean
percentage of cells in phase from three independent biologic experiments. (B) Representative histograms of AS WT and AS
STRAP KO cells from a single experiment. (C) AS WT and AS STRAP KO cells were allowed to migrate for 24 h through a
micropore membrane. Representative photomicrographs of migration inserts stained with crystal violet are shown beneath
the graphs. Scale bars are shown in the bottom left corner of the representative photographs. AS STRAP KO cells had a
significant decrease in migration compared to AS WT cells. Migration was reported as mean fold change area of migration
± SEM. (D) Similarly, AS STRAP KO cells demonstrated significantly decreased invasion after 24 h compared to AS WT.
Representative photomicrographs of stained invasion inserts are shown below the graphs and scale bars are shown in the
bottom left corner of representative photographs. Invasion was reported as mean fold change area of invasion ± SEM. (E) In
order to assess for anchorage-independent growth, AS WT and AS STRAP KO cells were grown in a soft agar for 6 weeks
and colonies were stained and quantified. Colony count was significantly lower in AS STRAP KO than in AS WT cells,
which indicates a decrease in anchorage-independent growth in the AS STRAP KO cells. Data reported as mean colony
count ± SEM. Experiments were repeated with at least three biologic replicates. * p ≤ 0.05 and *** p ≤ 0.001.

3.4. STRAP KO Decreased Migration and Invasion

STRAP inhibition with shRNA technology decreased neuroblastoma motility (Figure 1E,F).
We wished to determine whether the absence of STRAP would similarly affect the motility
of neuroblastoma cells. As in the shRNA experiments, we employed modified Boyden
chamber assays for migration and invasion. AS STRAP KO cells had significantly decreased
migration (50% of cells migrated compared to AS WT, p ≤ 0.05, Figure 3C) and invasion
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(5% of cells invaded compared to AS WT, p ≤ 0.001, Figure 3D). Representative photographs
of the migration and invasion inserts are displayed below the graphs (Figure 3C,D).

Anchorage-independent growth is another common metric to determine the metastatic
potential of cancer cells [24]. In order to assess anchorage independent growth, AS WT and
AS STRAP KO cells were cultured in anchorage-independent conditions using soft agar
assays. AS STRAP KO cells formed fewer colonies than AS WT under these conditions
(p ≤ 0.05, Figure 3E). These results suggest STRAP affected neuroblastoma cell motility
and potential for metastasis.

3.5. Transcriptomic Effects of the Loss of STRAP

In order to evaluate the effect of STRAP KO on neuroblastoma at the transcriptomic
level, we utilized RNA-seq to investigate changes in gene expression in AS STRAP KO
compared to AS WT cells. We utilized a volcano plot to represent the respective differences
in gene expression in AS STRAP KO compared to AS WT cells (Figure 4A). Based on RNA-
seq, there was a significant downregulation by at least two-fold of 367 genes in AS STRAP
KO vs. AS WT, while 363 genes were significantly upregulated by at least two-fold (p≤ 0.05,
Figure 4B). We utilized the Reactome Pathway Database to evaluate pathways associated
with the genes downregulated by at least two-fold in the AS STRAP KO cells and found
that genes downregulated following STRAP KO were associated with metabolic pathways,
cell signaling transduction, gene transcription, and cell cycle progression (Figure 4C). We
further investigated genes commonly associated with the malignant phenotype, such as
apoptosis [25] and metastasis [26,27]. We found that STRAP KO downregulated genes were
involved in stemness, metastasis, and multiple oncogenic signaling pathways such as TGF-
β and WNT/β-catenin signaling, while genes associated with apoptosis and differentiation
were upregulated in the AS STRAP KO cells (Figure 4D). We were also interested in genes
associated with promoting tumor growth [28] and found several that were downregulated
in the AS STRAP KO cells, notably platelet-derived growth factor receptor ß (PDGFRβ)
(Figure 4D). PDGFRβ is a molecule of interest in neuroblastoma [29–31]. We examined
PDGFRβ protein expression using immunoblotting and found a decrease in PDGFRβ
expression in the AS STRAP KO compared to AS WT cells (Figure 4E), further validating
our findings at the protein level.

3.6. STRAP KO Decreased Tumor Cell Stemness

STRAP increased cancer cell stemness in colorectal [11] and hepatocellular carci-
noma [32]. After examining the transcriptomic data described, we found gene expression
of the stemness markers NANOG and SOX 2 to be downregulated in the STRAP KO
cells (Figure 4D). Therefore, we wished to determine if STRAP played a role in maintain-
ing a stem cell-like phenotype in neuroblastoma. We performed qPCR to examine the
mRNA abundance of the common neuroblastoma stem cell markers, Oct4, Nanog [33], and
Nestin [34]. The AS STRAP KO cells had a decreased abundance of mRNA of these three
stem cell markers compared to AS WT cells (p ≤ 0.001, Figure 5A). We also investigated
another feature associated with neuroblastoma stemness, which is the expression of the cell
surface marker CD133 [35], using flow cytometry. CD133 cell surface expression decreased
by 71% in AS STRAP KO compared to AS WT cells (p ≤ 0.01, Figure 5B).

The ability of cells to form tumorspheres in low attachment serum-free conditions is
a hallmark of stemness. An extreme limiting dilution analysis was employed to examine
the effect of AS STRAP KO on tumorsphere formation. AS STRAP KO cells possessed
significantly decreased ability to form tumorspheres compared to AS WT cells (Figure 5C).
The stem cell frequency of AS STRAP KO cells was 1/796 (95% confidence interval of
1/1054–1/601) vs. 1/24 (1/30–1/20) in AS WT (p ≤ 0.001, Supplemental Table S2). These
results demonstrate STRAP KO decreases stemness in neuroblastoma.
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3.7. Re-Introduction of STRAP Demonstrated Rescue of the Malignant Phenotype

In order to alleviate concerns of off-target effects resulting in the phenotype noted with
the CRISPR-Cas9 generated STRAP KO cells, we performed STRAP rescue experiments.
AS STRAP KO cells (3 × 103 cells) were plated and transfected with either FuGENE®,
FuGENE® and EV pc-DNA plasmid, or FuGENE® and STRAP pc-DNA plasmid. Im-
munoblotting confirmed the absence and subsequent rescue of STRAP protein expression
in the AS STRAP KO cells (Supplemental Figure S4A). In order to assess the phenotype
of STRAP rescue cells, we evaluated proliferation. AS STRAP KO cells had significantly
decreased proliferation (p ≤ 0.05, Supplemental Figure S4B), which is consistent with data
shown in the current study (Figure 3D). The re-introduction of STRAP (rescue) in the AS
STRAP KO cells increased proliferation relative to the baseline level seen in AS WT cells,
which demonstrates reconstitution of the malignant phenotype by re-introducing STRAP
in the STRAP KO cells (Supplemental Figure S4B). These findings demonstrate STRAP
conferred the phenotype seen in the AS STRAP KO cells.
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Figure 4. Knockout of STRAP resulted in changes in expression of oncogenic genes. (A) RNA sequencing was performed
on AS WT and AS STRAP KO cells. A volcano plot of expressed genes is shown with the dotted horizontal line representing
a p value of 0.05 and the vertical dotted lines representing a Log2 fold change of ±1. Dark grey dots represent genes that
were significantly upregulated by at least two-fold following STRAP KO and the light grey dots representing those that
were significantly downregulated by at least two-fold. Non-significant (NS) genes (p value > 0.05) are shown in black.
(B) Differentially expressed genes following STRAP KO of AS neuroblastoma cells are presented in a bar graph. There
were 367 genes that were significantly downregulated while 363 genes were significantly upregulated in AS STRAP KO
cells. (C) Reactome Pathway Database was used to evaluate downregulated genes in AS STRAP KO and pathways with the
highest entities ratio presented. The ratio indicates the number of gene entities from the dataset that map to the Reactome
pathway divided by the total number of entities in that pathway. Genes downregulated following STRAP KO were
associated with metabolic pathways, cell signaling transduction, gene transcription, and cell cycle progression. (D) Fold
change expression of selected genes in STRAP KO compared to AS WT cells is shown. STRAP KO of AS neuroblastoma cells
downregulated genes involved in stemness, growth, metastasis, mesenchymal transition, and multiple oncogenic signaling
pathways such as TGF-β and WNT/β-catenin signaling. On the contrary, genes linked to apoptosis and differentiation
were upregulated following STRAP KO. (E) PDGFRβ protein expression was evaluated with immunoblotting and found to
be decreased in AS STRAP KO cells compared to AS WT cells.
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Figure 5. STRAP knockout decreased neuroblastoma cell stemness. (A). Quantitative real-time PCR was utilized to evaluate
mRNA abundance of the common neuroblastoma stem cell markers Oct4, Nanog, and Nestin in AS WT and AS STRAP KO
cells. AS STRAP KO cells had significantly decreased mRNA abundance of these stemness markers compared to AS WT.
Gene expression was normalized to β-actin and calculated as fold change to AS WT using the ∆∆Ct method. (B) AS WT
and AS STRAP KO cells were stained with CD133 antibody and CD133 cell surface expression was determined using flow
cytometry. STRAP KO cells had significantly decreased CD133 expression compared to WT cells. (C) In order to further
evaluate stemness, an extreme limiting dilution analysis was utilized to assess tumorsphere formation. Cells were plated in
conditioned media in non-adherent conditions at decreasing cell concentrations per well. Wells with tumorspheres present
were counted and analyzed. AS STRAP KO cells had significantly decreased ability to form tumorspheres compared to
AS WT cells. Data reported as mean ± SEM. Experiments were repeated with at least three biologic replicates. ** p ≤ 0.01,
*** p ≤ 0.001.

3.8. STRAP KO Decreased Tumor Growth In Vivo

Based on the in vitro data, we proceeded to an in vivo model. AS WT or AS STRAP
KO cells (1.8 × 106 cells in Matrigel™) were injected into the flank of athymic nude
mice (n = 9 per group). Tumors were measured three times per week with calipers and
tumor volumes were calculated as described. Animals with AS STRAP KO tumors
had significantly decreased relative tumor growth (Figure 6A) and mean tumor volume
(Supplemental Figure S5) compared to those with AS WT tumors. Immunoblotting con-
firmed the knockout of STRAP in the tumors from the animals injected with AS STRAP KO
cells (Figure 6B). Similar to the in vitro studies AS STRAP KO tumors (Figure 6B) exhibited

78



Cancers 2021, 13, 3201

decreased protein expression of PDGFRβ, which is known to promote tumor growth in
neuroblastoma [31]. Utilizing immunohistochemistry to detect Ki67, which is a marker
of proliferation, we found that AS STRAP KO tumors had significantly less Ki67 staining
than AS WT tumors and this signifies decreased proliferation (36 ± 24 vs. 159 ± 14 Ki67
positive cells out of 500 total cells, AS STRAP KO vs. AS WT, p ≤ 0.001, Figure 6C,D). IgG
negative staining control was completed with each IHC run and is shown in the following
(Figure 6C, right lower corner inset).
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Figure 6. STRAP knockout decreased neuroblastoma tumor growth and proliferation in vivo. (A) AS WT or AS STRAP
KO cells (1.8 × 106) were injected into the flanks of athymic nude mice (n = 9 per group). Tumor volumes were measured
three times a week and tumors were harvested when IACUC parameters were met. STRAP KO tumors had a significantly
decreased relative tumor growth compared to WT tumors. Results are reported as mean (Log2 transformed) ± SEM.
(B) Using immunoblotting of tumor lysates, STRAP KO was confirmed in the STRAP KO tumors. Immunoblotting was
also utilized to investigate PDGFRβ protein expression in the tumors and demonstrated decreased expression in the AS
STRAP KO tumors compared to AS WT tumors. (C) Immunohistochemistry staining for Ki67, which is a marker for
proliferation, was used on formalin-fixed paraffin-embedded AS WT and AS STRAP KO tumors. Representative pictures of
Ki67 stained slides from each group are shown. A negative IgG control was included in each run (inset, right lower corner).
(D) The number of Ki67 positive cells were counted per 500 cells. AS STRAP KO tumors had significantly decreased Ki67
positive cells compared to AS WT, indicating decreased proliferation. Results are reported as mean ± SEM. * p ≤ 0.05 and
*** p ≤ 0.001.

4. Discussion

High-risk neuroblastoma continues to carry a poor prognosis and continued investiga-
tions are crucial to improve our understanding of the disease. STRAP is overexpressed in
several malignancies including another pediatric cancer, osteosarcoma [7,8,32,36]. Recently,
Jin et al. found that STRAP functions in neuronal development and STRAP knockout in
Xenopus resulted in neural tube defects [37]. These findings were relevant to the present
study, since neuroblastoma is an embryologic tumor derived from neural crest cells [2].

79



Cancers 2021, 13, 3201

These previous studies supported the investigation of the potential for oncogenic function
of STRAP in neuroblastoma. In the current study, we demonstrated that STRAP knock-
down decreased neuroblastoma proliferation, growth, and motility. By establishing two
stable neuroblastoma cell lines with the genetic knockout of STRAP and examining their
malignant phenotype as well as the effect on the transcriptome, we provide evidence to
suggest a role for STRAP in promoting neuroblastoma tumorigenicity in vitro and in vivo
as well as maintaining the stem cell-like phenotype.

RNA interference is a method for transiently inhibiting gene expression and/or
translation by targeting the corresponding RNA. Small interfering RNA (siRNA) and
short hairpin RNA (shRNA) are two applications of RNA interference which have been
utilized to achieve specific knockdown of a specific protein [38]. STRAP siRNA knockdown
decreased migration and invasion of osteosarcoma cells [8]. However, Wu and colleagues
found that knockdown of STRAP utilizing siRNA promoted hepatocellular carcinoma
tumorgenicity in vitro and in vivo [36], suggesting that STRAP’s role in cancer may not
be tumor-specific. We initially investigated the knockdown of STRAP by utilizing siRNA
in two neuroblastoma cell lines, which are AS (MYCN non-amplified) and BE (MYCN
amplified), and found that STRAP knockdown resulted in decreased proliferation. These
findings led us to further explore the role of STRAP in neuroblastoma.

Although siRNA and shRNA may achieve similar knockdown, the mechanism of
action is different. SiRNA is a transient transfection, whereas shRNA carrying cells may be
selected with an antibiotic for stable transfection. It is hypothesized that shRNA may have
higher potency and fewer off-target effects than siRNA [38], enabling us to investigate the
knockdown of STRAP utilizing shRNA in addition to siRNA. Datta et al. demonstrated
decreased tumorigenicity in colorectal cancer cells following transfection with STRAP
shRNA [6]. Similarly, we found that shRNA-mediated stable knockdown of STRAP
resulted in decreased neuroblastoma cell proliferation, growth, and motility. The same
investigators also demonstrated an increase in the sensitivity to 5-FU and oxaliplatin in
colorectal cancer following shRNA STRAP knockdown [11]. Studying the effects of STRAP
knockdown in combination with neuroblastoma chemotherapeutics will be an exciting
avenue of future studies.

RNA interference has several limitations including a decrease in expression of the
protein of interest, but not a total absence of that protein [39]. Due to these limitations, we
proceeded to investigate the genetic knockout of STRAP. Using CRISPR-Cas9 gene editing
technology, we established a stable cell line of STRAP KO cells in the neuroblastoma cell
line SK-N-AS. Wang et al. also utilized CRISPR-Cas9 gene editing technology to establish a
stable line of STRAP KO cells in hepatocellular carcinoma and demonstrated that STRAP
KO led to decreased Wnt/β-catenin signaling, which was associated with decreased colony
formation and stemness markers in vitro [32]. In order to further validate our findings of
STRAP’s role in neuroblastoma, we established an additional CRISPR-Cas9 stable knockout
of STRAP in SK-N-BE (2) human neuroblastoma cells. We found that STRAP KO resulted
in decreased growth, proliferation, motility, and anchorage-independent growth.

Using the findings from genetic sequencing of AS STRAP KO and AS WT cells, we
found that numerous pathways were affected by the loss of STRAP. Specifically, pathways
with the highest entities ratio that were associated with downregulated genes following
the STRAP KO included those involved in metabolism, signal transduction, and cell
cycles. We also found genes associated with stemness, growth, metastasis, and the known
oncogenic pathways previously shown to be associated with STRAP by other investigators,
such as TGF-β [22] and WNT/β-catenin [6], to be downregulated while apoptotic and
differentiation genes were upregulated in the STRAP KO cells. Many of these pathways are
important in neuroblastoma. Prior investigators showed that by stimulating neuroblastoma
with TGF-β, there was an increase in cell migration and invasion [40]. Similarly, Tran et al.
demonstrated the restoration of natural killer cells’ cytotoxicity following treatment with
a TGF-β inhibitor in neuroblastoma [41]. SiRNA knockdown of the WNT/β-catenin
signaling pathway has been shown to decrease neuroblastoma viability, growth [42], and
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motility [43]. Therefore, the inhibition of these oncogenic signaling pathways observed
with STRAP KO provides support for the inhibition of STRAP in neuroblastoma as a
therapeutic strategy.

Platelet-derived growth factor receptors (PDGFRs) have been associated with growth,
angiogenesis, cell viability, and proliferation in numerous malignancies, including glioma,
prostate, breast, and pancreatic cancers [44]. By inhibiting PDGFRβ signaling, other
investigators decreased cell viability, increased apoptosis, and induced cell cycle arrest in
mesothelioma [45]. In colorectal cancer, lower PDGFRβ expression was associated with
better prognosis and PDGFRβ knockdown using siRNA resulted in decreased colorectal
cancer proliferation, growth, and invasion [46]. PDGFRβ was one of the downregulated
genes observed with AS STRAP KO and we confirmed decreased protein expression in the
AS STRAP KO cells. These studies provide evidence that STRAP may exert its phenotypic
effects on cell proliferation and growth in neuroblastoma through its effect on expression of
PDGFRβ. PDGFRβ has become a receptor of interest in neuroblastoma. Targeting PDGFRs
with imantinib, which is a tyrosine kinase inhibitor, decreased neuroblastoma survival
and proliferation as well as enhanced apoptosis when combined with doxorubicin [47].
Similarly, other investigators inhibited neuroblastoma growth in vivo and decreased tumor
angiogenesis using SU11657, a tyrosine kinase inhibitor that targets PDGFRs [30]. In
the current study, when STRAP was knocked out, we observed a decrease in PDGFRβ
which suggests the presence of a potential mechanism by which STRAP may promote the
malignant phenotype.

Stem cell-like cancer cells (SCLCCs) are a subpopulation of cancer cells that have
been shown to be important for neuroblastoma progression, therapeutic resistance, and
disease recurrence [34]. Therefore, therapies that target SCLCCs could greatly affect the
course of the disease. STRAP has been implicated in maintaining colorectal cancer cell
stemness. Jin and colleagues found that STRAP inhibition with shRNA decreased CD133
positive colorectal cancer cells and tumorsphere forming ability [11]. STRAP promoted the
stem cell-like characteristics of colorectal cancer cells by activating the NOTCH pathway
and the silencing of STRAP in these cells resulted in decreased stem cell phenotype [11].
In addition, STRAP knockout in hepatocellular carcinoma decreased mRNA abundance
of stemness markers and liver progenitor genes, including AXIN2, LGR5, CD133, and
CD44 [32]. In the current study, genetic evaluation demonstrated a downregulation of
genes associated with neuroblastoma stemness following the knockout of STRAP. Further
phenotypic evaluation of AS STRAP KO cells demonstrated a significant decrease in mRNA
abundance of stemness markers, a decrease in CD133 cell surface expression, and decreased
ability to form tumorspheres; all of these indicate that STRAP plays a role in promoting
neuroblastoma cancer cell stemness.

Other investigators have examined STRAP knockdown and its effects on in vivo tumor
growth. In colorectal cancer, STRAP knockdown with shRNA led to decreased tumor
growth [11] and metastasis [6] in vivo. In addition, the knockdown of STRAP with shRNA
in hepatocellular carcinoma resulted in decreased tumorigenicity and metastasis [36]. To
our knowledge, the current study is the first to investigate the effect of STRAP knockdown
and CRISPR KO on neuroblastoma and the first investigation of STRAP CRIPSPR KO on
neuroblastoma tumor growth in vivo. Similar to results described in other in vivo studies,
we demonstrated that the genetic knock out of STRAP resulted in decreased neuroblastoma
tumor growth with significantly decreased proliferation in the KO tumors.

One limitation of CRISPR-Cas9 genetic knockout is the possibility for off-target ac-
tivity or non-specific gene editing [12,48,49]. Validation of the target gene’s role in the
observed phenotype may be achieved by reintroducing the knocked-out gene in a rescue
experiment. Other investigators have utilized this method. Chen and colleagues showed
that CRISPR-Cas9 knockout of EZH2 in neuroblastoma resulted in decreased cell viability.
They subsequently re-introduced EZH2, resulting in the rescue of the phenotype observed
following EZH2 deletion. These findings confirmed EZH2′s importance in neuroblastoma
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survival [50]. In the present study, STRAP re-expression in the AS STRAP KO cells restored
the phenotype to that observed in AS WT cells.

In the current study, we demonstrate that the knockdown and knockout of STRAP
resulted in a decrease in the malignant phenotype in neuroblastoma. Our pre-clinical
findings support the potential use of STRAP as a therapeutic target; however, there are
currently no STRAP inhibitors available. Therefore, collaborations and development of
inhibitors targeting STRAP are areas of interest and future studies. Interestingly, knocking
down STRAP using siRNA had a more drastic effect on proliferation in AS cells compared
to BE. One explanation for these findings is the difference in MYCN amplification in the
two cell lines, which is related with a more aggressive phenotype in neuroblastoma [51].
An association between STRAP and MYCN has not yet been explored, providing us an
additional avenue for future studies. STRAP is overexpressed in other cancers and has
been associated with a more aggressive phenotype [6,8]; this provides an exciting avenue
for future work to investigate STRAP expression levels in patient neuroblastoma specimens
as a potential predictor for high-risk disease.

5. Conclusions

The data presented in the current study provide evidence that the inhibition of STRAP
led to decreased neuroblastoma viability, proliferation, and motility in vitro and decreased
tumor growth in vivo. Furthermore, we demonstrated STRAP’s role in promoting cancer
cell stemness as STRAP KO resulted in decreased mRNA abundance of stemness markers,
CD133 expression, and tumorsphere formation. These findings provide an exciting avenue
to continue the investigation of STRAP’s role in neuroblastoma oncogenesis and as a
potential therapeutic target for this disease.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13133201/s1, Figure S1: STRAP protein is present in neuroblastoma cell lines. Figure S2:
Sanger sequencing confirmed successful knockout of STRAP in SK-N-AS cells. Figure S3: Sanger se-
quencing confirmed successful knockout of STRAP in SK-N-BE(2) cells. Figure S4: Re-introduction of
STRAP DNA rescued the malignant phenotype in STRAP knockout cells. Figure S5: STRAP knockout
decreased neuroblastoma tumor growth in vivo. Table S1: STRAP knockout diminished progression
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Simple Summary: Low-dose metronomic chemotherapy has anti-angiogenic activity and inhibits
tumor growth. Therefore, we investigated the benefits of low-dose metronomic maintenance therapy
(MT) in high-risk neuroblastoma (NB) patients who are unable to undergo autologous stem cell
transplantation (ASCT) or anti-GD2 antibody therapy. A total of 217 high-risk NB patients were
enrolled. One hundred and eighty-five (85%) had a complete/very good partial remission/partial
remission (CR/VGPR/PR) to treatment, of them, 167 patients with stage 4, that did or did not
receive oral metronomic MT, 3 years of event-free survival (EFS) were 42.5% versus 29.4%, and
overall survival (OS) was 71.1% versus 59.4%, respectively. Totally, 117 high-risk patients with oral
metronomic MT had an EFS rate of 42.7%. The results were similar to those of ASCT from other
studies. The toxicities of metronomic MT were lower. Our study showed that oral metronomic MT is
an optimal option for high-risk NB patients without ASCT or anti-GD2 antibody therapy.

Abstract: Despite aggressive treatment, the prognosis of high-risk NB patients is still poor. This
retrospective study investigated the benefits of metronomic maintenance treatment (MT) in high-risk
NB patients without ASCT or GD2 antibody therapy. Patients aged ≤ 21 years with newly diagnosed
high-risk NB were included. Patients with complete/very good partial remission (CR/VGPR/PR) to
conventional treatment received, or not, oral metronomic MT for 1 year. Two hundred and seventeen
high-risk NB patients were enrolled. One hundred and eighty-five (85%) had a CR/VGPR/PR
to conventional treatment, of the patients with stage 4, 106 receiving and 61 not receiving oral
metronomic MT, and the 3-year event-free survival (EFS) rate was 42.5 ± 5.1% and 29.6 ± 6%,
respectively (p = 0.017), and overall survival (OS) rate was 71.1 ± 4.7% and 59.4 ± 6.4%, respectively
(p = 0.022). A total of 117 high-risk patients with oral metronomic MT had EFS rate of 42.7 ± 4.8%.
The toxicity of MT was mild. For high-risk NB patients without ASCT or anti-GD2 antibody therapy,
stage 4, MYCN amplication and patients with stage 4 not receiving oral metronomic MT after
CR/VGPR/PR were independent adverse prognostic factors. Oral metronomic MT can improve
survival in high-risk NB patients in CR/VGPR/PR without ASCT or anti-GD2 antibodies therapy.
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1. Introduction

Neuroblastoma (NB) is the most common non-central nervous system pediatric malig-
nant solid tumor. Children with low- or intermediate-risk NB have an excellent prognosis.
However, high-risk NB patients have a poor prognosis, and their 3-year event-free survival
(EFS) rate is about 40% among patients who receive induction chemotherapy, surgery,
single high-dose chemotherapy with autologous stem cell transplantation (ASCT), and
radiotherapy plus cis-retinoic acid maintenance therapy (MT) [1–6]. The survival rate of
high-risk NB has increased to 65–75% when ASCT is combined with anti-GD2 antibody in
the modern immunotherapy era [7–10]. Therefore, anti-GD2 antibodies immunotherapy
after ASCT has been considered as the standard of care for high-risk NB disease.

ASCT is one of the consolidation therapies options for high-risk NB patients. Three
large randomized controlled studies have shown an improvement in the 3-year EFS after
ASCT (31% to 47%) compared to that after 4 courses of conventional chemotherapy or oral
chemotherapy or no further treatment (22% to 31%) [1–3]. Single ASCT may increase EFS
by about 10% in high-risk NB patients. High-risk NB patients can benefit from ASCT in
terms of 3 to 5 years of EFS, while there is no OS benefit [1–4]. But long-term outcomes
of the GPOH NB97 trial showed 10 years of OS were in favor of the ASCT groups [5], yet
the other randomized studies showed that the difference in 10 years of OS was still no
statistically significant [6]. However, few families in China have access to or can afford
expensive anti-GD2 antibody therapy, and about 70% of high-risk NB patients who have
achieved complete/very good partial remission (CR/VGPR) could not undergo ASCT for
various reasons, including cost, poor physical tolerance, insufficient supportive care, or
family reluctance. The high recurrence rate after ASCT is one of the main reasons that
many families do not choose ASCT. For these patients, the survival rate is only 20–30%,
thus the need to develop other treatments to delay recurrence and prolong survival. The
continuous administration of oral low-dose metronomic MT is one of the options worthy
of exploring.

A number of studies have shown that low-dose metronomic chemotherapy has anti-
angiogenic activity and inhibit tumor growth, while stimulating the immune system with
minimal toxicity, and has a potential to develop a tumor maintenance therapy [11–14].
The continuous administration of low-dose metronomic MT has been successfully used
for decades in pediatric patients with acute lymphoblastic leukemia (ALL) [15]. The
HD CWS-96 trial compared children with metastatic soft tissue sarcoma undergoing oral
MT and high-dose chemotherapy and found that an oral MT was feasible and tolerable,
with surprisingly a better outcome than high-dose salvage chemotherapy (5-year OS 52%
versus 27%) [16]. Recent results from a multicenter, open-label, randomized, phase 3 trial
from the European Pediatric Soft Tissue Sarcoma Study Group for patients with high-risk
rhabdomyosarcoma showed that vinorelbine and continuous low-dose cyclophosphamide
as MT improved the survival of patients with high-risk rhabdomyosarcoma. This approach
will be the new standard of care for patients with high-risk rhabdomyosarcoma in the
future [17]. This study has put low-dose metronomic MT in high-risk solid tumors back
into the spotlight. However, there are few reports about low-dose metronomic MT in
high-risk NB patients.

Since 2013, we have administered oral low-dose metronomic MT to high-risk NB
patients with CR/VGPR/PR who are not treated with ASCT and/or anti-GD2 antibodies.
The purpose of study was to determine whether those patients can benefit from oral
metronomic MT. The prognostic factors among high-risk NB in this unique cohort Chinese
children were also analyzed.
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2. Materials and Methods
2.1. Patients

Children younger than 21 years with previously untreated high-risk NB who were
treated at the Sun Yat-sen University Cancer Center (SYSUCC) between January 2013 and
December 2018 were eligible. The high-risk NB patients who did not receive ASCT and/or
anti-GD2 immunotherapy were enrolled to study. High-risk NB was defined as follows:
(1) INSS stage 4 disease and age ≥ 18 months; (2) INSS stage 2, 3, and 4S disease and
MYCN amplification; and (3) INSS stage 3 disease and age > 18 months with unfavorable
pathology without MYCN amplification [18]. Informed consent was obtained from patients
and their parents, and complete treatment and follow-up data were available. This study
was approved by the Ethics Committee of SYSUCC.

The extent of tumor spread was evaluated by CT and/or MRI, bilateral bone marrow
examination, 99Tc bone scan, or 18F-fluorodeoxy-D-glucose positron emission tomogra-
phy/CT (MIBG scan was not available in China). Clinical stage was determined based on
the International Neuroblastoma Staging System [19]. The Pathology Classification system
was used for pathologic classification of tumors [18]. MYCN amplification was examined
using fluorescence in situ hybridization.

2.2. Treatment Protocol

Patients received eight cycles of induction chemotherapy, surgery, local radiotherapy,
followed by MT when they could not receive ASCT and/or anti-GD2 antibodies. For
induction chemotherapy, the CAV (cyclophosphamide, pirarubicin, vincristine) and VIP
(etoposide, ifosfamide, cisplatin) regimens were administered alternatively at 3-week
intervals. Surgery was usually performed after four to six cycles of chemotherapy. If
the tumor was deemed unresectable, patients were treated with another two cycles of
CAV/VIP or changed to second-line chemotherapy consisting of vincristine, irinotecan,
and temozolomide (VIT). Local radiotherapy 25–30 Gy was administered to all patients after
surgery. Patients who achieved CR/VGPR/PR after comprehensive treatment were treated
with low dose oral metronomic anti-angiogenic drugs (cyclophosphamide, vinorelbine,
etoposide and/or topotecan, and celecoxib) as MT for 1 year (Table 1). The starting time of
oral metronomic MT was that peripheral white blood cells reached 3 × 109/L after end
of comprehensive therapy. Extent of disease evaluation was performed every 3 months
during MT.

2.3. Evaluation of Response and Toxicity

Treatment response was evaluated every two cycles according to the international
response standard for NB [19]. CR was defined as the absence of tumors with normal
catecholamine levels. VGPR was defined as a 90% ~ 99% reduction in primary tumors,
elimination of all measurable metastatic disease, normal catecholamine levels, with or
without residual 99Tc bone changes. PR was defined as a reduction of > 50% in primary
and metastatic tumors. Stable disease (SD) was defined as the absence of new lesions or
an increase of < 25% in existing lesions. Progressive disease (PD) was defined as any new
lesion or any measurable lesions increasing by > 25%. Toxicity was assessed according to
the Common Terminology Standard for Adverse Events version 4.03.

2.4. Statistical Analysis

Statistical analyses were performed using the SPSS, version 22 (IBM Corp, New York,
NY, USA) and Stata software, version 15.1 (Stata Corp LLC TX, USA). Survival end points
were described by their rate at specific time points with a 95% CI. Both EFS and OS were
analyzed using the Kaplan-Meier method and compared using the log-rank test. Hazard
ratios were calculated using univariable and multivariable Cox proportional hazards
regression analyses. All statistical tests were two-sided, and a difference was considered
significant when the p-value was < 0.05. Event-free survival was calculated as the time
from enrollment to the first occurrence of relapse, progression, death from any cause,
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secondary cancer, or the time of the last contact if no event has occurred. Overall survival
was calculated as the time from diagnosis to death or the last examination when patient
remained alive. The last update on 31 October 2020 was used for this analysis.

Table 1. Chemotherapy regimen for newly diagnosed high-risk NB.

Chemotherapy Regimens Drugs Dosage and Administration

Induction Chemotherapy:

CAV
(Cycle 1, 3, 5, and 7)

Cyclophosphamide (CTX) 1 g/m2, iv drip for 0.5 h, d1–2
Mesna 330 mg/m2 0, 4, and 8 h after CTX, iv, d1–2
Vincristine 1.5 mg/m2, iv, d1
Pirarubicin 50 mg/m2, iv, d1

VIP
(Cycle 2, 4, 6, and 8)

Cisplatin 25 mg/m2, iv drip for 3 h, d1–4
Etoposide 100 mg/m2, iv drip for 3 h, d1–4
Ifosfamide (IFO) 1.5 g/m2, iv drip for 3 h, d1–4
Mesna 300 mg/m2, iv 0, 4, 8 h after IFO, d1–4

Second-line chemotherapy:

VIT
Vincristine 1.5 mg/m2, iv, d1
Irinotecan 50 mg/m2, iv drip for 1.5 h, d1–5
Temozolomide 100 mg/m2, po, d1–5

Maintenance therapy:

Oral metronomic anti-angiogenic agents

At months 1, 3, 5, 7, 9, and 11:
Cyclophosphamide 25–50 mg/m2, po, d1–30
Vinorelbine 40 mg/m2, po, qw × 3
Etoposide 25 mg/m2, po, d1–21
Celecoxib 200 mg/m2, po, bid d1–30
At months 2, 4, 6, 8, 10, and 12:
Cyclophosphamide 25-50 mg/m2, po, d1–30
Vinorelbine 40 mg/m2, po, qw × 3
Topotecan a 1.4 mg/m2, po, d1–5
Celecoxib 200 mg/m2, po, bid d1–30

a: Since December 2017, topotecan has been discontinued due to no oral topotecan supply; NB: neuroblastoma; CAV: cyclophosphamide,
pirarubicin, and vincristine; iv: intravenous injection; VIP: etoposide, ifosfamide, and cisplatin; po: oral administration; VIT: vincristine,
irinotecan, and temozolomide.

3. Results
3.1. Patient Characteristics

A total of 217 patients newly diagnosed with high-risk NB were included in this
study. The median age was 3.7 years (range: 0.5–21 years). Among them, one hundred and
ninety-eight patients (91.2%) had stage 4 disease, and 172 (79.3%) had bone marrow/bone
metastases. MYCN amplification was assessed in 160 tumors (73.7%), of which 46 (28.8%)
were positive. The clinical characteristics of the patients are shown in Table 2.

3.2. Treatment Outcome

Among 217 patients with high-risk NB, 171 (78.8%) were treated with chemotherapy,
surgery, and radiotherapy, 29 (13.4%) were treated with chemotherapy plus surgery, and
17 (7.8%) were treated with chemotherapy alone. After induction therapy, the extent of
resection of the primary tumor was ≥ 90% in 164 (75.5%) patients. Fifty-nine patients
achieved CR, 126 achieved VGPR/PR, 14 had SD, and 18 had PD to comprehensive thera-
pies. The overall response rate was 85.2%. Among the 185 patients with CR/VGPR/PR,
a total of 117 received oral metronomic MT, and 68 patients did not receive oral MT; of
them, 28 cases received isotretinoin, and the remaining 40 cases received Chinese herbal
medicine or other therapy, or no therapy. In 167 patients with stage 4, 106 received oral
metronomic MT, and 61 did not receive oral metronomic MT (Figure 1).
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Table 2. Clinical features of 217 high-risk NB patients without ASCT or anti-GD2 antibody therapy.

Feature Entire Cohort
(n = 217)

Cohort 1
(n = 167)

Cohort 2
(n = 117)

Sex
Male 145 (66.8%) 122 (65.9%) 76 (65%)
Female 72 (33.2%) 63 (34.1%) 41 (35%)

Age
Age ≥ 18 months at diagnosis 200 (92.2%) 171 (92.4%) 107 (91.5%)
Age < 18 months at diagnosis 17 (7.8%) 14 (7.6%) 10 (8.5%)

Stage
INSS Stage 4 198 (91.2%) 167 (90.3%) 106 (90.6%)
INSS Stage 3 18 (8.3%) 10 (8.5%)
INSS Stage 4S 1 (0.5%) 1 (0.9%)

Primary tumor site
Adrenal gland primary 121 (55.8%) 106 (57.3%) 72 (61.5%)
Retroperitoneal primary 71 (32.7%) 59 (31.9%) 36 (30.8%)
Mediastinum primary 17 (7.8%) 12 (6.5%) 5 (4.3%)
Other primary sites 8 (3.7%) 8 (4.3%) 4 (3.4%)

Metastatic sites
Bone marrow/bone metastasis 172 (79.3%) 146 (78.9%) 94 (80.3%)
Other metastasis sites 45 (20.7%) 39 (21.1%) 23 (19.7%)

MYCN status
MYCN amplified 46 (28.8%) 39 (28.3%) 24 (27.6%)
MYCN not amplified 114 (71.3%) 99 (53.5%) 63 (72.4%)
MYCN unknown 57 (26.3%) 47 (25.4%) 30 (25.6%)

NB: neuroblastoma. ASCT: autologous stem cell transplantation; INSS: International Neuroblastoma Staging System; Cohort 1: Stage 4
Patients with CR/VGPR/PR received or did not receive oral metronomic MT; Cohort 2: Patients with CR/VGPR/PR received oral
metronomic MT.

Figure 1. Therapy flow chart and cohorts of the patients with high-risk NB. NB: neuroblastoma; CR: complete response;
VGPR: very good partial response; PR: partial response. MT: maintenance therapy.
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A total of 126 patients experienced tumor recurrence or progression. Of these, 40 aban-
doned further therapy, and 86 patients received various salvage treatments, including
chemotherapy, surgery, and radiotherapy. Anti-angiogenesis drugs, such as apatinib or aro-
tinib, were administered alone or in combination with the salvage chemotherapy regimens.

3.3. Survival

The median follow-up was 41.3 months (range: 6.8–88.0 months). A total of 126 pa-
tients experienced tumor recurrence or progression, and 104 patients died. In the entire
cohort, the 3-year EFS and OS rates were 36.3 ± 3.4% and 63.1 ± 3.4%, respectively. The
EFS rates of patients with stage 4 disease was significantly lower than that of patients with
stage 3/4S disease (33.8 ± 3.5% versus 62.2 ± 11.4%, p = 0.011). The EFS rates of patients
with and without MYCN amplification were 28.6 ± 7.0% and 44.3 ± 4.8%, respectively
(p = 0.038), and the corresponding OS rates were 48.6 ± 8.0% and 74 ± 4.3%, respectively
(p = 0.008) (Table 3 and Figure 2).
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Table 3. Treatment outcome of high-risk NB patients not treated with ASCT or anti-GD2 antibody.

N 3-Year EFS (%) p-Value 3-Year OS (%) p-Value

Entire Cohort 217 36.3 ± 3.4 63.1 ± 3.4

Age
Age ≥ 18 months 200 35.5 ± 3.5

0.63
63.6 ± 3.5

0.575Age < 18 months 17 45.3 ± 12.4 57.4 ± 12.3
Sex

Male 145 36.4 ± 4.1%
0.752

64.1 ± 4.1
0.965Female 72 36.0 ± 6.0% 61.1 ± 6.1

Stage
INSS Stage 4 198 33.8 ± 3.5

0.011
60.3 ± 3.6

0.008INSS Stage 3/4S 19 62.2 ± 11.4 83.3 ± 11.2
MYCN status

MYCN amplified 46 28.6 ± 7.0
0.038

48.6 ± 8.0
0.008MYCN no amplified 114 44.3 ± 4.8 74.0 ± 4.3

Metastatic sites
BM/bone metastasis 172 32.6 ± 3.7

0.102
60.4 ± 3.9

0.097Other metastasis sites 45 47.0 ± 7.7 70.5 ± 7.3

Cohort 1 a 167 37.8 ± 3.9 66.9 ± 3.8
Age

Age ≥ 18 months 154 36.0 ± 0.4
0.212

67.5 ± 3.9
0.910Age < 18 months 13 59.8 ± 14 59.2 ± 14.1

Sex
Male 110 37.2 ± 4.8

0.953
68.2 ± 4.6

0.652Female 57 38.8 ± 6.9 64.2 ± 4.7
MYCN status

MYCN amplified 27 12.3 ± 9.9
0.019

37.8 ± 10.9
0.000MYCN not amplified 93 46.1 ± 5.3 76.7 ± 4.6

Oral MT
Oral metronomic MT 106 42.5 ± 5.1

0.017
71.1 ± 6.7

0.022No oral metronomic MT 61 29.6 ± 6 59.4 ± 6.4

Cohort 2 b 117 42.7 ± 4.8 72.1 ± 4.5
Age

Age ≥ 18 months 107 41.4 ± 5.0
0.261

72.2 ± 4.6
0.563Age < 18 months 10 68.6 ± 15.1 77.8 ± 13.9

Sex
Male 76 46.8 ± 5.9

0.513
70.5 ± 5.5

0.600Female 41 36.2 ± 8.3 76.6 ± 7.4
MYCN status

MYCN amplified 24 16.8 ± 13
0.026

56.3 ± 13.4
0.042MYCN not amplified 63 53.9 ± 6.5 78.1 ± 5.7

Stage
Stage 4 106 42.5 ± 5.1

0.556
71.1 ± 4.7

0.167Stage 3/4S 11 54.5 ± 15 88.9 ± 10.5

Abbreviations: NB: neuroblastoma; ASCT: autologous stem cell transplantation; BM: bone marrow; EFS: event free survival; OS: overall
survival; a: Cohort 1 included patients in stage 4 with CR/VGPR/PR received or did not receive oral metronomic MT; b: Cohort 2 included
patients with CR/VGPR/PR received oral metronomic MT.
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The 3-years EFS rates of the 167 high-risk patients with stage 4 who received or did not
receive oral metronomic MT after achieving CR/VGPR/PR (Cohort 1) were 42.5 ± 5.1%
and 29.6 ± 6%, respectively (p = 0.017), and OS was 71.1 ± 4.7% and 59.4 ± 6.4%, re-
spectively (p = 0.022). The patients with MYCN amplification had worse 3-year EFS and
OS than patients without MYCN amplification (12.3% versus 46.1%, p = 0.019, and 37.8%
versus 76.7%, p = 0.000) (Table 3 and Figure 2).

The 3-year EFS and OS rates of the 117 high-risk patients who received oral low
dose metronomic MT after achieving CR/VGPR/PR (Cohort 2) were 42.7% ± 4.8% and
72.1% ± 4.5%, respectively. Further, among these patients, EFS and OS rates of those with
MYCN amplification were worse than those without MYCN amplification (16.8% versus
53.9%, p = 0.026, and 56.3% versus 78.1%, p = 0.042) (Table 3 and Figure 2).

In univariate analysis, stage 4 disease, MYCN amplification and stage 4 without oral
metronomic MT were significant adverse prognostic factors for EFS and OS. Multivariate
analysis showed that the stage 4 disease (hazard ratio (HR) 0.246, p = 0.002), MYCN ampli-
fication (HR 0.462, p = 0.001), and stage 4 without oral metronomic MT (HR 0.559, p = 0.014)
were predictive of an adverse EFS prognosis. For OS, the stage 4 disease (HR 0.147,
p = 0.003), MYCN amplification (HR 0.351, p = 0.000), and stage 4 without oral metronomic
MT (HR 0.366, p = 0.001) were significant adverse prognostic factors. Other factors, such as
age, sex, and metastatic sites, had no significant impact on EFS or OS (Table 4).

Table 4. Univariate and multivariate analyses of prognostic factors of high-risk NB patients a.

Category No

3-Year Event-Free Survival 3-Year Overall Survival

Univariate Multivariate b Univariate Multivariate b

p-Value HR (95% CI) p-Value p-Value HR (95% CI) p-Value

Age
≥18 months 200

0.631
0.680

0.285 0.576
1.075

0.859<18 months 17 (0.335, 1.379) (0.481, 2.402)
Sex

Male 145
0.752

1. 218
0.362 0.965

1.125
0.649Female 72 (0.798, 1.858) (0.677, 1.869)

Stage
Stage 4 198

0.014
0.246

0.002 0.014
0.147

0.003Stage 3/4S 19 (0.102, 0.594) (0.041, 0.525)
MYCN amplified

Yes 46
0.040

0.462
0.001 0.009

0.351
0.000No 114 (0.292, 0.732) (0.209, 0.590)

Metastasis sites
BM/Bone 172

0.104
1.151

0.608 0.100
1.026

0.937Other 45 (0.672, 1.972) (0.550, 1.914)
Stage 4 in
CR/VGPR/PR

Oral MT c 106
0.030

0.559
0.014 0.024

0.366
0.001No oral MT 61 (0.351, 0.891) (0.197, 0.680)

Abbreviations: BM: bone marrow; a: High-risk NB patients not treated with ASCT or anti-GD2 antibody; b: Multivariate analysis was
adjusted for age, sex, stage, metastasis sites, MYCN amplified and stage 4 with oral metronomic MT in CR/VGPR/PR; c: Oral metronomic
agents maintenance therapy.

Of the 126 patients with tumor recurrence or progression, 40 abandoned further
treatment, all of whom died. Of the 86 patients who received salvage treatments, 47 died
of tumor progression, and 38 were still alive at the end of the study. The 2-year OS after
recurrence was 52.1 ± 6.0%.
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3.4. The Toxicity of Oral Metronomic MT

The overall tolerance of oral metronomic MT was acceptable. MT was administered
on an outpatient basis, and there was no treatment-related death. The most common
toxicities were grade 1–2 hematological toxicity, accounting for about 80%. Grade 3 hema-
totoxicity accounted for 9%, no grade 4 toxicity. Grade 1–2 non-hematologic toxicity
included transaminase elevation, nausea, gastritis, and creatinine elevation (Table 5). Oral
metronomic MT was discontinued after 1–3 months in 5 patients, for various reasons.

Table 5. Toxicity of oral metronomic drugs maintenance therapy.

Toxicity Grading [n (%)]

0 1 2 3 4

Hemoglobin 27 (23.1) 43 (36.8) 45 (38.5) 2 (1.7) 0 (0)
White blood cell 13 (11.1) 46 (39.3) 49 (41.9) 9 (7.7) 0 (0)

Platelets 116 (99.1) 1 (0.9) 0 (0) 0 (0) 0 (0)
Transaminase 104 (88.9) 10 (8.5) 2 (1.7) 1 (0.9) 0 (0)

Nausea 114 (97.4) 1 (0.9) 2 (1.7) 0 (0) 0 (0)
Creatinine 113 (96.6) 4 (3.4) 0 (0) 0 (0) 0 (0)
Gastritis 114 (97.4) 1 (0.9) 2 (1.7) 0 (0) 0 (0)

4. Discussion

This study was to probe a new approach to improve the outcomes of patient with
high-risk NB inaccessible to ASCT or GD2 antibody therapy. Among the 217 high-risk NB
patients, MYCN amplification was positive in 28.8% of in the detected patients. Patients
with stage 4 accounted for 91.2%. The overall response rate (CR/VGPR/PR) was 85.2%
to comprehensive treatment. None of the patients received the treatment of ASCT or
anti-GD2 antibodies. The 3-year EFS and OS rates for the entire cohort were 36.3% and
63.1%. Surprisingly, patients with stage 4 receiving oral metronomic MT after achieving
CR/VGPR/PR had better 3-year EFS and OS rates than those without oral metronomic MT
(42.5% vs. 29.6%, and 71.1% vs. 59.4%); The patients with oral metronomic MT including
stage 3/4S patients had 3-year EFS and OS rates of 42.7% and 72.1%. MYCN amplification
and stage 4 disease were significant adverse prognostic factors.

It is widely known that the EFS rate of high-risk NB patients treated with ASCT
is slightly higher than that of conventional chemotherapy or no further therapy [1–4].
A study from the Beijing Children Hospital in China reported that the 3-year EFS rates
for high-risk NB patients who underwent ASCT (196 patients), or not (296 patients),
were 43.7% and 36.7%, respectively (p = 0.010); the corresponding 3-year OS rates were
57.6% and 53.5%, respectively (p = 0.153) [20]. However, there are few studies on the
impact of oral metronomic MT on the survival of high-risk NB patients without ASCT
treatment. A randomized study from Germany comparing ASCT versus oral MT as
consolidation therapy in patients with high-risk NB showed that ASCT had increased
3-year EFS compared with those allocated MT (47% vs. 31%) but did not have significantly
increased 3-year overall survival. Moreover, the patients in the oral MT group only
received oral cyclophosphamide at the dose of 150 mg/m2 per day on days 1 to 8 monthly
for three consecutive months [2]. However, this therapy does not really meet the criteria of
metronomic oral MT.

Another German retrospective study was conducted to compare the long-term sur-
vival outcomes of anti-GD2-antibody ch14.18 group with oral MT group (without ASCT)
or no consolidation therapy group (without ASCT and oral MT). The EFS was better in
the anti-GD2 antibody group than those in the oral MT group and in non-consolidation
group (5-year EFS 50.5%, 34.1%, and 25.9%, respectively). Multivariable Cox regression
analysis revealed anti-GD2 antibody ch14.18 consolidation improved outcome compared
to no consolidation. However, no difference exists between the MT and anti-GD2-treated
patients. Further, although anti-GD2 treatment may have prevented late relapses in this
study, oral MT also appeared to be effective at preventing relapses [21]. A retrospective
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non-randomized study analysis from Memorial Sloan Kettering Cancer Center questioned
the importance of ASCT in the modern era. Among the patients with high-risk NB treated
with anti-GD2 antibody 3F8/GM-CSF in 1st CR/VGPR, 60 had ASCT, and 110 had none
prior to immunotherapy. Five-year EFS rate for ASCT versus non-ASCT patients was 65%
versus 51% (p = 0.128), while OS rate was 76% versus 75% (p = 0.975), respectively. In
multivariate analysis, ASCT was not prognostic. Despite the limitations of nonrandom-
ized retrospective single institutional study, this sizable cohort did raise a hypothesis that
ASCT may not be necessary for all patients, especially if there is an effective anti-GD2
immunotherapy for consolidation after induction therapy [22].

In our study, all high-risk NB patients did not undergo ASCT or anti-GD2 antibodies.
Among them (cohort 2), 60% of patients with CR/VGPR/PR received oral metronomic MT,
which led to 3-year EFS and OS rates of 42.7% and 72.1%. Patients in stage 4 receiving oral
metronomic MT had a better survival rate than those who did not receive oral metronomic
MT (cohort 1). These results were similar to those of ASCT from other studies but lower
than those of anti-GD2 antibody immunotherapy [1–10]. The toxicities of oral metronomic
MT were well tolerated, and cost was lower. The most common toxicities were grade
1–2 hematological toxicity, accounting for about 80%. Grade 3 hematological toxicities
accounted for about 9%, no grade 4 toxicity. The starting time of oral metronomic MT was
that peripheral white blood cells reached 3 × 109/L after end of comprehensive therapy.
Because all patients did not receive ASCT, bone marrow function recovered faster after
the end of comprehensive treatment, and oral MT could be started quickly. Our study
suggests that oral metronomic MT is an optimal option for high-risk NB patients who
have achieved CR/VGPR/PR after comprehensive therapies without undergoing ASCT or
anti-GD2 antibody therapy.

These metronomic MT drugs used in our study included low-dose cyclophosphamide,
vinorelbine, topotecan/etoposide, and celecoxib as selective cyclooxygenase-2 inhibitors,
which are potential anti-angiogenic agents [12]. Metronomic chemotherapy is defined as
the continuous use of low dose chemotherapeutic agents. It was observed in vivo that
tumors resistant to dose-intense therapy responded to the same agents at low continuous
dosing [10]. Metronomic chemotherapy has been used in many refractory/relapsed solid
tumors. Many studies have shown that low-dose metronomic chemotherapy combined
with anti-angiogenic drugs can markedly enhance the anti-angiogenic efficacy [11–14,16,17].
Zapletalova reported the results of a multicenter study on metronomic chemotherapy with
the Combined Oral Metronomic Biodifferentiating Antiangiogenic Treatment (COMBAT)
regimen in advanced pediatric malignancies. The COMBAT regimen includes low-dose
daily temozolomide, etoposide, celecoxib, vitamin D, fenofibrate, and retinoic acid. They
found that COMBAT was a feasible and effective treatment option for patients with re-
lapsed/refractory malignancies, and it was well tolerated with low toxicity. They proposed
introducing metronomic chemotherapy at earlier phases of antitumor treatment to allow
further exploitation of the potential of low-dose metronomic chemotherapy, for instance,
as MT [11]. Kieran et al. demonstrated the feasibility of combining low-dose metro-
nomic chemotherapy (alternating cyclophosphamide and etoposide) and anti-angiogenic
agents (celecoxib and thalidomide) in children with recurrent or progressive solid tumors.
Their results showed that regimen was well tolerated and had some activity in some tu-
mors [23]. These studies suggest that low-dose metronomic chemotherapy combined with
anti-angiogenic drugs as MT may be beneficial to patients with high-risk solid tumors.
Recent result from a randomized clinical trial has demonstrated low-dose metronomic MT
can improve outcomes in patients with pediatric high-risk rhabdomyosarcoma (RMS) [17].
Our study also showed low-dose oral metronomic MT can benefit high-risk NB patients
without ASCT or anti-GD2 antibodies therapy.

Based on the Children’s Oncology Group (COG) neuroblastoma high-risk group
assignment criteria, high-risk NB is defined as stage 4 disease with age ≥ 18 months; stage
2, 3, and 4S disease with MYCN amplification; and stage 3 disease with age >18 months
with unfavorable pathology without MYCN amplification. High-risk NB patients receive
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the same treatment regimen and have a poor prognosis. As far as we know, MYCN
amplification strongly predicts a poor prognosis in NB. A study from South Korea reported
that there was no survival difference between patients with and without MYCN amplified
in high-risk NB [24]. But, inferior EFS and OS in high-risk NB patients with MYCN
amplification have been reported from the COG and other studies [25–28]. One study from
Japan showed MYCN amplification was the most favorable prognostic factor for EFS of
high-risk NB [29]. Our results showed that the patients with MYCN amplified had worse
the EFS and OS rates than those without MYCN amplified in high-risk NB. For stage 4 NB
patients with MYCN amplification, new treatments need to be explored.

Another prognostic factor is staging. Most high-risk NB patients are in the stage 4, but
the stage 3 patients with MYCN amplification or unfavorable pathology are also defined as
high-risk patients. In our study, the patients with stage 4 accounted for 91.2%, while stage 3
patients with MYCN amplification or unfavorable pathology accounted for only 8.3%, and
the EFS and OS rates in the stage 4 patients were worse than those in the stage 3 patients
with MYCN amplification or unfavorable pathology (33.8% vs. 62.2%; 60.3% vs. 83.3%).
In addition, stage 4 patients with CR/VGPR/PR who did not receive oral metronomic
MT had worse survival than those with oral metronomic MT. Univariate and multivariate
analysis also confirmed these results. Thus, our study demonstrated that stage 4 disease
and MYCN amplification were independent adverse prognostic factors for high-risk NB
patients. These results are similar to those reported in other studies [25–28,30].

Recurrence in patients initially defined as high-risk NB have a very poor prognosis,
with an overall survival of only 11.0 months, and the reported 5-year overall survival rate
for children after the initial relapse of NB is 6–20% [31–33]. The OS rate is closely related to
whether the patients receive salvage treatment after recurrence. In this study, 126 patients
experienced tumor recurrence or progression, and 40 of them abandoned further treat-
ment and died. The remaining 86 patients received active salvage chemotherapy, surgery,
radiotherapy, or other treatment, and most of these patients had effective tumor control
after salvage therapy. Some patients relapsed repeatedly and were treated repeatedly. The
2-year overall survival rate after recurrence was 52.1%, and some patients survived for
more than 5 years after recurrence. This may explain the reason of the high 3-year overall
survival rate as 60–70% in our study. These relapsed patients who had not previously
received ASCT tolerated salvage chemotherapy well. Our salvage chemotherapy regimen
included some drugs that were not used as initial treatment and were effective in patients
with recurrent NB. Therefore, our results suggest that the survival of high-risk NB patients
with recurrence can be prolonged by salvage treatment.

5. Conclusions

Our study suggests that oral metronomic MT is an optimal option for high-risk NB
patients without ASCT or anti-GD2 antibodies therapy. Stage 4, MYCN amplification, and
stage 4 patients not receiving oral metronomic MT after CR/VGPR/PR were independent
adverse prognostic factors for high-risk NB patients without ASCT or anti-GD2 antibodies
therapy. Additionally, high-risk NB patients with recurrence can obtain a survival benefit
from salvage therapy.
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Simple Summary: Ewing sarcoma (ES) is an aggressive childhood tumor for which response to
chemotherapy is central to long-term prognosis, but few prognostic markers have been identified.
RNA-binding proteins (RBPs) are strong regulators of cell behavior, working, for example, through
post-translational modifications of mRNA. In this study, we investigated whether patterns in the RBP
levels were related to outcomes in ES patients. A total of three distinct patterns were recognized, and
additional modelling suggested that 10 RPBs had predictive value, suggesting that this model could
be used in a clinical setting to identify patients with a higher risk of mortality.

Abstract: RNA-binding proteins (RBPs) are important transcriptomic regulators and may be im-
portant in tumorigenesis. Here, we sought to investigate the clinical impact of RBPs for patients
with Ewing sarcoma (ES). ES transcriptome signatures were characterized from four previously
published cohorts and grouped into new training and validation cohorts. A total of three distinct
subtypes were identified and compared for differences in patient prognosis and RBP signatures.
Next, univariate Cox and Lasso regression models were used to identify hub prognosis-related RBPs
and construct a prognostic risk model, and prediction capacity was assessed through time-dependent
receiver operating characteristics (ROCs), Kaplan–Meier curves, and nomograms. Across the three
RBP subtypes, 29 significant prognostic-associated RBP genes were identified, of which 10 were used
to build and validate an RBP-associated prognostic risk model (RPRM) that had a stable predictive
value and could be considered valuable for clinical risk-stratification of ES. A comparison with
immunohistochemistry validation showed a significant association between overall survival and
NSUN7 immunoreactivity, which was an independent favorable prognostic marker. The association
of RBP signatures with ES clinical prognosis provides a strong rationale for further investigation into
RBPs molecular mechanisms.

Keywords: Ewing sarcoma; RNA-binding proteins; regulation network; prognosis prediction;
risk model

1. Introduction

Ewing sarcoma (ES) represents the second-most common primary bone malignancy
affecting children and adolescents, with an incidence of 2.9 per million/year [1–3]. It is
an aggressive tumor typically characterized by a fusion of the Ewing sarcoma breakpoint
region 1 (EWSR1) with an erythroblast transformation specific (ETS) transcription factor
gene, most frequently (>95%) the friend leukemia virus integration 1 (FLI1) gene [4,5].
Most types of ES harbors the t (11;22) (q24;q12) chromosomal translocation leading to
the EWS–FLI1 fusion transcript. Genome-wide association studies identifying molecular
features and genetic profiles suggest a generally low mutational burden for ES [6–8]. The
STAG2 gene is the most frequently mutated (17%) compared to normal paired cases,
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followed by CDKN2A (12%), TP53 (7%), and EZH2 (2.7%). Genetic lesions of STAG2 and
TP53 and deletions of CDKN2A are mutually exclusive and associated with the worst ES
prognosis [6,9,10]. Recently, the Euro-Ewing 99 clinical trial revealed 3-year and 8-year
overall survival (OS) rates of 72–78% and 56–65%, respectively [11]. Patients with relapsed
and advanced ES have a dismal prognosis, especially when the disease has metastasized,
and a short survival time is expected [12]. Therefore, prognostic biomarkers and novel
intervention targets are urgently needed.

RNA-binding proteins (RBPs) are a class of proteins that interact with a series of
RNAs: messenger (mRNAs), ribosomal (rRNAs), non-coding (ncRNAs), micro (miRNAs),
transfer (tRNAs), small nuclear (snRNAs), and small nucleolar (snoRNAs). They exert
their functions by associating with their RNA targets and generating ribonucleoprotein
complexes that regulate transcription, RNA maturation, translation, and metabolism and
maintain post-transcriptional genome integrity [13–17]. Currently, more than 1500 RBPs
have been identified by large-scale quantitative methods accounting for about 7.5% of all
protein-coding genes in the human genome [18,19]. EWS is a multifaceted RBP that has been
implicated in modulating transcription, pre-mRNA splicing, and, importantly, in causing
epigenetic remodeling in the tumorigenesis of ES [20,21]. Another example is IGF2BP3, a
novel post-transcriptional regulator responsible for poor survival probability [22,23]. Our
group previously reported that a higher expression of RBPs related to rRNA metabolism and
mRNA splicing were significantly overrepresented in ES patients who had first-line treatment
failure [22]. Thus, we hypothesized that a systematic study to explore prognosis-related RBPs
would increase our knowledge of treatment resistance and facilitate risk-stratification.

In this study, we obtained ES gene expression data from previously published GEO
datasets and investigated the RBP landscape in ES associated with patient outcomes. Next,
the prognostic value of a 10-RBP expression signature was validated in an independent
cohort. We also identified NSUN7 as a novel independent prognostic factor that could be a
diagnostic and therapeutic target.

2. Material and Methods
2.1. ES Data Processing

Both the ES gene expression microarray data and clinical data were derived from
the NCBI Gene Expression Omnibus (GEO) database: GSE63155 (46 ES cases, follow-up
time: median 1876 days, range 155–3987 days) [24], GSE63166 (39 ES cases, follow-up
time: median 2085 days, range 286–4500 days) [24], GSE17679 (32 ES cases, follow-up time:
median 1159 days, range 138–5766 days) [25], and GSE34620 (38 ES cases, follow-up time:
median 1549 days, range 270–4017 days) [26]. The patient characteristics involved in this
study are shown in Table 1. In these four datasets, Affymetrix HuEx1.0 (GPL5175) and
Affymetrix HG-U133 Plus 2.0 (GPL570) platform data were merged into one integrated
dataset. Batch effects were removed using the ComBat function of the R package surrogate
variable analysis (sva) [27], and expression values were quantile-normalized across different
samples. A total of 85patients from GSE63155 and GSE63166 were involved in the training
cohort, while 70 from GSE17679 and GSE34620 were included in the validation cohort. We
obtained a comprehensive RBP catalog consisting of 1542 genes and 318 transcriptional
factors (TFs) for further analysis [19,28]. Unsupervised clustering was performed using
the R package ConsesusClusterPlus to classify patients into distinct subtypes according to
RBP expression.
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Table 1. GEO datasets and patient characteristics of ES.

GEO ID No. of ES Cases Included Platform
Age Sex Outcomes

<18 ≥18 Male Female Dead Alive

GSE63155 46 HuEx1.0 (GPL5175) 41 5 27 19 14 32
GSE63166 39 HuEx1.0 (GPL5175) 31 8 19 20 11 28
GSE17679 32 U133Plus2.0 (GPL570) 16 16 22 10 20 12
GSE34620 38 U133Plus2.0 (GPL570) 27 11 20 18 21 17

2.2. Identification of Differentially Expressed RBPs

The R package linear models for microarray data (LIMMA) [29] was used to perform
differentially expressed RBP (DERBP) analysis in the training cohort by comparing clus-
ters of patient subtypes that were significantly associated with overall survival. A false
discovery rate (FDR) of <0.05 or p-value of <0.05 was set as the cut-off criterion. A Venn
diagram was used to determine the overlapping DERBPs between two sets of comparisons.
Additionally, the DETFs and DEHallmarks were generated based on the same criteria.

2.3. Protein–Protein Interaction (PPI) Network Construction and Functional Enrichment Analyses

To further explore the potential molecular functions, the DERBPs were submitted
into the Search Tool for the Retrieval of Interacting Genes (STRING) database for building
the protein–protein interaction (PPI) network [30]. The PPIs with combined scores ≥ 0.7
were selected, after which the network was constructed and visualized using Cytoscape
software (version 3.8.2) (National Institute of General Medical Sciences, Bethesda, MD,
USA) [31]. Any genes with a connectivity of ≥1 (node/edge) were screened as hub
genes for downstream analyses. The top 50 central nodes were ranked by The MCC
(maximum clique centrality) algorithm of the CytoHubba plug-in [32] in Cytoscape. The
functional enrichment analyses were performed using the ClueGO and CluePedia plug-ins
in Cytoscape [33,34]. The main parameters of the constructing network with ClueGO
were as follows: marker list, homo sapiens; ontologies/pathways, GO (biological process)
and REACTOME pathways; GO tree interval, level = 6; GO term/pathway selection, min
# genes = 6 and % genes = 6.000; and GO term/pathway network connectivity (kappa
score) = 0.45. Only GO terms/pathways with p < 0.01 were selected.

2.4. Prognosis-Related RBPs and the Interaction with TFs

After combining the expression levels of the hub genes with the survival status and
follow-up time, a univariate Cox proportional regression analysis was used to determine
the hub genes related to overall survival in the training cohort. The association between the
expression level of significant survival-related genes and DETFs was assessed by Pearson
correlation analysis. A correlation coefficient of ≥0.4 and p-value of ≤0.05 were set as the
cut-off criteria. The Cytoscape ClusterViz plug-in [35] was employed to identify biological
network modules between RBPs and TFs.

2.5. Establishment and Validation of an RBP-Associated Prognostic Risk Model (RPRM)

The survival-related genes were subjected to penalized multivariate Cox proportional
hazard survival modeling by an algorithm for variable selection based on L1-penalized
Least Absolute Shrinkage and Selection Operator (LASSO) regression [36]. The process
of prognostic model construction was repeated for the combination of parameter values
for 1000 iterations. Subsequently, the resulting models were combined through cross-
validation. The risk score formula for each sample was calculated as follows:

Risk score = β1 ∗ Exp1 + β2 ∗ Exp2 + βi ∗ Expi

where β represents the coefficient value, and Exp represents the gene expression level.
Subsequently, A time-dependent receiver operating characteristic (ROC) curve was per-
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formed to evaluate the model performance by calculating the area under the curve (AUC).
As a result, patients were classified into high- or low-risk groups according to the median
risk score. The RBP-associated prognostic risk model (RPRM) was externally validated by
the validation cohort (GSE17679 and GSE34620) to access its generalizability. Afterwards,
we developed a nomogram-combing gene expression to improve risk stratification and
quantify the risk assessment for survival probability at one year, three years, and five years
in individual patients.

2.6. Assessment of Gene Expression Level and Prognostic Significance in RPRM

Our group had previously identified several pathways that were significantly associ-
ated with first-line treatment failure in ES [22]. Here, a single sample gene set enrichment
analysis (ssGSEA) was used to define the estimated enrichment score of the gene signature
for each sample using gene set variation analysis (GSVA) in R package [37]. Hallmark
gene sets were downloaded from the Molecular Signatures Database v7.4. Gene expression
levels in RPRM were assessed between dead and live patients. Significant genes were
cross-validated by the validation cohort and our ES RNA-seq data.

2.7. Immunohistochemistry

We investigated the expression of NSUN7 in ES tumor tissue from patients (n = 24)
who underwent standard treatment protocols (ISG/SSG III or EuroEwing99/2012 pro-
tocols) [38]. These were therapy-naive preoperative biopsies (n = 9), but if these were
unavailable for analysis, viable tumor cells from a resection specimen (n = 11) or metastatic
specimen (n = 4) were used.

Immunohistochemical staining for NSUN7 was done using a manual protocol with
a polyclonal antibody (anti-NSUN7, Product #PA5-54257 from ThermoFisher Scientific,
Waltham, MA, USA) at 1:50 dilution. Formalin-fixed paraffin embedded (FFPE) tissue
was sectioned in 4 um thick sections and deparaffinized. Antigen retrieval was performed
for 10 min in low pH (citrate). Slides were incubated with the primary antibody at 4 ◦C
overnight, followed by incubation with a biotinylated secondary antibody and signal
generation using the VECTASTAIN® Elite ABC-HRP Kit (Vector Laboratories, Burlingame,
CA, USA).

Two clinical pathologists evaluated the staining, and after agreeing on a scoring
method, the slides were scored independently in a blinded fashion. The agreement was
substantial (82.6%, Cohen’s K 0.620). There was disagreement in four cases, but consensus
was reached after a second review. The slides fit into three scoring categories:

• Negative (“Most of the tumor cells were completely negative”): >75% completely
negative, <25% with very weak cytoplasmic staining);

• Weak (“Cases exhibited a diffuse weak staining with small areas with negative or
stronger immunoreactivity”): >75% of tumor cells exhibited weak immunoreactiv-
ity); and

• Moderate (“Cases showed stronger cytoplasmic immunoreactivity in most of the tumor
cells, but smaller areas with either weaker or negative immunoreactivity were some-
times observed”): >75% of the tumor cells showed moderate cytoplasmic reactivity.

Since the number of patients was limited, the staining groups were compared in two
different fashions: all groups (negative vs. weak vs. moderate) or simplified (negative vs.
positive).

2.8. Statistical Analysis

Normally distributed variables were analyzed with an unpaired two-tailed Student’s
t-test, whereas a Mann–Whitney U test or a Wilcoxon rank-sum test was used for non-
normally distributed variables. The relationship between the parameters was evaluated
using the Spearman rank correlation coefficient. A log-rank test Kaplan–Meier curve and a
Cox proportional hazard regression were performed for survival analysis using the R pack-
age “survminer” and “survival”. Additionally, L1-penalized LASSO regression and ROC
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curves were conducted using the R package “glmnet” and “pROC”, respectively [39–41]. R
version 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria) was used to execute
all statistical tests and plots.

3. Results
3.1. Data Preprocessing of the ES Dataset

Data from 155 ES patients with complete follow-up and expression data from GSE61355,
GSE63156, GSE34620, and GSE17679 were bioinformatically pretreated to remove batch
effects. The 15,016 overlapping genes across the four GEO datasets are depicted in the Venn
diagrams in Figure S1A. Data before and after normalization were carefully inspected by
principal component analysis (PCA), suggesting the batch effect was successfully removed
using ComBat (Figure S1B,C). In addition, the gene expression profiles were visualized in
box plots to show the impact on batch effect removal (Figure S1D,E).

3.2. Identification of DERBPs in ES Patients and Transcriptional Subtypes

To investigate how RBPs affect the prognostic significance in ES, we compared the gene
expression between dead and alive patients using the Wilcoxon rank-sum test (p < 0.05)
in the training cohort. This analysis identified 22 DERBPs, and the consensus k-mean
clustering on the 22 RBP signatures clearly divided ES patients into three main subtypes
with clustering stability decreasing for k = 2 to 6 (Figures 1A and S2). They were clustered
into RS1 (n = 32), RS2 (n = 42), and RS3 (n = 11) with distinct prognostic differences.
Interestingly, patients in Cluster 1 had the best clinical prognosis, whereas patients in
Cluster 3 had the poorest (log-ranktest, p < 0.05) (Figure 1B). Following this, a heatmap
visualized the expression levels of 22 RBPs in three RBP subtypes with survival status,
where most were RS3s dominated by down-regulated transcripts (Figure 1C). Among
1542 RBPs quantified in 85 ES patients with two comparisons (RS1 vs. RS2, RS1 vs. RS3),
377 (24.4%) were significantly down-regulated, and 374 (24.3%) were significantly up-
regulated in RS3 compared to RS1; 150 (9.7%) were significantly down-regulated, and
137 (8.9%) were significantly up-regulated in RS2 compared to RS1 (Wilcoxon rank-sum
test, FDR < 0.05; Figure 1D). A total of 90 overlapping up-regulated and 125 overlapping
down-regulated DERBPs were identified by the two comparisons and selected for further
analysis (Figure 1E).

3.3. Functional Enrichment Analysis and PPI Network of DERBPs

Among the DERBPs, we wanted to identify the key components using co-variation
analysis. Functional enrichment analysis was performed for the 218 overlapping DERBPs:
90 up-regulated, 125 down-regulated, and 3 with distinct expression profiles. Gene ontol-
ogy (GO) biological process and REACTOME pathway analyses were applied to clarify the
DERBP gene function. As shown in Table S1, most of the DERBPs were enriched in the GO
categories of RNA metabolism (i.e., RNA processing, RNA metabolic process, and RNA
catabolic process) and protein metabolism (i.e., translation, ribonucleoprotein complex
assembly). In addition, enrichment analysis of the REACTOME pathways revealed that
RNA metabolism and mRNA splicing and translation were mostly enriched for DERBPs
(Table S2). The GO term/pathway network is shown in Figure 2A,B (p < 0.01). Next, we
built a high-confidence PPI network that contained 171 nodes (genes) and 1234 edges,
which were selected for further analysis. To identify the top 50 hub nodes, the cytoHubba
plug-in was applied, and key genes were selected from the PPI network according to the
MCC score (Figure 2C). Detailed gene descriptions and connectivity degrees of the top
15 hub genes are shown in Table S3. EIF4A3 was identified as having the largest number of
edges interacting with 54 other genes, followed by POLR2F and SRSF1.
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3.4. Prognosis-Related RPBs and the Regulatory Network

To investigate the prognostic significance of these 171 RBPs involved in the PPI
network, a univariate Cox regression analysis was performed from which 29 prognostic-
associated hub RBP genes were obtained: 12 having favorable factors with a hazard ratio
(HR) of <1, and 17 having risk factors (HR > 1) (Figure 3A).

Next, we identified DETFs across the three RSs to explore the regulatory mechanisms
of these RPBs. We found 144 TFs significantly expressed in RS3 compared to RS1, and 28 TFs
significantly expressed in RS2 compared to RS1 (FDR < 0.05). The overlapping 18 DETFs in
the two comparisons were then selected (Figure 3B). A heatmap was constructed to indicate
their expression levels in three subtypes with survival status (Figure 3C). We consequently
created a regulatory network based on these 18 TFs and our 29 prognosis-related RPBs.
A correlation score of more than 0.4 and p < 0.01 were set as the cut-off values. The TF-
based regulatory network topology was grouped into three clusters through the ClusterViz
plug-in in Cytoscape. Notably, the schematic clearly illustrated the regulatory relationships
among these TFs and RBPs (Figure 3D, Table S4).
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3.5. Construction and Validation of the RPBs-Associated Prognostic Risk Model (RPRM)

After identifying the 29 prognosis-related RBPs, 1000 iterations of LASSO-penalized
multivariate modeling were constructed, which led to 10 features with a non-zero, coefficient-
based-risk model called RPRM (Figure 3E,F). We then computed the RPRM for each patient
based on the risk score formula. The ROC curve exhibited significant prognostic perfor-
mances for the AUC (1-year, 3-year, and 5-year OS predictions were 0.960, 0.915, and 0.817
in the training cohort and 0.745, 0.700, and 0.792 in the validation cohort, respectively
(Figures 3G and 4D). The samples in both the training and validation cohorts were sub-
sequently separated into high- and low-risk groups according to the median risk score.
Assessments of the survival of the two groups by Kaplan–Meier estimates showed that
high-risk patients had a significantly worse overall survival than the low-risk patients in
both cohorts (p < 0.001) (Figure 4A,E). Moreover, the distribution of risk score, survival
time, and survival status of each patient is illustrated in Figure 4B. Among the 10 significant
genes in the risk model, NSUN7, RPL15, ZCCHC6, DCP1B, and GPATCH8 were associated
with a favorable prognosis, while DDX23, STRAP, PRDX1, RPL6, and DCAF13 were con-
sidered to be risk factors (Figure 4C). Subsequently, a nomogram combining these genes
was generated, and each patient was assigned a series of scores corresponding to all of the
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involved genes. Then the 1-, 3-, and 5-year survival probabilities were projected to the final
sum of the scores (Figure 4E).
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Since our group previously revealed that a series of pathways (e.g., apoptotic process,
PI3K pathway, RNA splicing, rRNA metabolic process, glycolysis) were significantly
associated with first-line treatment failure in ES patients, we performed an ssGSEA analysis
in 50 hallmark gene sets to determine the relationship between pathway-enrichment and
risk scores (Table S5). As shown in Figure 4G, 23 hallmark gene sets were significantly
enriched between high- and low-risk patients, in which only protein secretion and bile-acid
metabolism was positively associated with better prognosis. A total of ten overrepresenting
gene sets are illustrated in Figure S3A (−log10(FDR) > 3). Notably, positive correlations
between the risk and ssGSEA scores in high-risk patients were shown in 16 gene sets
(p < 0.05) (Figure 4H, Table S6), where the reactive oxygen species pathway, increased UV
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response, and glycolysis represent the top three highest correlation coefficients (p < 0.001;
r = 0.67, 0.61, and 0.60, respectively) (Figure S3B–D).
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3.6. Validation of the Prognostic Value and Expression of the RBPs Involved in RPRM

To further assess the independent prognostic value of each key RBPs in ES, the Kaplan–
Meier estimates were used to evaluate the relationship between these key RBPs and OS. As
a result, six gene expressions (DCP18, DDX23, GRATCH8, NSUN7, RPL6, and ZCCHC6)
were identified as being significantly associated with OS in the training cohort: high
(≥median) and low (<median). A total of four of these were beneficial to prognosis, and
two were associated with poor outcomes (p < 0.05) (Figures 5A and S5). The Kaplan–Meier
plots of the other remaining four genes are shown in Figure S4 (p > 0.05). Additionally, we
found that the expression level of DDX23, RPL6, and NSUN7 were significantly correlated
with survival status (Wilcoxon rank-sum test, p < 0.05, Figure 5B), but only NSUN7 could
be verified (log-rank test, Wilcoxon rank-sum test, p < 0.05, Figure 5C,D).
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Figure 5. Validation of the prognostic and expression value of the RBPs involved in RPRM in
training cohort (A). Kaplan–Meier curves show the overall survival in training group with high-
risk and low-risk subgroups by DDX23, NSUN7, and RPL6, based on the median value of these
genes, respectively. (p < 0.05). (B). The expression levels of three significant genes in the training
group by survival status. The Wilcoxon rank sum test was used to compare the differences between
groups. * p < 0.05. (C). Kaplan–Meier curves show overall survival in validation group with high-risk
and low-risk subgroups by DDX23, NSUN7, and RPL6 based on the median value of these genes,
respectively. (D). The expression levels of DDX23, RPL6, NSUN7 in validation group by survival
status. The Wilcoxon rank sum test was used to compare the differences between groups. ** p < 0.01,
ns: no significant.

The immunoreactivity of NSUN7 was scored as negative (n = 8), weak (n = 6) or
moderate (n = 10) in 24 patients (Table S7). The proportion of negative cases was higher
in pre-treated tissue (7/15) than in therapy-naïve (1/9) biopsies, which may indicate
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that NSUN7-negative cells are more resistant to treatment. In the therapy-naive biopsies,
5/9 cases were classified as good responders according to the treatment protocol (<10%
viable tumor cells after treatment), and in the post-therapy specimens, only 2/11 were
good responders. We found a significant association between NSUN7 immunoreactivity
and overall survival (Fisher’s exact test, p = 0.0069, Figure 6A) and that NSUN7 negative
cases had a shorter overall survival compared to positive ones (log-rank test, p = 0.044,
Figure 6B). From the preoperative biopsies, only a single patient died (scored as negative
for NSUN7). The prognostic association across three comparisons (negative vs. weak vs.
moderate) are shown in Figure S6 and Figure 6C (chi-square test, p = 0.0084; log-rank test,
p = 0.101).
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Figure 6. Examples of histology imaging and follow-up in patients with ES. (A). Comparison of the
survival status and the NSUN7 IHC scores in 24 ES patients (Fisher’s exact test). (B). Kaplan–Meier
curve shows the overall survival of NSUN7 positive and negative in the subgroup of IHC staining.
(C). Comparison between NSUN7 immunoreactivity in negative, weak, and moderate scoring at
100× and 400× magnification.

These results strongly suggest that NSUN7 may be an important biomarker for ES
therapy resistance and that the absence of immunoreactivity may be a prognostic marker.

4. Discussion

Our group had previously reported an association between RBP expression and
treatment resistance in Ewing sarcoma [22]. Here, we sought to evaluate the putative
relationship between RBPs and patient outcome in four previously published transcriptome
datasets. We identified three RBP-related transcriptional subtypes that were significantly
associated with overall patient survival. We constructed and validated a 10-gene prognostic
risk model that showed good clinical applicability as a prognostic marker for ES patients.
Finally, one individual transcript in the model (NSUN7) was validated on a protein level in
a separate cohort.
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It is well known that RBPs are critical for various biological processes. Perhaps not
surprisingly, we identified 171 prognostic-associated RBPs that were mostly enriched in
RNA (mRNA, ncRNA, rRNA) metabolism, splicing, and translation, and these were similar
to our previous findings from the RNA-sequencing of a single Ewing sarcoma cohort. Dif-
ferential expression between the three RBP-related subtypes also identified 18 transcription
factors that significantly co-varied with the 171 RBPs, potentially identifying the regulatory
network that define the three RBP subtypes. While many of the identified transcription
factors were described as central to cancer development (including SMARCB1, MAZ,
EZH1 and H2AFX), none had an established role in ES, likely due to the limited number of
functional studies of this tumor type.

Current chemotherapy protocols can cure a significant proportion of ES patients, but
progression under chemotherapy is likely to drive resistance mechanisms. It may therefore
be valuable to identify patients with a high likelihood of limited treatment response to
offer alternative therapies in clinical trials. Since our 10-gene prognostic model was based
on patients with current treatment regimes, our model could be used to identify patients
who are at a high risk of death and who derive little benefit from current chemotherapy
protocols.

When considering each gene in the model, only six were significantly associated with
patient outcomes in the training cohort. The expression levels of three (DDX23, RPL6, and
NSUN7) were related to survival status, but only NSUN7 was validated as an individual
marker, which may be related to the semi-quantitative nature of immunohistochemistry
protocols. While this may sound disheartening, it should be interpreted as meaning
that multiple gene analyses are required to create a functional prognostic panel for ES.
For comparison, validated and implemented prognostic panels for breast cancer contain
~50 genes [42].

Consistent with our previous findings, we also found that cancer-related pathways
were mostly activated in the ES samples with high-risk scores. Of these, high expression
of hypoxia-inducible factor 1 α (HIF1α) emerged as an novel hallmark pathway, which
was described to be correlated with a hypoxic tumor microenvironment in ES [43]. These
findings are in line with the well-known prognostic value of serum lactate dehydrogenase
(LDH) in ES patients [44].

5. Conclusions

In summary, this study identified three distinct RBPs signatures in ES. Through DERBP
stratification, an RPRM risk model was constructed and validated to be a potential prog-
nostic factor for ES patients. Major limitations of this study should be noted, including a
relatively small sample size (155 patients) and the lack of detailed clinical characteristics
for many of the cases. However, our results provide a strong rationale for the contin-
ued investigation of RBPs since they seem central to chemotherapy resistance and ES
patient outcomes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13153736/s1, Figure S1. GEO data processing and normalization (A). A Venn diagram
illustrates the overlap of the genes across the four involved GEO datasets of ES. (B,C). The PCA
plots show the overall GEO data profiles of GSE17679, GSE34620, GSE61355, and GSE61366 before
and after removing batch effect, respectively. (D,E). The box plots show the expression profiles of
GSE17679, GSE34620, GSE61355, and GSE61366 before and after removing batch effect, respectively.
Figure S2. Consensus matrices of identified clusters (k = 2, 4–6); Figure S3. (A). The distribution of
significant gene sets enriched in high-risk patients at cutoff with −log10 (FDR) > 3. (B–D). Violin
plots show the correlation between risk score and enrichment scores of reactive oxygen species
pathway, UV response up, and glycolysis, respectively. Figure S4. Kaplan-Meier curves show the
overall survival in training group with high-risk and low-risk subgroups by DCF13, PRDX1, RPL15,
and STRAP, based on the median value of these gene expression levels, respectively. (p < 0.05).
Figure S5. (A). Kaplan-Meier curves show the overall survival in training group with high-risk
and low-risk subgroups by DCP1B, GPATCH8, and ZCCHC6, based on the median value of these
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gene expression levels, respectively. (p < 0.05). (B). The expression levels of DCP1B, GPATCH8, and
ZCCHC6 in training group by survival status. The Wilcoxon rank sum test was used to compare the
differences between groups. * p < 0.05. Figure S6. (A). Comparison of the survival status and the
NSUN7 IHC scores (negative vs. weak vs. moderate) in 24 Ewing sarcoma patients (Fisher’s exact
test). (B). Kaplan-Meier curve show the overall survival of NSUN7 (negative vs. weak vs. moderate)
in the subgroup of IHC staining. Table S1. The top 15 GO biological processes of DERBPs in ES.
Table S2. The top 15 REACTOME pathways of DERBPs in ES. Table S3. The top 15 hub genes with
the highest degree of connectivity in the PPI network. Table S4. Correlations between RBPs and TFs.
Table S5. ssGSEA scores of 50 Hallmarks and risk score in training cohort. Table S6. The correlations
between risk score and 23 significant hallmarks. Table S7. IHC scoring and corresponding clinical
characteristics in 24 Ewing sarcoma patients’ cohort.
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Simple Summary: Melanotic Neuroectodermal Tumor of Infancy (MNTI) is a very rare neoplasm
that most commonly develops within maxilla in infants. It usually has a benign clinical course and is
treated with only surgery. However, patients with large, inoperable, metastatic or multiply recurring
MNTI may require systemic treatment. The role of pre- and post-surgery chemotherapy (CHT) in
the management of MNTI is unclear. Here, we have presented the disease courses and outcomes
of four infants treated with multidrug CHT due to inoperable/recurrent MNTI. Additionally, a
systematic literature review was performed which revealed 38 similar cases in the last 42 years. Most
children with primarily inoperable MNTI responded to CHT, which allowed physicians to perform
complete, non-mutilating delayed surgery. However, it is still uncertain whether CHT administered
after incomplete resection of MNTI prevents recurrence. This study aimed to contribute to the
establishment of standards of management in patients with inoperable, metastatic or persistently
recurring MNTIs, which are currently lacking.

Abstract: Melanotic Neuroectodermal Tumor of Infancy (MNTI) is a very rare pediatric neoplasm
of neural crest origin. In most cases, it develops in infants as a localized tumor of the maxilla, and
surgery is usually curative. In less than 10% of patients with inoperable, metastatic or persistently
recurring MNTI, chemotherapy (CHT) may be considered; however, its role is still unclear. The aim
of our study was to assess the efficacy of CHT in children with large, inoperable, metastatic and/or
recurrent MNTI. Four such infants, treated with CHT in Polish and German centers of pediatric
oncology, were presented. Additionally, a systematic literature search of the PubMed/MEDLINE,
Scopus and Web of Science databases was performed, yielding 38 similar cases within the last 42 years.
Neoadjuvant CHT, based mainly on the protocols for neuroblastoma, was often effective, allowing
for complete delayed surgery in most cases. However, the role of adjuvant CHT in preventing
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recurrences after incomplete resection of MNTI remains unclear. Disseminated inoperable MNTI
was almost universally associated with poor response to CHT and unfavorable outcome. Further
investigations to elaborate standards of management in patients with inoperable, metastatic or
persistently recurring MNTIs are necessary to improve outcomes.

Keywords: melanotic neuroectodermal tumor of infancy; inoperable; metastatic; recurrent; chemotherapy;
adjuvant; neoadjuvant; systemic treatment

1. Introduction

Melanotic neuroectodermal tumor of infancy (MNTI) is a very rare neoplasm mainly
affecting children in the first year of life, with a median age at presentation of 4.5 months [1].
The clinical manifestation of MNTI is usually a fast-growing, painless, non-ulcerated solid
mass with blue or black discoloration [2]. The tumor is localized most often in the head
and neck region, with maxilla (62.2%), skull (15.6%) and mandible (7.8%) being the most
common anatomical sites [1]. Localizations of MNTI within epididymis, extremities, ovary
and endolymphatic sac have also been reported [3–10].

For many years, the origin of the tumor remained unclear and different theories were
proposed, including odontogenic, retinal, neuroepithelial and neural crest derivation of the
neoplasm [11]. This uncertainty is reflected in the many different names that have been
used to describe this entity, including melanotic progonoma, congenital melanocarcinoma,
pigmented epulis, melanoameloblastoma, retinal anlage tumor, pigmented tumor of the jaw
of infants and others. Histochemical, biochemical and ultrastructural studies performed in
recent decades have confirmed that MNTI belongs to the group of neoplasms originating
from neural crest cells [12–14].

MNTI consists of two different populations of cells, often arranged in nests, cords,
sheets and pseudo-glandular structures, embedded in fibro-collagenous stroma. One of
the cell types are relatively large epithelioid cells resembling melanocytes, usually staining
positive for both epithelioid and selected melanocytic markers. The second are small,
round blue undifferentiated cells with neuroepithelial phenotype [2,15–17].

WHO 2017 “Head & neck tumors classification” defines MNTI as a locally aggressive,
rapidly growing tumor [18,19]. In localized disease, surgery is a mainstay of treatment and,
if performed radically, it is usually curative. In case of a local recurrence, which occurs in
15–20% of cases, the recommended treatment strategy is the repeated complete excision of
the tumor [20].

Several cases of malignant MNTI with aggressive clinical course and presence of
distant metastases have been described in the literature [21–24]. In such cases, as well as
in primarily inoperable or persistently recurring MNTI, the optimal treatment strategy is
uncertain. Since radical excision without severe mutilation is usually not possible, and
radiotherapy (RTX) should not be proposed to young infants, a systemic treatment has to
be considered. However, due to the rarity of the disease, only a few guidelines regarding
the clinical management of children with inoperable, metastatic, or recurrent MNTI have
been established to date, and the role of chemotherapy (CHT) as a neoadjuvant or adjuvant
treatment has yet to be fully determined [20].

In this work, we presented four infants with inoperable and/or recurrent MNTI
requiring systemic treatment. A systematic review of the literature regarding all cases of
MNTI treated with CHT was also performed to evaluate the efficacy of CHT in MNTI.

2. Case Reports
2.1. Patient 1

A 2-month-old female infant was admitted due to a fast-growing tumor of the right
side of the maxilla, disfiguring the right cheek, nose and upper lip. The first symptoms
occurred when the girl was 6 weeks old, when a tooth within the hard palate surrounded
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by a small, hard, non-painful bulge was found by the mother (Figure 1). It was diagnosed
by a GP as a neonatal tooth and a decision was made to wait and see. However, during the
next two weeks, the mass rapidly increased in size. Magnetic resonance (MR) displayed
a pathological, well defined, solid mass measuring 23 × 22 × 18 mm, located within the
alveolar process on the right side of the maxilla, reaching the midline. The bud of the
right incisor was visible within the mass. The tumor bulged outside in the region of the
nasal alar and invaginated into the mouth. No evidence of destruction of the hard palate,
penetration into the orbital or nasal cavities and no evidence of enlarged lymph nodes (LN)
were found (Figure 2).
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Figure 2. Patient 1: an axial T2-weighted MR scan shows well-defined pathological solid mass
originating from the alveolar process of the right maxilla.

The tumor was resected in the otolaryngology department; however, clear margins
were not achieved. The histopathological examination revealed MNTI with typical mor-
phology and immunophenotype (Figure 3). Three weeks after the surgery, a local recurrence
was observed and the patient was referred to the department of Pediatric Oncology. MR
revealed a mass measuring 16.5× 16.5× 22 mm visible in the postoperative area (Figure 4).
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The mass was invading the nasal concha and reaching the medial angle of the right eye;
however, it did not penetrate into the orbit. Because the tumor was deemed unresectable
without severe mutilation, a neoadjuvant CHT was introduced to reduce its size and extent.
The patient received several courses of CHT according to the protocols for neuroblastoma
(NBL) and sarcoma. The responses to particular courses of CHT varied (Table 1) but
eventually, after eight courses, a partial regression of the tumor was achieved which en-
abled its complete non-mutilating resection. No recurrence was observed within 4.5 years
post treatment.
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Figure 3. Patient 1: histopathological examination of MNTI. (A) Neoplastic tissue surrounding developing tooth with a root
resorption (HE, 40×); (B) Tumor composed of small hyperchromatic and bigger epithelioid pale cells’ islands embedded
in mesenchymal stroma (HE, 400×); (C) Nests of small neuroectodermal cells rimmed with brown melanocytic cells (HE,
400×); (D) Pan-cytokeratin expression in epithelial population (CKAE1.AE3, 400×); (E) Synaptophysin staining with
different intensity (synaptophysin, 200×); (F) Melanocytic marker HMB-45 within the pigmented cells (HMB-45, 200×);
(G) Proliferative index up to 15% (Ki-67, 200×); (H) SOX10 nuclear expression within the tumor (SOX10, 200×).
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Table 1. Chemotherapy in patient 1.

Type of Treatment Cytostatic Drugs Number of Courses Response

neoadjuvant CADO (cyclophosphamide, vincristine,
doxorubicin) 1 stable disease

(tumor growth stopped)

neoadjuvant VP-16 + Carbo (etoposide + carboplatin) 2 minor partial response→
slow tumor progression

neoadjuvant I2VAdr (ifosfamide, vincristine,
doxorubicin with dose reduction to 3/4) 1 stable disease

neoadjuvant I2VE (ifosfamide with dose reduction to
2/3, vincristine, etoposide) 1 stable disease

neoadjuvant CADO (cyclophosphamide, vincristine,
doxorubicin) 1 stable disease

neoadjuvant VP-16 + Carbo (etoposide + carboplatin) 1 minor partial response

neoadjuvant CO (vincristine, cyclophosphamide) 1 minor partial response

2.2. Patient 2

A 6-month-old girl was admitted due to visible facial asymmetry involving the left
nasal region. The diagnostic imagings revealed the tumor within the left maxilla, which
was then resected subtotally in a regional hospital. Based on histopathological examination,
the diagnosis of MNTI was made. After two months, a local recurrence was diagnosed and
the girl was referred to the department of Pediatric Oncology. The surgical excision of the
relapse was performed but, once again, it proved incomplete. This time the histopatho-
logical assessment revealed malignant histological features of MNTI. One month after the
surgery, the girl presented with the second local recurrence. She was qualified for treatment
according to the protocol for skeletal Ewing sarcoma (ES) (Table 2). After six courses of
VIDE, the tumor regressed substantially, which allowed for the delayed resection of the
remaining mass. Unfortunately, the surgery did not ensure clear margins. Therefore, the
child was given adjuvant CHT (8 courses of VAC) postoperatively. She finished therapy in
complete remission of MNTI. However, seven months later, the girl was diagnosed with
a second malignancy: acute lymphoblastic leukemia (ALL). She was treated according
to the ALL IC-BFM 2009 protocol and was qualified for allogeneic hematopoietic stem
cell transplantation (allo-HSCT). Currently, she is alive without evidence of disease with
a follow-up of over 4 years after the end of ALL therapy. Genetic testing for germline
pathogenic variants predisposing to cancer was not performed.

Table 2. Chemotherapy in patient 2.

Type of the Treatment Cytostatic Drugs Number of Courses Response

neoadjuvant VIDE (vincristine, ifosfamide,
doxorubicin, etoposide) 6 partial response

microscopically incomplete (R1) resection of the tumor

adjuvant VAC (vincristine, dactinomycin
cyclophosphamide) 8 no recurrence

ALL treatment (chemotherapy
+ allo-HSCT)

vincristine, daunorubicin,
L-asparaginase, cyclophosphamide,
ifosfamid, cytarabine, inthrathecal

cytarabine, intrathecal metothrexate,
doxorubicin, 6-mercaptopurin,

6-tioguanine, vindesine, etopozide

>2 years of treatment no recurrence of ALL
and MNTI

ALL = acute lymphoblastic leukemia; allo-HSCT = allogeneic hematopoietic stem cell transplantation.
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2.3. Patient 3

A 3-month-old female was admitted to the clinic due to an enlarging occipital tumor.
The lesion was visible at birth, and the parents noticed that its size increased within the
following weeks. During a routine checkup, a muscular weakness of the lower extremities
was observed in the child, which led to CT and MR of the central nervous system (CNS).
The imaging studies showed a suboccipital mass measuring 40× 40× 31 mm with epidural
infiltration (Figure 5). It was compressing the spinal cord (C1-C3) and was located directly
adjacent to the vertebral arteries. A biopsy followed by histopathological examination
was performed, revealing the diagnosis of MNTI. Because of the rapid tumor growth,
neoadjuvant CHT was started according to NBL protocol NB2004 (Table 3). In the second
course of CHT, an accidental overdosage of doxorubicin happened and the next planned
course of CHT was cancelled. Instead, a watch and wait policy was applied. The volume
of the tumor was stable for three months, but then a slow progression occurred. Due to
the high local tumor extension, only a partial resection was possible. The remaining mass
was still compressing the spinal cord; thus, three further courses of CHT, not including
anthracyclines, were administered. A follow-up echocardiography performed a year
after treatment completion revealed anthracyclin-induced cardiomyopathy. The remaining
tumor mass did not change in size for the next three years, but then a slow progression of the
tumor was noted in the MR. Therefore, the current indication for RTX is under discussion.

Cancers 2021, 13, x FOR PEER REVIEW 7 of 21 
 

 

 

Figure 5. Patient 3: a sagittal T1-weighted MR scan shows large, suboccipital, mainly extracranial 

pathological solid mass compressing the spinal cord (C1–C3). 

Table 3. Chemotherapy in patient 3. 

Type of the 

Treatment 
Cytostatic Drugs 

Number of 

Courses 
Response 

neoadjuvant 
N4 (vincristine, cyclophosphamide, 

doxorubicin) 
1 stable disease 

neoadjuvant 

N4 (vincristine, cyclophosphamide, 

doxorubicin—accidental 

overdosage) 

1 

stable disease→

watch&wait→slow 

progression 

partial resection of the tumor 

adjuvant N5 (cisplatin, etoposide, vindesine) 1 not assessed 

adjuvant 
N6 (vincristine, dacarbazin, 

ifosfamide, without doxorubicin) 
1 stable disease 

adjuvant N5 (cisplatin, etoposide, vindesine) 1 

stable disease→

follow-up 

→progession 

2.4. Patient 4 

A 4-month-old female was admitted due to a fast-growing tumor of the right maxilla, 

dislocating the nasal septum. An MR was performed, showing a solid 10 × 10 mm, well 

Figure 5. Patient 3: a sagittal T1-weighted MR scan shows large, suboccipital, mainly extracranial pathological solid mass
compressing the spinal cord (C1–C3).

122



Cancers 2021, 13, 3872

Table 3. Chemotherapy in patient 3.

Type of the Treatment Cytostatic Drugs Number of Courses Response

neoadjuvant N4 (vincristine, cyclophosphamide,
doxorubicin) 1 stable disease

neoadjuvant N4 (vincristine, cyclophosphamide,
doxorubicin—accidental overdosage) 1

stable
disease→watch&wait→slow

progression

partial resection of the tumor

adjuvant N5 (cisplatin, etoposide, vindesine) 1 not assessed

adjuvant N6 (vincristine, dacarbazin, ifosfamide,
without doxorubicin) 1 stable disease

adjuvant N5 (cisplatin, etoposide, vindesine) 1 stable disease→follow-up
→progession

2.4. Patient 4

A 4-month-old female was admitted due to a fast-growing tumor of the right maxilla,
dislocating the nasal septum. An MR was performed, showing a solid 10 × 10 mm, well
defined, slightly lobulated mass of the frontal medial palate with an embedded tooth. No
infiltration of surrounding structures was detected. The diagnosis of MNTI was made based
on the histopathological examination of the material from tumor biopsy. Subsequently,
the resection of the tumor was performed, which was found microscopically incomplete.
Three months later, the tumor recurrence was diagnosed. It was not feasible for resection,
so CHT according to the NBL protocol NB2004 was started. After four courses of treatment
with vincristine, cyclophosphamide and doxorubicin, the tumor size stabilized (Table 4). A
second resection was performed; however, again, the tumor was not excised completely.
Since then, no disease progression has been stated for over 1.5 years.

Table 4. Chemotherapy in patient 4.

Type of the Treatment Cytostatic Drugs Number of Courses Response

neoadjuvant
N4 (vincristine,

cyclophosphamide,
doxorubicin)

4 stable disease

3. Review of the Literature
3.1. Methodology

The systematic literature review was performed according to the Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA) 2020 guidelines by searching
the publications listed in the PubMed/MEDLINE, Scopus and Web of Science databases up
to 26 April 2021 (Figure 6). The systematic search was performed by one reviewer (M.S.).
Independently, the publications were searched by N.C. and E.L. (searched up until 2016)
and M.K. (searched 2017–2021). Subsequently, all papers were verified by senior author
(E.B.). Duplicated publications were removed with the use of automatic tool (Mendeley).
Keyword search terms included: “melanotic neuroectodermal tumor of infancy”, “retinal
anlage tumor” and “melanotic progonoma” combined with terms “chemotherapy” and
“systemic treatment”. No additional search filters were applied. Additionally, the cases
of children with MNTI treated with CHT were selected manually from the four main
reviews [1,25–27]. The reference lists inserted in all publications were also searched for
additional cases. Reports published in a language other than English were excluded. The
data retrieved from each article included: age and sex of the patient, primary tumor site
and size, presence of metastases, course of treatment, details of CHT treatment, follow-up
and outcome. The demographic data of the patients were carefully analyzed to avoid
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duplication of cases. The series from literature was completed by four cases registered
in the German Pediatric Rare Tumor Registry (STEP-Registry) and the Polish Pediatric
Rare Tumors Database. Written informed consent was received from all parents at the time
of registration.

Neoadjuvant CHT was defined as a CHT introduced (either in the first-line treatment
or in the treatment of relapse) with the aim of diminishing an inoperable tumor and
enabling delayed surgery. Adjuvant CHT was defined as a CHT introduced after tumor
resection to treat residual tumor mass/avoid recurrence.
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Figure 6. Flowchart of the study selection process (according to PRISMA 2020 guidelines).

3.2. Results

The literature search yielded 54 children with MNTI treated with CHT. Among
them, two cases were duplicates [16,28] and four cases were excluded due to unclear
histology [29–32]. Eight cases were excluded due to lack of information on the cytostatic
drugs administered to patients [16,33–36] or no data on the response to CHT [37,38]. In
two patients, CHT was combined with RTX; in those cases, therefore, the response to CHT
was impossible to define [23,39]. Eventually, 42 cases were analyzed, including 38 cases
previously published in the literature and four cases of our own. CHT was given in all
cases, either as a first-line treatment (n = 24) or as a treatment after relapse (n = 18). In each
patient, the particular neoadjuvant/adjuvant CHT was analyzed only if data regarding the
response to CHT were available.

The demographic data of patients showed that the median age at diagnosis was
4 months. The anatomical locations of the tumors were: maxilla (n = 19; 45.2%), skull
(n = 9; 21.4%), mandible (n = 5; 11.9%), femur (n = 2; 4.8%), CNS (n = 2; 4.8%), orbit
(n = 2; 4.8%), epididymis (n = 1; 2.4%), suboccipital area wih an infiltration of the spinal
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canal (n = 1; 2.4%) and soft tissue of forearm (n = 1; 2.4%). Among 39 cases with known gen-
der, a clear male predilection was found (the male to female ratio was 27:12; 69.2%:30.8%)
(Table 5).

Table 5. Demographic and clinical data of the analyzed patients.

All Patients n = 42 (100%)

own cases n = 4 (9.5%)

literature reports n = 38 (90.5%)

Sex

female n = 12 (28.6%)

male n = 27 (64.3%)

unknown n = 3 (7.1%)

Median age at diagnosis (mo) 4 (range: 0–48)

Tumor site

maxilla n = 19 (45.2%)

skull n = 9 (21.4%)

mandible n = 5 (11.9%)

femur n = 2 (4.8%)

CNS n = 2 (4.8%)

orbit n = 2 (4.8%)

epididymis n = 1 (2.4%)

suboccipital area n = 1 (2.4%)

forearm n = 1 (2.4%)

Median tumor size at diagnosis (cm) 4 (range: 1–20.5)

Metastases at diagnosis

no n = 12 (28.6%)

yes n = 4 (9.5%)

lymph nodes n = 3 (7.1%)

distant metastases n = 1 (2.4%)

unknown n = 26 (61.9%)
CHT = chemotherapy; cm = centimeters; CNS = central nervous system; mo = months.

3.2.1. Chemotherapy in the First-Line Treatment of MNTI

Chemotherapy was used as a component of the first-line treatment in 24 patients with
MNTI, including one of our four patients (Table 6, Supplementary Materials Table S1).
This subgroup consisted of 14 males and 7 females (in 3 patients, no data on gender was
reported) aged between 1 day and 4 years (median age 4 months). The maximal tumor
diameter ranged from 2.3 to 20.5 cm with a median size of 6 cm. The most commonly used
CHT regimes included cyclophosphamide, doxorubicin, vincristine, ifosfamide, etoposide
and cisplatin (Supplementary Materials Table S1).
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Table 6. Summary data of the patients receiving CHT in the first-line treatment of MNTI (n = 24).

Type of CHT Number of Patients Response to CHT Outcome

adjuvant 10 (41.7%) *

after macroscopically incomplete (R2)
surgery of the primary tumor 5

CR: 2 NED: 2

PR: 1 NED: 1

SD: 2 AWD: 2*

after macroscopically incomplete (R2)
surgery of the metastatic lesion 1 PR: 1 DOD: 1

after microscopically incomplete (R1)
surgery of the primary tumor 2 NA: 2 NED: 2

after complete (R0) surgery of the
primary tumor and involved LNs 2 NA: 2 NED: 2

neoadjuvant 12 (50%) *

after biopsy of primary tumor 11

PR: 7
NED: 4

D of complications: 1
LFU: 2

SD: 3
NED: 1

AWD: 1 *
LFU: 1

PD: 1 NED: 1

after biopsy of involved LN 1 PR: 1 DOD: 1

the only treatment 3 (12,5%) *

after biopsy 3
PR: 2 AWD: 2 *

SD: 1 LFU: 1

together 24 (100%)

CR: 2
PR: 12
SD: 4

SD; SD: 1 **
PD: 1
NA: 4

NED: 13
AWD: 4 *
DOD: 2

D of complications: 1
LFU: 4

AWD = alive with disease; CHT = chemotherapy; CR = complete response; D = died; DOD = died of disease; LFU = lost to follow-up;
LNs = lymph nodes; NA = not assessable; NED = no evidence of disease; PD = progressive disease; PR = partial response; SD = stable
disease; * the numbers/percentage scores do not sum up to the summarized numbers/100% due to the overlap of the patients (details
provided in the supplementary Table S1); ** patient who underwent both neoadjuvant and adjuvant CHT.

Adjuvant CHT in the First-Line Treatment of MNTI

Ten patients with MNTI received adjuvant CHT postoperatively. In eight patients,
the preceding surgery was incomplete. In seven, it was a resection of a localized tumor
and in one patient, it was a resection of a metastatic focus [21,40–45]. Adjuvant CHT was
also given to two children with regional disease after complete resections of the primary
tumors and involved lymph nodes [22,46].

Among eight patients who received CHT after incomplete surgery, response to CHT
was assessable in six. Complete response was noted in two patients, both with MNTI of
the skull. Their CHT regimes consisted of either alternate courses of cyclophosphamide
and doxorubicin [42] or the 8-in-1 protocol for medulloblastoma [41]. In two children,
partial responses were obtained. In a child with localized MNTI of the skull, it allowed
for the second-look complete surgery [43], while in a patient with metastatic disease,
the partial response to CHT only lasted for a short time and was followed by PD [21].
Two children, including one of our patients (number 3), achieved stabilization of disease;
however, progression occurred thereafter [40].
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Two children in whom CHT followed complete resection of the tumor and involved
lymph nodes and two children who received adjuvant CHT after R1 resection are alive
without recurrences [22,44–46].

Altogether, seven of ten patients treated with adjuvant CHT did not experience
recurrence or PD, with a follow-up ranging from 10 months to 4.5 years.

Neoadjuvant CHT in the First-Line Treatment of MNTI

In 12 patients with inoperable and/or metastatic MNTI at diagnosis, the neoadjuvant
CHT was introduced. The diagnosis was set based on a biopsy of the primary tumor
(11 patients) or of an involved lymph node (one patient).

In eight patients, partial responses to CHT were achieved, followed by delayed tumor
resections [4,43,47–52]. The surgery was complete in five patients, of whom three are alive;
one was lost to follow-up after late recurrence and one died due to acute cardiomyopathy.
Incomplete delayed resections were performed in two children, of whom one survived.
In one patient, the completeness of resection was not defined and the follow-up was not
provided [52].

Four of 12 patients did not respond well to neoadjuvant CHT (stable disease in three,
PD in one patient), however, in all of those cases, delayed surgeries were attempted [3,53,54].
Three patients survived, and one is currently being treated for late tumor recurrence.

In total, 6 of 11 patients treated with neoadjuvant CHT due to inoperable and/or
metastatic MNTI at diagnosis were disease-free at the time of publication [4,47,48,50,53,54].
One patient is alive with disease (our patient, number 3), two patients died (including
one due to acute therapy-related complications) [49,51] and three patients were lost to
follow-up [3,43,52].

CHT as the Only First-Line Treatment of MNTI

In three patients with inoperable MNTI, no tumor resection was performed. In two
of them, the disease was successfully controlled by CHT only. In one child, a subtotal
calcification of the tumor was observed during 10 months of multidrug CHT. One year
after CHT cessation, no progression occurred [55]. In another child, CHT—consisting
of etoposide and carboplatin—produced partial response with no regrowth within the
next 16 months [16]. Conversely, in one patient with a huge inoperable MNTI of the
maxilla, the response to one course of CHT composed of vincristine, cyclophosphamide
and dactinomycin was poor (10% regression). The parents refused further treatment and
the patient was lost to follow-up [56].

3.2.2. Chemotherapy in the Treatment of Recurrence of MNTI

There were 18 patients with recurrence of MNTI who were treated with CHT (Table 7,
Supplementary Materials Table S1). This group included three of our patients (numbers 1,
2 and 4). In all children, the recurrence developed after the first-line therapy composed
of surgical tumor excision. In most publications, the completeness of resection was not
specified; however, at least seven patients initially had only curettage or partial resection.
The median time from initial surgery to the first relapse was 1.5 months (range: 2 weeks–
18 months), with 16 local, one regional and one metastatic recurrence. Chemotherapy was
administered as a treatment of the first, second and third relapses in 13, three and two
patients, respectively.

The CHT regimes to treat MNTI recurrence comprised mainly cyclophosphamide,
doxorubicin, vincristine, etoposide and carboplatin (Supplementary Materials Table S2).
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Table 7. Summary data of the patients receiving CHT in the treatment of recurrent MNTI (n = 18).

Type of CHT Number of Patients Response to CHT Outcome

adjuvant 12 (66.7%) *

after macroscopically
incomplete (R2) surgery
of the recurrent tumor

4
CR: 1 NED: 1 *
PR: 2 AWD: 2
SD: 1 AWD: 1

after microscopically
incomplete (R1) surgery
of the recurrent tumor

5 NA: 5 NED: 5*

after unspecified surgery
of the recurrent tumor

3
PD: 2 DOD: 1

LFU: 1 (in progression) *
NA: 1 NED: 1*

neoadjuvant 8 (44.4%) *

after local recurrence 6

CR: 1 NED: 1*
PR: 3 NED: 3*
SD: 1 AWD: 1
PD: 1 NED: 1*

after regional/metastatic
recurrence

2
PR: 1 LFU: 1 (in progression) *
PD: 1 DOD: 1

together 18 (100%)

CR: 2
PR: 2
PR; PD: 1 **
PR; NA: 1 **
SD: 2
PD: 4
NA: 6

NED: 11 *
AWD: 4
DOD: 2
LFU: 1*

AWD = alive with disease; CHT = chemotherapy; CR = complete response; DOD = died of disease; LFU: lost to
follow-up; LN = lymph nodes; NA = not assessable; NED = no evidence of disease; PD = progressive disease;
SD = stable disease; * the numbers/percentage scores do not sum up to the summarized numbers/100% due to
the overlap of the patients (details provided in the supplementary Table S2); ** patients who underwent both
neoadjuvant and adjuvant CHT.

Adjuvant CHT in the Treatment of Recurrence of MNTI

Adjuvant CHT was used in 12 patients with recurrent MNTI; in nine cases, after in-
complete tumor excision (R1 in five, R2 in four), and in three patients with unspecified com-
pleteness of excision of the recurrence. The response to CHT was assessable in six children.
One of them achieved long-term complete response [57], two had partial response after
five and six months of CHT, respectively [24,43] and one patient achieved stabilization of
disease [39]. In two children, disease progression was stated during CHT [53,58].

In six patients, including our patient number 2, the efficacy of CHT was impossible to
evaluate as the CHT followed R1 or subtotal resections with no residual mass visible in
imaging studies. However, in all of them, no recurrence was stated and the children have
no evidence of disease with follow-ups ranging from 1 to 17 years [36,59,60].

CHT was given after resection of the first or second recurrence in nine and three
children, respectively. All but one of the patients who received adjuvant CHT in the
treatment of the first relapse had favorable outcomes [36,39,43,57,59,60]. At the time of
publication, six of these children (four R1, one R2, one not specified) were alive and free
of disease, one patient with residual disease remained stable and one child with partial
response was still in treatment. One patient who developed metastatic relapse did not
respond to CHT and was lost to follow-up with disseminated and progressive tumor [53].

Among three patients who developed two relapses each and received adjuvant CHT af-
ter resection of the second recurrence, one did not respond to CHT and died of PD [58]. An-
other patient had a partial response; however, progression of disease was stated 5 months
after cessation of CHT. After further CHT and RTX, at the time of publication, this child
was alive with disease [24]. The third patient (our patient number 2), however, was suc-
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cessfully cured of the second recurrence of maxillary MNTI. She received neoadjuvant
CHT before the resection of the recurrence followed by adjuvant CHT. However, due to the
second malignancy (ALL) which was diagnosed seven months after the completed MNTI
treatment, she underwent another oncological therapy consisting of CHT and allo-HSCT.
She has remained disease free with a follow-up of 6.5 years.

Neoadjuvant CHT in the Treatment of Recurrence of MNTI

Eight patients were reported to start therapy of relapse with CHT. It was the first,
second and third recurrence in five, one and two patients, respectively. Six patients
presented with local, one with regional and one with metastatic relapse.

Among six children with local relapses, one patient achieved complete response to
VECI protocol adapted from NBL treatment [61]. The partial response to CHT was stated
in three children, including two presented in our study. All of them underwent successful
tumor resection and remained disease free [17]. In one child (our patient number 4), CHT
followed by incomplete tumor resection led to long-term disease stabilization. One patient
developed PD during neoadjuvant CHT. Nevertheless, complete resection of the tumor
was possible [62]. All these children were alive at the time of publication, with follow-up
periods ranging from 6 months to 14 years.

Among two patients with regional/metastatic relapses, one child did not respond to
CHT. The other achieved temporary remission after CHT, but both eventually died due to
PD [53,63].

4. Discussion

The optimal management of children with repeatedly relapsing, inoperable and/or
disseminated MNTI has not yet been determined, due to the extreme rarity of this subgroup
of MNTI. The Children’s Cancer & Leukaemia Group (CCLG) Guidelines published in
2004 suggested that, in such cases, systemic CHT would be an option [20]. In this paper,
based on literature review and our own experiences, we aimed to determine the incidence
of MNTIs requiring systemic treatment and analyze the efficacy of the most frequently
used CHT regimes.

We found 54 reported cases of MNTI treated with CHT. For 38 patients, sufficient
data on cytostatic drugs, response to CHT and disease course was available. Four cases
of MNTI treated in oncological centers in Poland and Germany were added, resulting in
42 cases feasible for analysis. Three out of our four cases developed in the maxilla; however,
nearly 55% of the studied group had extramaxillary tumors. This was significantly more
frequent in comparison to children with localized MNTI, treated with surgery and/or RTX,
as reported by Rachidi et al. (34%). It seems that aggressive MNTIs tend to develop in
sites other than the maxilla. Additionally, the significant male predilection observed in
patients treated with CHT (M:F 69.2%:30.8%) stands in contrary to the almost equal gender
distribution reported in patients with localized MNTIs (M:F 57%:43%) [1].

In 2004, the CCLG proposed two CHT protocols for inoperable MNTI. Their regimen
1 consists of cyclophosphamide and vincristine and was proposed for management of
tumor recurrence occurring despite two surgical interventions. The more aggressive
regimen 2 is intended for therapy of inoperable or metastatic disease at diagnosis or in
case of no response to regimen 1. It was adapted from the protocol OPEC/OJEC for
stage 4 NBL and includes vincristine (O), cisplatin (P), etoposide (E), cyclophosphamide
(C) and carboplatin (J) [20]. However, these protocols have not been widely used. Few
authors reported successful use of regimen 1 [36,44] and only two cases of MNTI treated
with adjuvant OPEC/OJEC protocol after incomplete resection have been published since
2004 [36]. Although both latter patients survived, the effectiveness of these regimens is
difficult to assess. Various other CHT protocols have been used for inoperable/metastatic
MNTI in the last 15 years [22,24,39,45,50,51,54].

Including the aforementioned patients treated according to CCLG guidelines, 12 out
of 39 reported cases of inoperable/recurrent and/or metastatic MNTI were treated with

129



Cancers 2021, 13, 3872

protocols directly adapted from NBL treatment [36,44,45,54,60–62]. Within this group
are three of our patients, among whom one (patient number 1) responded to a regime
consisting of vincristine, cyclophosphamide and carboplatin with etoposide, successfully
used in infant NBL. Two other children (patients 3 and 4) achieved stabilization of the
disease following NB2004 regimen.

The reason for choosing regimes adapted from NBL treatment is the neural crest origin
of both MNTI and NBL. Neven at al. reported a 1p deletion and gain of chromosome
7q in one child with MNTI, indicating the genetic analogy to NBL [61]. In a subset of
children with MNTI, elevated urine concentrations of vanillylmandelic acid (VMA) and
homovanillic acid (HVA) have been observed, similarly to NBL [21,22,51]. Moreover, the
component of neuroblast-like cells within MNTI has been suggested to be responsible
for the aggressiveness of the tumor. In some cases of MNTI, the small, round blue com-
ponent significantly predominated over epithelioid cells in metastatic lesions, whereas
in the primary tumor, the two components were balanced. [46,58]. In cases evaluated
histologically both before and after CHT, the CHT resulted in almost complete reduction of
the small round blue cell component of MNTI; however, the reduction of epithelioid cells
was poor [4,62].

Accordingly, the efficacy of NBL-derived protocols in MNTI treatment seems to be
satisfactory. Notably, all six patients treated with adjuvant CHT after R1 resections (two in
first-line treatment, four in relapsed tumor) experienced no recurrence [36,44,45,60]. The
neoadjuvant CHT adapted from NBL treatment was used in the treatment of primary
tumor and relapses in two and four patients, respectively. The responses varied; how-
ever, all patients were alive at the time of publication (all but one underwent delayed
surgery) [54,61,62].

In our patient number 2, a CHT protocol for ES was successfully used as both neoadju-
vant and adjuvant treatment of recurrent maxillary MNTI. In five other children, the name
of the regimen was not mentioned, but the chemotherapeutic combinations were probably
also adapted from ES treatment [22,50,55–57]. The cellular origin of ES has not been fully
determined. Some authors have suggested neural crest derivation similar to MNTI [64].
Consequently, several MNTI cases were found to express CD99, a marker used in diagnosis
of ES group tumors [3,45,65,66]. In a series of children with MNTI, CD99 was expressed in
one out of eight tumors and was associated with malignant behavior [15].

In our analysis, the efficacy of MNTI treatment based on ES regimes was difficult to
assess due to the small number of cases. Excluding our aforementioned patient, two other
children were treated with adjuvant CHT. One of them had no recurrence after R0 resection
of primary tumor and metastatic LNs [22]. Another child treated with CHT after R2
surgery of recurrent MNTI demonstrated complete response [57]. Among three patients
who underwent neoadjuvant CHT adapted from ES protocol in the first-line treatment, one
achieved PR and two had stable disease [50,55,56]. Therefore, in general, the efficacy of
regimes adapted from ES treatment seems to be acceptable in MNTI.

Some patients with MNTI were treated according to the protocols for other pediatric
solid tumors. Creytens et al. reported the successful use of neoadjuvant CHT according
to the RMS 2005 protocol, which resulted in a significant response allowing for delayed
complete tumor resection [4]. Another patient had a partial response to a protocol for
high-risk soft tissue sarcomas; however, progression occurred 5 months after the end
of treatment [24]. Our patient number 1 also received two courses of CHT based on the
Cooperativen Weichteilsarkom Studiengruppe (CWS)-2006 protocol for soft tissue sarcomas
(I2VAdr and I2VE), which produced stabilization of tumor size. Two other children with
MNTI of the pineal region and skull were treated according to the 8-in-1 protocol used
in the treatment of malignant intracranial tumors. In one patient, after subtotal surgery,
a complete response and no recurrence after 10 months were observed [41]. In another,
the CHT followed partial resection and resulted in stabilization of the tumor, lasting for
nine months after cessation of treatment [40]. Response of MNTI to CHT meant for other
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pediatric solid tumors may result from the use of similar cytostatic drugs (e.g., vincristine,
doxorubicin) in these neoplasms.

In order to optimize therapeutic approaches to MNTI, several attempts were made to
find genetic connections of MNTI to other malignancies. Gomes et al. revealed BRAFV600E
mutation in one of three analyzed cases of MNTI which may indicate further options
for targeted therapy [67]. Moreover, a case of fibular MNTI with a germline CDKN2A
loss-of-function mutation was also described. Since inherited CDKN2A mutations are
associated with familial melanoma syndromes and the epithelioid MNTI cells are supposed
to be immature melanocytes, it was suggested that the genetic rearrangement might be
partially responsible for the development of MNTI in this particular patient [66]. However,
none of these discoveries has yet been translated into clinical management of the tumor.

Most children with inoperable/recurrent and/or metastatic MNTI analyzed in this
study were treated with CHT administered preoperatively (neoadjuvant CHT) and/or
after surgical attempts (adjuvant CHT).

In children with inoperable or incompletely resected primary MNTI or MNTI relapse,
neoadjuvant CHT seems to be promising. In eight out of 12 children who underwent neoad-
juvant CHT in the first-line treatment, partial tumor shrinkage was stated [4,43,47–52]. This
enabled physicians to perform delayed surgery, which was complete in 5 out of 8. More-
over, two children were successfully treated for MNTI with CHT only. In these patients,
the CHT was probably intended to be neoadjuvant but, eventually, the delayed surgeries
were not performed [16,55]. Both patients were alive at the time of publication without
further progression or recurrence. It seems, therefore, that in the subset of children with
initially inoperable MNTI in whom complete or good partial response to CHT is observed,
long-term remission may be achieved even without performing delayed resection. This
approach may reduce possible mutilation; however, the risk of progression/recurrence
after treatment with CHT only is difficult to determine.

Among eight children in whom neoadjuvant CHT was used as a first treatment of
relapse, one patient achieved complete response to NBL VECI protocol [61], while four
others (including two of our patients) achieved partial response. This allowed for delayed
non-mutilating surgeries [17,53].

However, the final outcome did not always correlate with response to neoadjuvant
CHT. After complete delayed surgery following good response to CHT of primary MNTI,
2 out of 5 patients died due to recurrence or complications [43,49]. Conversely, 2 out of
4 children who did not respond to CHT survived after delayed surgery, independent of
its completeness [53,54]. In relapsed MNTI, complete delayed resection was achieved in a
patient who did not respond to CHT [62].

Adjuvant CHT is usually the only available therapeutic option in patients with macro-
scopic tumor masses or metastases remaining after surgery, especially when reoperation is
not possible. However, it seems to be beneficial only in a subset of cases. Adjuvant CHT
following initial partial (R2) resection of MNTI was effective in 3 out of 6 patients [42,43,68].
Among four patients who underwent CHT after partial (R2) resection of relapse, one
achieved complete response, one partial response, and one was still in treatment at the
time of publication [24,43,57].

Most authors agree that adjuvant CHT might prevent recurrence in patients with
microscopically positive surgical margins (R1), high mitotic rate, aneuploidy and unfa-
vorable location of MNTI [21,44,45,49,60]. In our study, however, only seven such cases
were reported (two in the first-line treatment and five after recurrence) [36,44,45,60]. Lack
of visible tumor in imaging studies makes it impossible to assess the response to CHT.
However, in all the children undergoing adjuvant CHT, no recurrence was noted after
follow-ups of 1 to 17 years. On the other hand, the recurrence rate of MNTI does not
clearly correlate with the radicality of surgery or the use of adjuvant chemotherapy [1,16].
There are numerous reports on uneventful courses of MNTI after R1 or subtotal surgery
with no adjuvant treatment [16,36]. Moreover, several cases of spontaneous regression or
calcification of the macroscopic residual MNTI were noted [48,54,69]. However, a recently
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published systematic review including 429 MNTIs of maxilla and mandible, suggests
that the risk of recurrence increases when only curettage of the tumor is performed [18].
Therefore, it would be of great value to identify the subset of patients with high risk of
relapse of MNTI after R1 surgery, which would benefit from adjuvant CHT. One significant
factor predicting the risk of relapse is the patient’s age at diagnosis. In children diagnosed
within the first 2 months of life, the recurrence rate is the highest, while in those beyond
4, 5 months of age it is minimal [1]. Most recurrences occur within the first 4 weeks after
surgery and the risk of regrowth decreases with time, with only anecdotal reports of recur-
rences developing more than six months after completion of treatment [25]. In our study
group, among 18 patients who were treated with CHT due to relapse of MNTI, the median
age at diagnosis was 3 months, as compared to 4 months in the whole study group.

The localization of the primary MNTI may also be a risk factor for relapse. The
recurrence rate was found to be higher in MNTIs affecting the mandible (33.3%) and the
skull (31.8%), than in maxillary (19.3%) and intracranial (12.5%) tumors [25]. However, this
tendency was not observed in the group of patients treated with CHT for recurrent MNTI,
as the relapsed tumors were localized predominately in the maxilla (n = 13; 72.2%), skull
(n = 3; 16.7%), mandible (n = 1; 5.6%) and orbit (n = 1; 5.6%).

No clear histological or biological markers of malignancy or recurrence in MNTI
have been reported to date. Aneuploidy was suggested to be a negative prognostic factor,
since two such cases reported by Pettinato et al. recurred within 1 month. However, the
recurrences were observed in the diploid tumors as well [18,70]. Some authors implied
that the presence of necrosis and mitotic figures may be associated with a malignant course
of disease [53]. Still, these features have also been found in benign tumors [65]. Based on a
single case, Barrett et al. suggested that a high Ki-67 proliferation marker and the presence
of CD99 expression could indicate aggressive clinical behavior of MNTI [15]. However,
the Ki-67 status assessed in 36 cases of maxillary/mandible MNTIs did not correlate with
recurrence rate [18] and the CD99 expression was also reported in typical MNTIs, with
benign histologies and outcomes [2,65].

Thus, in spite of various attempts, it is currently impossible to reliably assess the risk
of recurrence based on clinical characteristics of MNTI. In our opinion, adjuvant CHT may
be considered in children in whom the tumor has been removed incompletely, particularly
in those within the first two months of life, when the recurrence risk is the highest and the
use of radiotherapy is avoided. However, the potential short- and long-term adverse effects
of cytostatic drugs in young infants should be carefully taken under consideration. Choi
et al. reported the death of a patient with MNTI due to cardiomyopathy during treatment
including doxorubicin [49]. Therefore, the risk-to-benefit ratio should always be carefully
evaluated for each patient with MNTI before adjuvant CHT is given.

There seems to be a group of patients with MNTI who respond poorly to CHT,
regardless of which cytostatic drugs and protocols are used. Two out of three patients in
whom distant organ metastases were present at diagnosis or were detected during the
course of treatment succumbed to the disease or were lost to follow up in PD [21,53]. The
only patient with leptomeningeal dissemination of recurrent MNTI who was alive with
disease three years following treatment responded to salvage RTX treatment [24]. Among
four children with metastases limited to LN, the outcome was good in two patients who
underwent complete excision of the main mass and involved LN, followed by adjuvant
CHT [22,46]. However, two other patients in whom radical surgery was not feasible,
died of disease despite long, multimodal treatment [51,63]. It suggests that the presence of
inoperable disseminated disease is associated with poor response to CHT and, subsequently,
with unfavorable outcomes.

The optimal follow-up regimen for patients with MNTI after surgical resection has
not yet been established. In patients with maxillary or mandibular tumors, almost all
local and regional recurrences were reported to occur within 6 months after resection.
Therefore, it has been suggested to perform regular and frequent clinical and ultrasound
examinations [1]: weekly in in the first month after surgery, every second week for the next
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3 months and once a month for the following 6–12 months. It would also be important to
perform MR of the resected tumor area every 3 months during this time period.

In patients with MNTI localized within the skull or CNS, relapses may occur later,
even years after primary surgery [25]. Moreover, in the analyzed group, all three patients
with distant metastases of MNTI had primary tumors located in the skull or CNS and
developed intracranial metastases (in one case, disseminated via ventriculoperitoneal
shunt) [21,24,53]. This may indicate a greater (but still very small) risk of dissemination in
children with MNTI in these locations. Therefore, it may be suggested that patients with
CNS/skull MNTI should undergo regular surveillance with MR of the head for at least
5 years after treatment. As no other locations of distant metastases of MNTI have been
described in recent decades, it seems that routine follow-up imaging examinations of the
chest, abdominal cavity and pelvis are not necessary.

In children with inoperable, metastatic and/or multiply relapsing MNTI who were
treated with CHT—either neoadjuvant or adjuvant—the follow-up examinations should
additionally include regular clinical, laboratory and imaging assessment of the renal, liver,
eye, hearing and cardiac function. The risk of second malignancy should also be considered
and properly addressed.

5. Conclusions

There are no established guidelines for optimal management in children with inopera-
ble, metastatic or repeatedly recurrent MNTI. In such cases, CHT may be administered on a
neoadjuvant and/or adjuvant basis. Considering the biological similarity of neuroblast-like
components of MNTI and NBL, CHT adapted from NBL treatment protocols has been used
most frequently with beneficial outcomes. Neoadjuvant CHT is usually effective, allowing
physicians to perform delayed complete and non-mutilating surgery in a large subset of
patients. Our review and own experiences indicate that CHT may be considered in a child
with MNTI not feasible for initial tumor resection; however, significant awareness of severe
complications is needed.

The role of adjuvant CHT in preventing recurrences after subtotal excision of MNTI
remains unclear. The presence of inoperable disseminated disease is almost universally
associated with poor response to CHT and unfavorable outcomes. Further investigations
on the histological and molecular features of MNTI are required to adjust the treatment to
the biology of the tumor and search for new targeted therapies. International collaborative
studies with unified standards of management of children with inoperable, metastatic
or persistently recurring MNTI and prospective enrollment in national or international
databases are mandatory if we are to improve the knowledge and the prognosis of children
with these rare types of MNTI.

6. Limitations of the Study

This retrospective study had several limitations. First, the analyzed group of patients
is relatively small and heterogenous, so it is difficult to undoubtedly determine the exact
efficacy of neoadjuvant and adjuvant CHT in the treatment of MNTI. Moreover, the defi-
nitions of response to CHT (partial response, stable disease, progression) have not been
consistent and clearly defined between reports.

Additionally, some of the studies included in our analysis were published a few
decades ago. Thus, we cannot exclude that, in a subset of analyzed patients, the tumor
would nowadays be pathologically classified as a neoplasm other than MNTI.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/cancers13153872/s1, Table S1: Detailed data of the patients treated with chemotherapy in the
first-line treatment of MNTI; Table S2: Detailed data of the patients treated with chemotherapy in the
recurrence of MNTI; Supplementary material S3: Systematic literature search protocol.
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Simple Summary: The treatment of osteosarcoma and Ewing sarcoma, the two major types of
malignant bone tumors in children, has progressed considerably during the last decades, with more
patients becoming long-term survivors. This improvement has resulted in an increasing number
of patients with long-term adverse health consequences from the life-saving treatment. The aim
of this study was to provide a detailed, comprehensive overview of somatic diseases that require
hospitalization in long-term survivors of osteosarcoma and Ewing sarcoma. This study contributes
new insights into the risk of somatic late effects in survivors of osteosarcoma and Ewing sarcoma
which are urgently requested by pediatric oncologists, researchers, and by survivors and their
families. The study provides an essential basis for the development of preventive intervention
strategies and for optimal patient counseling and follow-up care, which all contribute to improving
the health and quality of life in survivors.

Abstract: Survivors of malignant bone tumors in childhood are at risk of long-term adverse health
effects. We comprehensively reviewed cases of somatic diseases that required a hospital contact in
survivors of osteosarcoma and Ewing sarcoma. In a population-based cohort study, 620 five-year
survivors of osteosarcoma (n = 440) or Ewing sarcoma (n = 180), diagnosed before the age of 20 years
in Denmark, Finland, Iceland, and Sweden during 1943–2008, were followed in the national hospital
registers. Overall rates of hospital contacts for any somatic disease and for 12 main diagnostic groups
and 120 specific disease categories were compared with those in a matched comparison cohort
(n = 3049) randomly selected from the national population registers. The rate of hospital contact for
any somatic disease was 80% higher in survivors of malignant bone tumors than in comparisons
and remained elevated up to 30 years after diagnosis. The rate of hospital contacts was higher after
Ewing sarcoma (rate ratio (RR) 2.24; 95% confidence interval (CI) 1.76–2.85) than after osteosarcoma
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(RR 1.67; 95% CI 1.41–1.98). Elevated rates were observed for 11 main diagnostic groups, including
infections, second malignant neoplasms, and diseases of the skin, bones, and circulatory, digestive,
endocrine, and urinary systems. Survivors of malignant bone tumors in childhood are at increased
risk of somatic diseases many years after diagnosis. This comprehensive study contributes new
insight into the risk of late effects in survivors of osteosarcoma and Ewing sarcoma, which is an
essential basis for optimal patient counseling and follow-up care.

Keywords: childhood malignant bone tumors; survivorship; late effects; somatic disease; cohort
study

1. Introduction

Osteosarcoma and Ewing sarcoma are the commonest primary malignant bone tumors
in children and adolescents, accounting for approximately 6% of all childhood cancers [1,2].
The commonest site for both tumors is the extremities, but more Ewing sarcomas than
osteosarcomas occur in the axial skeleton [1,2]. Chemotherapy and surgery are the primary
therapy for osteosarcoma, as the tumor is not responsive to radiation at conventional
doses [2]. The chemotherapeutic agents used in the treatment of osteosarcoma include
cisplatin, doxorubicin, and high-dose methotrexate, and those for Ewing sarcoma are
mainly vincristine, ifosfamide, doxorubicin, etoposide, actinomycin D, and cyclophos-
phamide [1–3]. Ewing sarcoma is controlled locally with surgery, radiation therapy, or a
combination of the two [1]. Previously, most bone tumors in the extremities were managed
by amputation, however, advances in high-dose chemotherapy and in surgical techniques
have made limb salvage the leading surgical procedure [2].

Survival after osteosarcoma and Ewing sarcoma diagnosed in childhood improved
significantly with the introduction of chemotherapy in the 1970s, from 25% and 10% before
use of chemotherapy, respectively, to 60–70% [1,2]. Improved survival has resulted in
increasing numbers of patients with long-term adverse health effects of the tumors and
their treatments.

The majority of previous studies of somatic late effects in survivors of malignant bone
tumors in childhood addressed either exclusively the overall risk of adverse health effects
and health care use [4–6] or the risk of one or a few specific somatic late effects, especially
secondary cancers [7–20]. Only a few studies [21–23] evaluated the risks of survivors of
childhood malignant bone tumors for hospitalization for conditions in a wide range of
main diagnostic groups, including infections, neoplasms, and diseases of the endocrine,
circulatory, nervous, respiratory, digestive, and genitourinary systems. None of the studies
reported risk estimates for subtypes of malignant bone tumors or for specific underlying
disease categories.

In order to provide a detailed, comprehensive overview of somatic diseases that
require hospital contact in long-term survivors of malignant bone tumors, we followed all
children with a malignant bone tumor diagnosed in the Nordic countries. High-quality
nationwide hospital registers and population registers allow long-term follow-up for
medically verified diagnoses, with virtually no loss to follow-up. This is the first population-
based cohort study that provides relative rates of hospital contacts for the full range of
main diagnostic groups in survivors of osteosarcoma and Ewing sarcoma and relative and
absolute rates for 120 specific disease categories in survivors of childhood malignant bone
tumors.

2. Materials and Methods
2.1. Survivors of Malignant Bone Tumors and Comparison Cohort

The study was conducted within the large Nordic population-based research program
Adult Life after Childhood Cancer in Scandinavia (ALiCCS) [24], which comprises all
children in the Nordic countries with cancer diagnosed before the age of 20 years from the
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start of the national cancer registries in the 1940s and 1950s until 2008. In accordance with
the International Classifications of Childhood Cancer (ICCC) [25,26], 1661 children were
registered with a primary malignant bone tumor in Denmark, Finland, Iceland, or Sweden
in the ALiCCS cohort. Subsequently, 101 children were excluded because the morphology
code of their tumor was not for a bone tumor or was for an unverified cancer, leaving
1560 children with a malignant bone tumor.

Since the start of population registries in the Nordic countries (Denmark, 1968; Finland,
1971; Iceland, 1955; Sweden, 1968), all residents have been assigned a unique personal
identification number which allows accurate linkage of information across nationwide
registers of health, migration, and vital status for all residents of the Nordic countries, with
virtually no loss to follow-up.

Five comparisons for each cancer survivor were selected at random from the popula-
tion registers and matched to survivors by sex, age, and country (Denmark, Finland, and
Iceland) or county (Sweden). The vital and migration status of survivors and comparisons
was obtained from the national population registers. Comparisons had to be alive on the
date of the cancer diagnosis of the corresponding survivor and without a cancer diagnosis
before 20 years of age. A total of 7796 comparisons from the general population were
matched to the 1560 survivors of a malignant bone tumor. After relevant exclusions, the
final dataset comprised 620 five-year survivors and 3049 comparisons (Figure 1).

In order to stratify risk estimates by the major types of bone tumor, we created two
sub-cohorts consisting of survivors of osteosarcoma and of Ewing sarcoma (Supplemental
Table S1, online). Topographical sites were obtained from the cancer registries and grouped
into the categories “extremities” and “axial skeleton”.

2.2. Hospital Contacts for Somatic Diseases

By linking the cohort to the national hospital registers, we obtained a full history
of inpatient admissions and outpatient visits for somatic diseases (“hospital contacts”).
The hospital registers contain the dates of admission and discharge, a primary discharge
diagnosis, and supplementary diagnoses coded according to the International Classification
of Diseases (ICD) [27–30]. Registration by treating physicians is mandatory. To estimate
the disease burden among survivors, we grouped the diagnoses into 12 main groups
according to the ICD, further subdivided into 120 disease categories (Supplemental Table
S2, online). We included only the primary discharge diagnosis in the analyses. Information
on secondary cancers in survivors and primary cancers in comparisons was obtained from
the cancer registries, as the hospital registers do not distinguish between primary and
secondary cancers.

2.3. Statistical Analyses

Follow-up started 5 years after the date of cancer diagnosis for survivors and the
corresponding date for comparisons and ended at the date of death, migration, or the
end of the study (Denmark, 31 October 2010; Finland, 31 December 2012; Iceland, 31
December 2008; Sweden, 31 December 2009), whichever came first. As the comparisons
were restricted to individuals without a childhood cancer, follow-up for cancer (second
malignant neoplasm in survivors and first primary cancer in comparisons) did not start
until they were 20 years of age. Only the first diagnosis in each of the 120 disease categories
was retained. As the disease categories were grouped into 12 main groups, individuals
could have several diagnoses in each main group.
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Figure 1. Flow diagram showing exclusions from the cohort of malignant bone tumor survivors and the matched compar-
isons cohort. * Information on inpatient admissions was available from the start of the hospital registers (Denmark, 1977; 
Finland, 1983; Iceland, 1999; Sweden, 1968), and outpatient visits were available for Denmark from 1995 and for Sweden 
from 2001. ** Individuals diagnosed more than 5 years before the start of the hospital registers were excluded to avoid a 
gap in information on the history of hospital contacts and to ensure accurate rates of hospital contacts. 

Figure 1. Flow diagram showing exclusions from the cohort of malignant bone tumor survivors and the matched compar-
isons cohort. * Information on inpatient admissions was available from the start of the hospital registers (Denmark, 1977;
Finland, 1983; Iceland, 1999; Sweden, 1968), and outpatient visits were available for Denmark from 1995 and for Sweden
from 2001. ** Individuals diagnosed more than 5 years before the start of the hospital registers were excluded to avoid a gap
in information on the history of hospital contacts and to ensure accurate rates of hospital contacts.
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Rate ratios (RRs) and 95% confidence intervals (CIs) for hospital contacts were calcu-
lated in marginal rates models [31] with age as the underlying time scale and allowing each
individual to have several hospital contacts during follow-up. To account for recurrent
hospital contacts for some individuals, a sandwich estimator was used for variance. We
compared the overall rates of hospital contacts for any disease in the cohort of all sur-
vivors and in survivors of osteosarcoma and Ewing sarcoma with the rate in the matched
comparisons. Rates were stratified by sex, age at diagnosis (0–14; 15–19 years), period of
diagnosis (1961–1969; 1970–1979; 1980–1989; ≥1990), years since diagnosis (5–9; 10–19;
≥20), and cancer site (extremities, axial skeleton). RRs for hospital contacts were also
calculated for the 12 main diagnostic groups. Estimates were calculated for all survivors of
a malignant bone tumor and for osteosarcoma and Ewing sarcoma separately. RRs and rate
differences for the 120 disease categories were calculated in unadjusted Poisson models for
all survivors of a malignant bone tumor and matched comparisons.

The cumulative incidence of first hospital contact was estimated by accounting for
death as a competing event and with year since diagnosis or entry as the underlying time
scale. To compare the disease burden of survivors and of comparisons, we calculated
the mean cumulative count of all first hospital contacts in the 120 disease categories. The
cumulative incidence and the mean cumulative count were calculated for all survivors of a
malignant bone tumor and for survivors of osteosarcoma and Ewing sarcoma separately.

Statistical analyses were performed in R version 3.6.1 and Stata version 14.2. The
study was approved by the national bioethics committees, the data protection authorities,
or the national institute for health and welfare in the respective countries.

3. Results

The survivor cohort consisted of 440 (71.0%) patients with osteosarcoma and 180
(29.0%) with Ewing sarcoma. Table 1 summarizes key characteristics of survivors and
comparisons.

Table 1. Characteristics of the cohort of malignant bone tumor survivors overall, of the sub-cohorts of osteosarcoma and
Ewing sarcoma, and of the matched comparison cohort.

5-Year Survivors of Malignant Bone Tumors Comparisons
All

N (%)
Osteosarcoma a

N (%)
Ewing Sarcoma

N (%) N (%)

Overall 620 (100.0) cb 440 (100.0) 180 (100.0) 3049 (100.0) c

Country
Denmark and Iceland 145 (23.4) 92 (20.9) 53 (29.4) 699 (22.9)

Finland 176 (28.4) 146 (33.2) 30 (16.7) 870 (28.5)
Sweden 299 (48.2) 202 (45.9) 97 (53.9) 1480 (48.5)

Period of diagnosis
1961–1979 129 (20.8) 90 (20.5) 39 (21.7) -
1980–1989 152 (24.5) 112 (25.5) 40 (22.2) -
1990–2008 339 (54.7) 238 (54.1) 101 (56.1) -

Sex
Male 338 (54.5) 234 (53.2) 104 (57.8) 1666 (54.6)

Female 282 (45.5) 206 (46.8) 76 (42.2) 1383 (45.4)
Age at diagnosis

Mean (SD) 13.7 (4.0) 14.2 (3.7) 12.3 (4.4) -
0–14 347 (56.0) 226 (51.4) 121 (67.2) -
15–19 273 (44.0) 214 (48.6) 59 (32.8) -

Cancer site
Extremities 485 (78.2) 382 (86.8) 103 (57.2) -

Axial skeleton 135 (21.8) 58 (13.2) 77 (42.8) -

SD: standard deviation; a Including osteosarcoma-like bone sarcomas treated as osteosarcoma; b The 620 five-year survivors of a malignant
bone tumor diagnosed in childhood or adolescence were followed in the national hospital registers for a median of 12.5 years (range:
0–42 years), accruing 8854 person-years. c The 3049 comparisons were followed-up for a median of 13.8 years (range: 0–42 years) and
accrued 47,478 person-years.
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A total of 537 hospital contacts were observed among the 620 survivors of a childhood
malignant bone tumor during follow-up, and survivors had an 80% higher rate of hospital
contacts for any disease than comparisons (RR 1.80; 95% CI 1.56–2.08; Table 2). After
stratification by the two major types of malignant bone tumor, a statistically significantly
higher rate (p = 0.044) was seen for survivors of Ewing sarcoma (RR 2.24; 95% CI 1.76–2.85)
than of osteosarcoma (RR 1.67; 95% CI 1.41–1.98).

The rate of hospital contacts for any disease was higher among men (RR = 2.08) than
women (RR = 1.54; Table 2). The rate of hospital contacts remained elevated throughout
follow-up, being highest 5–9 years and ≥20 years after the diagnosis.

The relative rates of hospital contacts for survivors of childhood malignant bone
tumors were increased for 11 of the 12 main disease groups (statistically significantly in
10 of 12) (Figure 2). The rate of hospital contacts for respiratory diseases (RR 0.92; 95% CI
0.68–1.22) was similar to that in matched comparisons. The highest rates were seen for
diseases of the blood and blood-forming organs (RR 5.46; 95% CI 2.20–13.59), followed by
diseases of the skin and subcutaneous tissue (RR 3.57; 95% CI 2.37–5.38) and malignant
neoplasms (RR 3.47; 95% CI 2.18–5.52). In survivors of osteosarcoma, the highest rate was
seen for diseases of the skin and subcutaneous tissue (RR 3.88), followed by diseases of
the blood and blood-forming organs (RR 3.30) and malignant neoplasms (RR 2.87). In
survivors of Ewing sarcoma, the three highest rates were observed for diseases of the blood
and blood-forming organs (RR 12.81), malignant neoplasms (RR 5.33), and diseases of the
circulatory system (RR 4.22).

The RRs for hospital contacts for the specific disease categories with more than five
hospital contacts observed among the survivors are shown in Figure 3. The highest relative
rate was observed for heart failure (RR 16), which was observed, however, in only nine
survivors (Supplemental Table S3 is a comprehensive list of numbers of hospital contacts,
RRs, and 95% CIs). Other disease categories for which the relative rate was >5 were
sepsis, erysipelas, anemias, pericardial-, myocardial-, and endocardial disease, diseases of
arteries, arterioles, and capillaries, and other disorders of the skin and subcutaneous tissue.
Stratification of the overall relative rate for respiratory diseases by specific disease category
showed higher rates for pneumonia but lower rates for acute upper respiratory infections
and other disorders of the upper respiratory tract.

Figure 3 also provides estimates of the rate difference. None of the estimates were
>4 per 1000 person-years. The main diagnostic group with the highest observed rate differ-
ence was diseases of bone, joint, and soft tissue, for which survivors of a malignant bone
tumor had 3.98 more first hospital contacts per 1000 person-years than the comparisons.
The highest rate difference of 2.38 per 1000 person-years was seen for osteomyelitis and
other diseases of bone and joint.

At 25 years after diagnosis, 49.8% (95% CI 44.6–55.0%) of all survivors of a malignant
bone tumor and 39.3% (95% CI 36.9–41.6%) of the comparisons had had at least one hospital
contact for any disease (Figure 4A), and the elevated risk persisted up to 30 years after
diagnosis. Stratification by type of bone tumor showed that 55.5% of Ewing sarcoma
survivors and 47.6% of osteosarcoma survivors had had at least one hospital contact for
any disease 25 years after diagnosis (Figure 4B).

Figure 4C,D shows the mean cumulative count, including all first hospital contacts
for the 120 disease categories. By 25 years after diagnosis, survivors of a malignant bone
tumor had had an average of 0.98 hospital contacts, and comparisons had had 0.64.
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4. Discussion

This population-based cohort study of 620 survivors of a childhood malignant bone
tumor in four countries showed an 80% higher rate of hospital contacts for somatic disease
among survivors than matched comparisons. Survivors of Ewing sarcoma had higher rates
of hospital contacts than survivors of osteosarcoma. The relative rates of hospital contacts
by survivors were higher than those by comparisons for 11 of 12 main diagnostic groups.

Our finding of a 1.8-times increased risk for a hospital contact for any disease in
survivors of malignant bone tumors is in line with the results of a study within the North
American Childhood Cancer Survivor Study (CCSS) of self-reported hospitalization by
survivors of childhood cancer, which gave a standardized incidence ratio (SIR) of 1.6
for bone cancer survivors (n = 854) [22]. In a cohort study of hospitalization of five-
year survivors of childhood, adolescent, and young adult cancer in Scotland [21], the
standardized hospitalization rate ratio (SHR) for 188 survivors of bone cancer was 3.8 for
all diagnoses combined. The increased risks for hospital contacts for infections and diseases
of the circulatory, endocrine, nervous, digestive, and genitourinary systems observed in
our study are in accordance with the results of both these studies, although they reported
markedly higher relative risks for second malignant neoplasms (SHR 10.3 and SIR 6.8) than
the RR of 3.5 observed in our study. The lower rate of second malignant neoplasms seen in
our study may be influenced by the inclusion of second malignant neoplasms occurring
only after the age of 20 years.

To the best of our knowledge, this is the first population-based comparison of the
risk of hospital contacts in survivors of osteosarcoma and Ewing sarcoma and to provide
estimates of the relative and absolute rate of hospital contacts for 120 disease categories
in survivors of malignant bone tumors. The rate of hospital contacts was higher among
survivors of Ewing sarcoma than of osteosarcoma for most of the main diagnostic groups,
including second malignant neoplasms, diseases of the circulatory system, infections, and
diseases of the blood and blood-forming organs. The higher rates seen in survivors of
Ewing sarcoma is probably due to the more frequent location in the axial skeleton and
the use of radiation therapy for local control. Radiation of the chest is a well-established
risk factor for cardiovascular disease [32] and for second malignancies such as sarcomas
occurring in the radiation field [13].

Heart failure was the specific disease category with the highest relative rate, which
is most likely attributable to the use of the cardiotoxic drug doxorubicin in the treatment
of both osteosarcoma and Ewing sarcoma. The elevated risk for pericardial, myocardial,
and endocardial disease is also likely to be related to doxorubicin and/or radiation therapy
with the heart in the radiation field. Both limb-salvage surgery and amputation often
require several surgical revisions over time to maintain a functional limb or in case of
prosthesis-related infection, loosening, or breakage [1,2]. The highest rate difference was
seen for osteomyelitis and other diseases of bone and joint, which is probably related to
complications of endoprosthesis.

Cancer of the breast was the second malignant neoplasm with the highest relative rate
in female survivors in our study, which could be related to both radiotherapy to the chest
and chemotherapy. The majority of second malignancies reported in survivors of Ewing
sarcoma are acute myeloid leukemia, myelodysplastic syndrome and sarcomas in the
radiation field and secondary malignancies observed in osteosarcomas include leukemia,
breast, lung, kidney, central nervous system, and colon cancer [2]. Most cases of leukemia
in survivors of malignant bone tumors occur within five years from diagnosis [2], which
explains why they were not captured in our study. The highest rate of hospital contacts
of survivors was seen for diseases of the blood and blood-forming organs, especially
anemias, which might be in line with the fact that hematological abnormalities in survivors
of osteosarcoma have been previously documented even a long time after treatment [33].

The similar rates of hospital contacts of both survivors and comparisons for the main
diagnostic group respiratory diseases were a result of a higher rate of pneumonia, but lower
rates of acute upper respiratory infections and other disorders of the upper respiratory
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tract. Both the Scottish study [21] and the CCSS study [22] found elevated estimates of
2.1 and 2.9 for respiratory and pulmonary diseases but provided no information on the
relative risks for specific respiratory diseases.

The major strengths of this study include the population-based design and the high-
quality nationwide hospital registers in the four countries, with medically verified dis-
charge diagnoses. Moreover, as 70% of the survivors in this study who were alive five
years after diagnosis survived to 40 years of age, we were able to investigate long-term
somatic late effects. The matched comparison cohort was selected at random from the
Nordic population registers, providing unbiased rates of hospital contacts by the general
population. In addition, the survivor cohort was restricted to those with full follow-up in
the national hospital registers to prevent gaps in information and ensure accurate rates of
hospital contacts.

The major limitation of the study is the lack of information on treatment, which
prevented investigation of the association between specific cancer treatment and risk of
somatic late effects. Further, only morbidity serious enough to require a hospital contact
was included, and less serious morbidity treated by a general practitioner in primary
healthcare was not captured. Some of the relative risk estimates for Ewing sarcoma had
high uncertainty because of the few survivors and events in this sub-group.

5. Conclusions

Survivors of malignant bone tumors are at increased risk of hospital contacts for
somatic diseases, and the elevated risk persists up to 30 years after diagnosis. The rates
of hospital contacts were increased for 11 of 12 main diagnostic groups. Survivors of
Ewing sarcoma had higher rates of hospital contacts than survivors of osteosarcoma. This
comprehensive population-based study provides detailed information on, and new insight
into, the risk of late effects in survivors of childhood malignant bone tumors, which serves
as an essential basis for patient counseling and for ensuring optimal follow-up care.
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survivors compared with the matched comparisons.
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Simple Summary: Rhabdomyosarcoma (RMS) is the most common soft-tissue sarcoma in children,
and there is a critical need to develop efficacious and tolerable anticancer therapies against this
aggressive disease. To uncover druggable RMS-associated tumor antigens, we analyzed the cell
surface protein repertoire in RMS tumor cells and normal tissue. We identified several surface
proteins highly enriched in RMS, including the immune checkpoint molecule B7-H3. A further
analysis using patient specimens showed that B7-H3 is overexpressed in most of RMS tumors and
weakly or not detected in normal organs. Interestingly, we found that B7-H3 depletion was associated
with higher immune cell killing activity against tumor cells. In line with this, high B7-H3 tumor
expression was associated with lower CD8 T-cell density. Our study reveals novel RMS-associated
proteins for the development of targeted therapies. In addition, we demonstrate that targeting B7-H3
function can pave the way for the design of new immunotherapies in the treatment of RMS.

Abstract: Novel therapeutic strategies are needed for the treatment of rhabdomyosarcoma (RMS), the
most common soft-tissue sarcoma in children. By using a combination of cell surface proteomics and
transcriptomic profiling of RMS and normal muscle, we generated a catalog of targetable cell surface
proteins enriched in RMS tumors. Among the top candidates, we identified B7-H3 as the major
immunoregulatory molecule expressed by RMS tumors. By using a large cohort of tissue specimens,
we demonstrated that B7-H3 is expressed in a majority of RMS tumors while not detected in normal
human tissues. Through a deconvolution analysis of the RMS tumor RNA-seq data, we showed
that B7-H3-rich tumors are enriched in macrophages M1, NK cells, and depleted in CD8+-T cells.
Furthermore, in vitro functional assays showed that B7-H3 knockout in RMS tumor cells increases
T-cell mediated cytotoxicity. Altogether, our study uncovers new potential targets for the treatment
of RMS and provides the first biological insights into the role of B7-H3 in RMS biology, paving the
way for the development of next-generation immunotherapies.

Keywords: rhabdomyosarcoma; targeted therapies; cell surface proteomics; B7-H3

1. Introduction

Rhabdomyosarcoma (RMS) is the most common childhood soft tissue sarcoma, with
nearly 20% of patients presenting with locally aggressive and/or metastatic disease [1].
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RMS is classified into two molecular subtypes based on the expression of the fusion gene
PAX3/7 FOXO1 [1,2]. Patients with fusion-positive RMS usually have a poorer outcome
compared to fusion-negative RMS [3]. The PAX3/7-FOXO1 fusion protein drives an onco-
genic transcriptional program, including the upregulation of genes involved in invasion,
proliferation, and survival [4]. In contrast, fusion-negative RMS does not harbor PAX3/7-
FOXO1 fusion but a variety of mutations on oncogenes, including RAS, PIK3CA, FGFR4,
and TP53 [5]. Multimodal therapies, including surgery, radiotherapy, and chemotherapy,
have been the standard care for the treatment of RMS. The current chemotherapy regimens
consist of combinations of Vincristine, Dactinomycin, and Cyclophosphamide and have
shown to improve the survival rates by 60–90% in patients with localized disease [6–8]. In
contrast, 90% of RMS-related deaths occur within two years following diagnosis and are
mostly related to disease recurrence. Importantly, long-term effects and life-threatening
complications often occur in the lifetime of RMS survivors [9,10]. This underscores the
need for effective and more tolerable therapies for the treatment of RMS.

Antibody-based therapies, including immune checkpoint inhibitors, bispecific anti-
bodies, antibody–drug conjugates, and CAR-T therapy, have transformed the therapeutic
landscape of adult cancers [11]. Antibody-based therapies have a common denominator
with the specific binding of a protein expressed on the surface of tumor cells. Cell surface
proteins are ideal targets for anticancer therapies as their accessible extracellular domain
makes pharmacological interventions more effective. To date, cell surface proteins account
for ~60% of all FDA-approved drugs [11]. Furthermore, it provides an alternative strategy
to treat tumors with undruggable intracellular oncogenic alterations that drive transcrip-
tional and translational programs, resulting in the aberrant expression of druggable cell
surface proteins [12–14]. The surface proteome is composed of cell adhesion molecules;
nutrients; metabolite transporters; immunoregulatory molecules; and growth factor recep-
tors that control cancer cell behaviors, aggressiveness, and their response to therapy. The
identification of tumor-associated surface proteins may provide important insights into
tumor biology and be further exploited as therapeutic vulnerabilities.

In this study, we employed cell surface proteomics (surfaceomics) to establish a com-
prehensive map of cell surface proteins expressed in RMS. By integrating the transcriptomic
data and proteomic data of RMS tumors and normal tissue, we revealed an RMS-specific
cell surface protein signature. Among the top upregulated proteins, we identified B7-
H3 as the major immunoregulatory molecule expressed in RMS. We found that B7-H3
mediates tumor immune evasion through functional assays and transcriptomic charac-
terization of the tumor immune landscape of RMS tumors. Our findings support B7-H3
as a therapeutic target for antibody-based therapies and provide new biological insights
on its immunomodulatory role in RMS. Finally, this study demonstrates the potential of
surfaceomics for cancer research and drug development.

2. Materials and Methods
2.1. Cells and Reagents

Human pediatric rhabdomyosarcoma cell lines SJCRH30 (RH30) (alveolar rhab-
domyosarcoma (aRMS) fusion-positive, cat# CRL-2061) and RD (embryonal RMS (eRMS),
fusion-negative, cat# CCL-136) were purchased from ATCC (Manassas, Virginia, USA). Two
normal human skeletal muscle cell lines were purchased from Lonza (Basel Switzerland)
(cat#PCS-950-010) and ATCC (cat#CC-2561). The RMS cell lines RH36 (fusion-negative)
and RH18 (fusion-positive) were obtained from Dr. Peter Houghton. The RH30 cell line
was grown in RPMI-1640 with 10% FBS (Gibco, Waltham, MA, USA) and 1-mg/mL Pen–
Strep (Gibco), the RD cell line was grown in DMEM with 10% FBS (Gibco) and 1-mg/mL
Pen–Strep (Gibco), and the normal muscle cell lines were cultured in HSkMC Growth
Medium (Cell Applications, cat#151-500, San Diego, CA, USA). The RMS-MC02 primary
cells were isolated from a resected embryonal (fusion-negative) RMS tumor (IRB #16-
006956) and cultured in DMEM-F12 (Gibco) with 10% FBS (Gibco) and 1-mg/mL Pen–Strep
(Gibco). The B7-H3 knockout RH30 cell line was generated using CRISPR/Cas-9 (Santa
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Cruz Biotechnology, sc-402032, Dallas, TX, USA), and negative selection was performed by
flow cytometry using anti-B7H3 PE (DCN.70 clone, BioLegend, cat#331606, San Diego, CA,
USA). All cell lines were maintained in an incubator with a humidified atmosphere and 5%
CO2 at 37 ◦C.

2.2. Cell Surface Biotinylation and Mass Spectrometry

A total of 5 × 107 cells from each cell line were subjected to cell surface biotinylation.
EZ-Link-Sulfo-NHS-SS-biotin (Thermo Scientific, cat#21331, San Diego, CA, USA) was
added to cultured cells for 30 min at 4 ◦C. The cells were washed with 50 mM of glycine
to quench the unbound biotin. The cells were lysed in NP-40 lysis buffer, and the biotiny-
lated cell surface proteins were affinity-purified on streptavidin magnetic beads (Thermo
Scientific, cat#88816). After stripping off the nonspecifically bound proteins by several
rounds of washing with the lysis buffer, the labeled proteins were reduced with 10-mM
TCEP (Thermo Scientific, cat#77720) for 30 min at 50 ◦C and followed by alkylation with
iodoacetamide (Thermo Scientific, 90034) for 30 min in the dark at room temperature. The
proteins were run in a SDS-PAGE electrophoresis gel and submitted for mass spectrometry
(additional information in the Supplementary Materials) [15–17].

2.3. Bioinformatic Annotation of Cell Surface Proteins

Genes encoding for the cell surface proteins were assembled from Gene Ontology
GO:0005886 (plasma membrane) and UniProt using the keywords “homo sapiens” and
“single-pass transmembrane domain” and “multi-pass transmembrane domain”.

2.4. Expression Analysis of RMS-Enriched Cell Surface Proteins in RMS Tumors and Normal Tissue

The RNA sequencing data was processed and analyzed as previously reported [5]
(GEO: GSE108022). The gene-level raw read counts matrix file was downloaded from the
GEO database, and differential expression analyses were performed using DESeq2 [18].
Specifically, the DESeq2 default parameters/methods were used to estimate the size factors,
estimate the dispersion, and perform the statistical tests. The cell surface proteins differently
expressed between RMS (n = 101) and normal muscles (n = 5), fusion-negative (n = 66) and
normal muscles, and fusion-positive (n = 35) and normal muscles with a fold change ≥ two
and adjusted p-value < 0.05 were undertaken for further analysis. To analyze the normal
tissue expression of the RMS-enriched cell surface proteins, tissue-specific transcriptomes
and proteomes were obtained from Jiang, L et al. that consisted of transcriptomic and
proteomic analyses of 201 samples from 32 tissue types of 14 normal individuals [19].
The median relative protein and RNA abundances for each tissue type were transformed
into absolute values (reversed log2) for further analysis. To identify the best therapeutic
candidates, a composite ranking of the cell surface proteins was generated, where the
cell surface proteins were ranked with equal weights based on their RNA and protein
expression in the RMS tumors and normal tissue. For tumor expression, the genes and
proteins were ranked from the most expressed to the least expressed. For normal expression,
the genes and proteins were ranked from the least expressed to the most expressed.

2.5. Deconvolution Analysis of Bulk RNA-seq

From the GSE108022 RNA sequencing data, the genes with an average RPKM value
across all samples less than 0.5 were removed, and then, the fraction of cell types (B cells,
M1 macrophages, M2 macrophages, monocytes neutrophils, NK cells, CD4 T cells, CD8
T cells, Tregs, and dendritic cells) were identified and estimated using the QuanTIseq
pipeline [20]. The RMS tumors were stratified by B7-H3 expression (25% highest and 25%
lowest), and the immune cell abundance was compared between both groups.

2.6. T-Cell Cytotoxicity Assay

Adherent RH30 wild-type and B7-H3KO cells were plated in a 96-well plate and
incubated 30 min at 37 ◦C with calcein-AM (Biolegend, 425201). The cells were then
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washed twice with Live Cell Imaging Solution (Gibco, A14291DJ) and kept in RPMI-1640
(no phenol red) supplemented with 10% HI-FBS. PBMC were isolated from the normal
donor blood apheresis cones using a Ficoll gradient and activated overnight with 5 µg/mL
of phytohemagglutinin (PHA-L; Millipore, cat#431784, Burlington, MA, USA). PBMC were
added to each well at a ratio 1:10 and 1:20 (Target:Effector). Each condition was performed
in triplicate. The calcein fluorescence was recorded every 10 min for 16 h using the EVOS
FL Auto (Thermo) system equipped with the onstage incubator set at 37 ◦C and 5% CO2.
The total number of calcein-positive cells and fluorescence intensities of intracellular calcein
were calculated for each condition. The tumor cell viability was calculated at 5 h post-
incubation. The survival index was obtained by the mean calcein fluorescence in treated
cells divided by the mean fluorescence in the control (tumor cells only). An image analysis
was performed using Fiji software (National Institute of Health, Bethesda, MD, USA).

2.7. Statistical Analysis

The normality of distribution was assessed using the Shapiro-Wilk normality test. The
Student’s t-test (parametric) and Mann–Whitney U test (nonparametric) were employed to
compare the two groups. A paired Wilcoxon test (Wilcoxon’s signed rank test) was per-
formed to analyze the data presented in Figure 6C. The results were considered significant
for p-values < 0.05. The p-values were either specified in the figure or denoted as asterisk:
* p < 0.05, ** p < 0.01, and *** p < 0.001. All data were analyzed and plotted in GraphPad
Prism 9.0.1 (San Diego, CA, USA).

Additional materials and methods for the Western blot, immunohistochemistry, and
flow cytometry can be found in the Supplementary Materials.

3. Results
3.1. Identification of Cell Surface Protein Repertoires in RMS and Normal Muscle

In order to define a set of cell surface proteins with an extracellular domain that can
serve as potential therapeutic targets in RMS, we used a combination of cell surface capture
and proteomic profiling on five RMS cell lines (three fusion-negative and two fusion-
positive) and two normal skeletal muscle cell lines (Figure 1A). The proteins expressed in
all fusion-negative and/or fusion-positive RMS cell lines by more than two-fold with a false
discovery rate <0.05 compared to normal muscle were selected as target candidates. While
the biotinylation method enriches for cell surface proteins, mass spectrometry can still
reveal the cytosolic proteins interacting with plasma membrane proteins that are considered
as “false” positives. To validate the subcellular location of the proteins identified, several
publicly available databases were interrogated (Figure S1A). Gene Ontology GO:0005886
encompassed other annotation databases by providing the most exhaustive list of cell
surface proteins. By using GO:0005886 for filtering data, we ensured not losing the true
positives. An independent transcriptomic dataset (GSE108022) of 101 RMS (66 fusion-
negative and 35 fusion-positive) and five normal skeletal muscle tissues was used to
determine the expression profiles of the genes coding for cell surface proteins identified by
mass spectrometry [5]. The publicly transcriptomic dataset Genotype-Tissue Expression
(GTEx) containing gene expression profiles of 54 different human tissues from 948 donors
was used to determine the expression of the target candidates in normal tissues. Finally, we
also included the expression of target proteins obtained from a recent large-scale proteomic
profiling of normal organs [19]. RNA and protein expression profiles in RMS and normal
tissue were used to create a composite rank and identify targetable RMS-specific/enriched
cell surface proteins.
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Figure 1. Distinct cell-surface protein signatures are identified in RMS subtypes and normal 
muscle

A) Overall representation of the bioinformatics strategy to identify highly confident RMS-enriched 
cell surface proteins by combined proteomic and transcriptomic analysis of RMS. B) Sum of TSC 
(total spectral count) and C) NSAF (normalized spectral abundance factor) for each cell line 
analyzed. D) Total protein count for each cell line. Count of proteins with the annotation plasma 
membrane is superimposed on the total protein count (black bars). E) Venn diagram showing 
number of proteins identified in all cell lines of each subtype. F) Heatmap of hierarchical clustering 
for cell surface protein data set filtered with the annotation ”plasma membrane” (GO:0005886), 
Average linkage, Euclidean distance.
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Figure 1. Distinct cell-surface protein signatures are identified in RMS subtypes and normal muscle. (A) Overall representa-
tion of the bioinformatics strategy to identify highly confident RMS-enriched cell surface proteins by combined proteomic
and transcriptomic analysis of RMS. (B) Sum of TSC (total spectral count) and (C) NSAF (normalized spectral abundance
factor) for each cell line analyzed. (D) Total protein count for each cell line. Count of proteins with the annotation plasma
membrane is superimposed on the total protein count (black bars). (E) Venn diagram showing number of proteins identified
in all cell lines of each subtype. (F) Heatmap of hierarchical clustering for cell surface protein data set filtered with the
annotation “plasma membrane” (GO:0005886), Average linkage, Euclidean distance.

Upon an analysis of the cell surface proteome by label-free mass spectrometry, sig-
nificant differences in the number of peptides (total spectral counts, TSC) were detected
between individual samples (Figure 1B). To normalize our data, we employed a normal-
ized spectral count by the protein length (NSAF), which improves the quantification of
protein abundance with label-free proteomics. Upon applying NSAF, the total spectral
counts were normalized, and no statistically significant differences the between samples
were observed (Figure 1C). A total of 5061 different proteins were found in combined
cell lines (Figure 1D). Protein identification revealed an average of 2676 proteins detected
per cell line, with hSkMC1 showing the highest number of detected proteins (3694 pro-
teins) (Table S1). From the pool of proteins identified by mass spectrometry, an average
of 1455 proteins were located at the plasma membrane (Table S2). When the filtering step
was applied with Gene Ontology GO:0005886 to tease out the proteins with incorrect sub-
cellular locations, we found an average of 31.6% of the proteins annotated as located at the
plasma membrane. The protein repertoires were heterogeneous within types of cell lines
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(Figures S1B–D and 1D). Despite sharing similarities, several proteins were found exclu-
sively in one cell line compared to the other cell lines of the same group. When diseased
and normal muscle-specific protein repertoires were compared, we identified a total of
255 proteins commonly expressed by the two normal skeletal muscle cell lines and the
five RMS cell lines (Figure 1E). We found seven and 32 cell surface proteins specifically
expressed by RMS cells and normal muscle cells, respectively. When the RMS cell lines
were grouped based on their fusion status, only one protein was exclusively expressed
in each RMS subtype. The unsupervised hierarchical clustering of the cell lines based
on the protein repertoires showed four clusters (Figure 1F). The fusion-negative RMS
cell lines RMS-MC02 and hSkMC1 segregated together, while the fusion-negative RMS
cell lines RD and hSkMC2 clustered together. Fusion-positive RH41 and fusion-negative
RH36 segregated together, and fusion-positive RH30 was separated from all other cell
lines. The proteomic profiling of the RMS cell lines and normal skeletal muscle revealed
cell type-specific surfaceome signatures, but it did not differentiate the RMS from normal
muscle and fusion-positive from fusion-negative RMS cells.

3.2. Validation of RMS-Enriched Cell Surface Proteins by Combined Proteomic and
Transcriptomic Analysis

The abundance of the cell surface proteins was compared between the normal muscle,
fusion-negative, and fusion-positive RMS cell lines. A high degree of correlation in the
protein expression was observed for the two normal skeletal muscle cell lines (Pearson’s
r = 0.7994 p < 0.0001). Among the fusion-negative and fusion-positive cell lines, posi-
tive associations were also observed, but the correlation coefficients varied from 0.2829
(fusion-positive) to 0.4736 (fusion-negative) (Figure S1E). Among the cell surface proteins
commonly expressed in fusion-negative and fusion-positive cell lines, 57 proteins were
upregulated by more than two-fold in RMS compared to normal muscle (Table S3). Simi-
larly, 85 and 99 proteins were upregulated by more than two-fold in fusion-negative and
fusion-positive RMS, respectively (Tables S4 and S5). To identify high-confidence cell
surface targets in RMS, we interrogated a transcriptomic dataset (GSE108022) that consists
of 66 fusion-negative RMS tumors, 35 fusion-positive RMS tumors, and 5 normal muscle
tissues to analyze the gene expressions of our target candidates [5]. By using a two-fold
increase and a p-value of 0.05 as the cut-off, we found that 42.1% (24 out of 57) of the
targets overexpressed in all RMS cell lines at the protein level were also increased at the
transcriptional level (Figure 2A and Table S6). When the samples were sub-grouped based
on their fusion status, 35.3% (30 out of 85) and 38.4% (38 out of 99) of the targets were
upregulated in RMS compared to normal muscle at the RNA level (Tables S7 and S8).

One major barrier to the development of effective antibody-based therapies is the
expression of tumor targets within normal tissue causing on-target, off-tumor toxicity [21].
To improve the safety and minimize the off-tumor toxicity, tumor-enriched cell surface pro-
teins must have a limited expression in normal organs. To determine which RMS-enriched
cell surface proteins may be suitable as targets for antibody-based therapies, we analyzed
their expression in normal tissues using publicly available GTEx transcriptomic and pro-
teomic datasets [19,22] (Figure 2B–D). We also included Mesothelin (MSLN), CEACAM5,
and HER2 (ERBB2), three common targets for CAR-T therapy in solid tumors demonstrat-
ing an acceptable safety profile in humans [23,24]. Among the three selected CAR-T targets,
ERBB2 was the most expressed in normal tissue at the RNA level, followed by CEACAM5
and MSLN (Figure 2B and Table S9). Many (80.3%) (41/51) of the RMS-enriched cell surface
proteins had lower normal gene expression than ERBB2. The proteomic data showed that
ERBB2 was also the most expressed protein among the three CAR-T targets (Figure 2C and
Table S10), and 49% (25/51) of the RMS-enriched cell surface proteins had a lower relative
protein expression compared to ERBB2. The least and most abundant proteins in normal
tissue were EFNA5 and MARCKSL1, respectively. A correlation analysis of the protein
and RNA relative expression in normal tissues showed that most RMS-associated surface
antigen candidates have a lower RNA expression and similar protein expression than the
three CAR-T targets (Figure 2D).
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Figure 2. Validation of RMS-enriched cell-surface proteins by combined proteomic and transcriptomic
analyses. (A) Volcano plot reporting p-values against fold changes for transcriptomic analysis of
RMS tumors and normal muscle. The red box represents significantly up-regulated genes. Relative
expression of (B) RNA and (C) protein of RMS-enriched cell-surface antigens in normal tissues
including three CAR-T targets. (D) Correlation analysis between RNA and protein relative expression
of RMS-enriched cell-surface antigens in normal tissues. Selected CAR-T targets and CD276 (B7-H3)
are represented in red and green, respectively.
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Based on the RNA and protein expression on the tumor and normal tissues of cell
surface antigens, we generated a composite rank by assigning equal weights to transcrip-
tomic and proteomic ranks of overexpressed genes and proteins in RMS (Tables 1–3). For
tumor expression, the gene and protein with the highest expression was assigned rank 1.
For normal expression, the gene and protein with the lowest expression was assigned
rank 1. A gene enrichment analysis revealed the enrichment of the proteins associated to
neurogenesis, axon guidance, and cell adhesion (Figure S2).

Table 1. Composite ranking of RMS-enriched cell-surface proteins based on combined transcriptomic and proteomic
analyses.

Entry Gene Names Gene Proteomic
RMS

Transcriptomic
RMS

Proteomic
Normal

Transcriptomic
Normal

Composite
Sum

Composite
Rank

P55283 CDH4 CDH4 1 12 1 1 15 1

P52803 EFNA5 EPLG7
LERK7 EFNA5 1 9 2 4 16 2

Q92823 NRCAM
KIAA0343 NRCAM 4 1 13 6 24 3

O60245 PCDH7
BHPCDH PCDH7 9 8 5 5 27 4

Q15375 EPHA7 EHK3
HEK11 EPHA7 18 3 7 2 30 5

Q15223 NECTIN1 HVEC
PRR1 PVRL1 NECTIN1 1 2 19 14 36 6

O14936 CASK LIN2 CASK 5 21 12 3 41 7

O60462 NRP2
VEGF165R2 NRP2 7 22 3 9 41 7

P54826 GAS1 GAS1 8 14 6 17 45 9

Q06787 FMR1 FMR1 6 15 16 11 48 10

Q16658 FSCN1 FAN1
HSN SNL FSCN1 12 5 14 19 50 11

Q6ZRP7 QSOX2
QSCN6L1 SOXN QSOX2 20 11 10 10 51 12

Q9C0H2 TTYH3
KIAA1691 TTYH3 10 7 18 16 51 12

O15020 SPTBN2
KIAA0302 SCA5 SPTBN2 14 4 20 15 53 14

P32004 L1CAM CAML1
MIC5 L1CAM 15 10 15 13 53 14

Q5ZPR3
CD276 B7H3

PSEC0249
UNQ309/PRO352

CD276 23 13 8 12 56 16

O75051

PLXNA2
KIAA0463 OCT

PLXN2
UNQ209/PRO235

PLXNA2 24 16 9 8 57 17

P09429 HMGB1 HMG1 HMGB1 11 24 4 22 61 18

Q8WXX5 DNAJC9 DNAJC9 17 18 22 7 64 19

P49006 MARCKSL1
MLP MRP MARCKSL1 16 6 24 24 70 20

Q9H910 JPT2 C16orf34
HN1L L11 HN1L 13 19 23 18 73 21

P34741 SDC2 HSPG1 SDC2 22 20 11 21 74 22

Q15691 MAPRE1 MAPRE1 19 17 21 23 80 23

Q14160
SCRIB CRIB1

KIAA0147 LAP4
SCRB1 VARTUL

SCRIB 21 23 17 20 81 24
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Table 2. Composite ranking of fusion-negative RMS-enriched cell-surface proteins based on combined transcriptomic and
proteomic analyses.

Entry Gene Names Gene Surfaceomic
RMS

Transcriptomic
RMS

Proteomic
Normal

Transcriptomic
Normal

Composite
Sum

Composite
Rank

P52803 EFNA5 EPLG7
LERK7 EFNA5 1 10 1 3 15 1

Q92823 NRCAM
KIAA0343 NRCAM 8 4 12 7 31 2

Q15223 NECTIN1 HVEC
PRR1 PVRL1 NECTIN1 1 1 19 13 34 3

O60245 PCDH7
BHPCDH PCDH7 15 11 5 4 35 4

Q9BY67
CADM1 IGSF4
IGSF4A NECL2

SYNCAM TSLC1
CADM1 1 19 9 6 35 4

P27701
CD82 KAI1
SAR2 ST6
TSPAN27

CD82 1 14 2 20 37 6

O14910 LIN7A MALS1
VELI1 LIN7A 1 17 22 1 41 7

P22455 FGFR4 JTK2 TKF FGFR4 13 3 20 9 45 8

O14936 CASK LIN2 CASK 7 26 11 2 46 9

Q8NBJ4

GOLM1
C9orf155
GOLPH2
PSEC0242

GOLM1 10 13 3 22 48 10

P54826 GAS1 GAS1 12 16 6 18 52 11

Q06787 FMR1 FMR1 9 18 15 12 54 12

Q9C0H2 TTYH3
KIAA1691 TTYH3 16 7 18 17 58 13

O15020 SPTBN2
KIAA0302 SCA5 SPTBN2 18 2 25 14 59 14

P18065 IGFBP2 BP2 IBP2 IGFBP2 1 5 24 29 59 14

P36639 NUDT1 MTH1 NUDT1 25 12 23 5 65 16

Q16658 FSCN1 FAN1
HSN SNL FSCN1 24 8 14 21 67 17

Q6ZRP7 QSOX2
QSCN6L1 SOXN QSOX2 26 24 7 10 67 17

P42574 CASP3 CPP32 CASP3 14 30 13 11 68 19

O96019 ACTL6A BAF53
BAF53A INO80K ACTL6A 30 23 8 16 77 20

P07093 SERPINE2 PI7
PN1 SERPINE2 27 15 21 15 78 21

P09429 HMGB1 HMG1 HMGB1 20 28 4 26 78 21

P62166 NCS1 FLUP
FREQ NCS1 17 9 28 24 78 21

Q8WXX5 DNAJC9 DNAJC9 21 22 27 8 78 21

P34741 SDC2 HSPG1 SDC2 28 21 10 25 84 25

Q14160
SCRIB CRIB1

KIAA0147 LAP4
SCRB1 VARTUL

SCRIB 19 25 17 23 84 26

P05067 APP A4 AD1 APP 11 29 16 30 86 27

P49006 MARCKSL1
MLP MRP MARCKSL1 23 6 30 28 87 28

Q9H910 JPT2 C16orf34
HN1L L11 HN1L 22 27 29 19 97 28

Q15691 MAPRE1 MAPRE1 29 20 26 27 102 30
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Table 3. Composite ranking of fusion-positive RMS-enriched cell-surface proteins based on combined transcriptomic and
proteomic analyses.

Entry Gene Names Gene Surfaceomic
RMS

Transcriptomic
RMS

Proteomic
Normal

Transcriptomic
Normal

Composite
Sum

Composite
Rank

P55283 CDH4 CDH4 1 17 1 1 20 1

Q58EX2 SDK2 KIAA1514 SDK2 1 6 11 4 22 2

Q96KG7 MEGF10 KIAA1780 MEGF10 15 9 1 1 26 3

O00762 UBE2C UBCH10 UBE2C 23 2 1 1 27 4

P52803 EFNA5 EPLG7 LERK7 EFNA5 1 23 4 10 38 5

P49407 ARRB1 ARR1 ARRB1 1 13 13 18 45 6

P78310 CXADR CAR CXADR 1 26 6 13 46 7

Q15375 EPHA7 EHK3 HEK11 EPHA7 22 3 17 6 48 8

Q92823 NRCAM KIAA0343 NRCAM 8 1 26 14 49 9

O60245 PCDH7 BHPCDH PCDH7 13 12 15 11 51 10

P24394 IL4R IL4RA 582J2.1 IL4R 1 21 5 31 58 11

Q15223 NECTIN1 HVEC PRR1
PVRL1 NECTIN1 1 4 35 21 61 12

P23468 PTPRD PTPRD 18 5 34 7 64 13

O60462 NRP2 VEGF165R2 NRP2 11 30 9 15 65 14

P08581 MET MET 16 36 8 12 72 15

P13612 ITGA4 CD49D ITGA4 38 22 10 5 75 16

O14936 CASK LIN2 CASK 9 33 25 9 76 17

P32004 L1CAM CAML1 MIC5 L1CAM 17 11 29 20 77 18

P52292 KPNA2 RCH1 SRP1 KPNA2 14 16 27 22 79 19

Q9P258 RCC2 KIAA1470 TD60 RCC2 26 14 12 27 79 19

Q06787 FMR1 FMR1 10 25 30 17 82 21

P54826 GAS1 GAS1 21 24 16 24 85 22

Q9C0H2 TTYH3 KIAA1691 TTYH3 19 10 33 23 85 22

Q6ZRP7 QSOX2 QSCN6L1
SOXN QSOX2 36 15 19 16 86 24

P55291 CDH15 CDH14 CDH3 CDH15 37 19 23 8 87 25

Q92974 ARHGEF2 KIAA0651
LFP40 ARHGEF2 12 20 32 26 90 26

Q16658 FSCN1 FAN1 HSN
SNL FSCN1 28 7 28 29 92 27

Q5ZPR3 CD276 B7H3 PSEC0249
UNQ309/PRO352 CD276 29 27 18 19 93 28

P54760 EPHB4 HTK MYK1
TYRO11 EPHB4 31 32 7 28 98 29

Q9BX67 JAM3
UNQ859/PRO1868 JAM3 33 18 21 30 102 30

P09429 HMGB1 HMG1 HMGB1 20 38 14 34 106 31

P49006 MARCKSL1 MLP MRP MARCKSL1 34 8 38 37 117 32

P50895 BCAM LU MSK19 BCAM 27 31 22 38 118 33

P49327 FASN FAS FASN 32 34 20 33 119 34

Q9H910 JPT2 C16orf34 HN1L
L11 HN1L 30 29 37 25 121 35

Q15691 MAPRE1 MAPRE1 25 28 36 35 124 36

P17612 PRKACA PKACA PKACA 24 35 31 36 126 37

P34741 SDC2 HSPG1 SDC2 35 37 24 32 128 38
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Using combined proteomic and transcriptomic analyses of RMS tumors and normal tis-
sue, we identified several cell surface proteins enriched in RMS and with limited expression
in normal tissue, suggesting they are potential RMS target candidates for antibody-based
therapies.

3.3. The Immune Checkpoint Molecule B7-H3 Is Upregulated in Both Fusion-Negative and
Fusion-Positive RMS

Among the cell surface proteins that were upregulated at the RNA and protein levels
in RMS compared to the normal muscle and limited expression in normal tissue, we
identified the immune checkpoint molecule B7-H3 (Tables 1–3 and Figure 2D). B7-H3
(CD276) is a member of the B7 family that consists of 10 immune checkpoint molecules,
including the well-known immunotherapeutic target B7-H1 (PD-L1) [25]. B7-H3 represents
a promising target for the treatment of RMS, because it not only appears as one of the most
upregulated cell surface antigens in tumors but, also, its immunoregulatory function may
provide novel insights on the mechanisms associated with tumor immune evasion for the
development of new immune checkpoint inhibitors.

The Gene expression profiles of the B7 molecules showed B7-H3 as the most expressed
B7 molecule in RMS, and the tumor expression was significantly higher in 100% of both
fusion-negative RMS (9.45-fold) and fusion-positive RMS (7.03-fold) (Figure 3A). The
B7-H6 gene expression was significantly increased in fusion-negative RMS. B7-H4 was
upregulated in both RMS subtypes but at a greater extent in fusion-positive RMS (p = 0.06).
Strikingly, both PD-L1 (B7-H1) and PD-L2 (B7-DC) were significantly downregulated in
RMS compared to normal muscle. The cell surface protein expression of the B7 molecules
was also assessed by flow cytometry in normal skeletal muscle cells, fusion-negative (RD),
and fusion-positive RMS (RH30) (Figure 3B). Similar findings were obtained with B7-H3
being the most expressed B7 member, with a 3.42-fold increase in RMS cells. In contrast,
PD-L1 and PD-L2 were downregulated in RMS, which corroborates with transcriptomic
data. While B7-H4 and B7-H7 were not detected on the surfaces of normal and cancer cells,
B7-H6 were weakly expressed in normal muscle and downregulated in RMS cell lines. In
the proteomic data, the B7-H6 protein was expressed at low levels in three RMS cell lines
(Table S1). A Western blot of the cell lines showed a similar increase of the total B7-H3
proteins in the RMS cell lines compared to the normal muscle (Figure 3C). We analyzed
the tissue specificity score of B7-H3 in normal tissue as described previously [19]. The
tissue specificity (TS) score defines the enrichment of B7H3 across normal tissues. A score
superior of 2.5 means a protein is tissue-enriched, and a score superior of 4 defines a tissue-
specific protein. An expression analysis in normal tissue showed a positive correlation
between the RNA and protein expression of B7-H3 (Spearman correlation ρ = 0.84), and no
tissue specificity was observed (Figure 3D).

To validate the differential expression of B7-H3 in normal tissue and RMS tumors, we
first evaluated the sensitivity and specificity of four commercial antibodies using tumor
xenografts of RMS wild-type and knockout cells for B7-H3 (Figure S3). While all antibodies
showed positive signals and well-defined membrane staining in RH30 wild-type cells, no
unspecific signal was detected with the AF1027 and EPNCIR122 antibodies (Figure S3C).
The AF1027 clone was selected for tissue staining.

We performed staining on a normal human tissue microarray and RMS tumor sections.
The tissue microarray consisted of three specimens for 32 normal tissues. No positive detec-
tion of B7-H3 was observed in normal human tissues (Figure 4A). We also analyzed B7-H3
tissue expression in a cohort of 132 RMS specimens (N = 97 patients) obtained from our in-
stitutional tissue registry (Table S11). B7-H3 expression was detected in 122/132 specimens
(91.5%) with only 10 samples (8.5%) with negative expression. The RMS tumor specimens
showed various levels of B7-H3 expression and intratumoral heterogeneity (Figure 4B). The
staining of RMS tumor cells with Myogenin and MyoD1 revealed that B7-H3 is expressed
by tumor cells and not detected in the stroma or tumor-infiltrating immune cells. The quan-
tification of B7-H3 expression did not show any statistical differences between FN-RMS
and FP-RMS. The median H-score was 60 and 80 for FN-RMS and FP-RMS, respectively.

163



Cancers 2021, 13, 4528

Furthermore, no association was observed between the B7-H3 expression and histological
or molecular subtype (Table S11). Altogether, these findings showed that B7-H3 is not ex-
pressed by normal tissue at both the RNA and protein levels, while it is strongly expressed
in most RMS tumors, regardless of the molecular subtype.
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Figure 3. Expression of the immune checkpoint molecule B7-H3 in RMS and normal tissue. (A) Normalized expression
(RPKM) of B7 molecules from RNA sequencing of normal muscle (N = 5), fusion negative (N = 66), and fusion positive
(N = 35) RMS samples. Each data point represents an individual sample. The median is noted by a horizontal bar and
significance denoted by asterisks (*** p < 0.001; ** p < 0.01; * p < 0.05; n.s., not significant, Student’s t-test). (B) Histograms
of flow cytometric analysis of B7 molecule expression in RMS and normal muscle cell lines. Bar graph shows mean
fluorescence intensity (MFI) fold change in RMS cell lines compared to normal muscle. ND indicates “not detectable”
expression (C) Western blot of B7H3 expression in 5 different cell lines. Band intensity for B7-H3 normalized on actin is
indicated for each cell line. (D) Tissue Specific (TS) score of protein and RNA expression of B7H3 in each normal tissue
(obtained from Jiang et al. [15]).

3.4. Tumor B7-H3 Overexpression Is Associated with Low Infiltration of CD8+-T Cells in RMS
Tumors and Impaired Antitumor Immune Response

B7-H3 has shown paradoxical roles in tumor immunity [26]. Described originally
as a costimulatory molecule, B7-H3 has also been linked to inhibition of the antitumor
immune response and immune evasion [27,28]. The immunomodulatory role of B7-H3 and
its relationship with tumor-infiltrating immune cells in RMS remains unknown. To address
this unmet need, we investigated the immune landscape of fusion-positive and fusion-
negative RMS by a deconvolution analysis of bulk RNA-seq data. We employed QuantiSeq,
a computational pipeline, for the characterization and quantification of 10 tumor-infiltrating
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immune cell subsets [20]. An additional population called “Other” includes nonimmune
cells such as malignant cells and fibroblasts. The relative abundance of different immune
cell subsets was determined for normal muscle, fusion-negative, and fusion-positive RMS
(Figure 5A,B). Higher proportions of monocytes, B-cells, macrophages M2, NK cells, CD4-T
cells, CD8-T cells, and regulatory T cells were observed in both fusion-negative and fusion-
positive RMS compared to normal muscle. In contrast, a higher content in neutrophils
was found in normal muscle. Monocytes, neutrophils, and CD4-T cells represented ~70%
of the immune cell content in RMS tumors, and no difference was observed between
fusion-negative and fusion-positive RMS.
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To determine the relationship between B7-H3 expression and tumor-infiltrating im-
mune cells, we measured the immune cell abundance in B7-H3-low and B7-H3-high tumors
using quartile subgroups (25% highest and 25% lowest). Regardless of the fusion status,
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B7-H3-high tumors were enriched in M1 macrophages and NK cells and depleted in CD8-T
cells and B cells (Figure 5C,D). In fusion-negative RMS only, M1 macrophages and NK
cells were significantly higher in B7-H3-rich tumors. Despite a trend toward a decrease of
CD8-T-cell abundance in B7-H3-rich tumors, it was not statistically significant (Figure 5E,F).
In fusion-positive RMS, only the infiltration of regulatory T cells and CD8-T cells were
significantly affected by B7-H3 expression, where B7-H3-rich tumors have a higher infil-
tration of Tregs and depletion of CD8-T cells (Figure 5G,H). Correlation matrices were
used to determine the degree of relationships between B7-H3 expression and the abun-
dance of different immune cell subsets (Table S12). In fusion-negative RMS, a significant
positive correlation was found between B7-H3 and M1 macrophages and neutrophils. A
moderate negative correlation was also observed between B7-H3 and M2 macrophages
and monocytes. Only CD8-T cells and B7-H3 showed a significant negative correlation in
both fusion-negative and fusion-positive RMS.

To confirm a potential association between B7-H3 and CD8-T cells, we performed a
T-cell cytotoxicity assay by coculturing activated PBMC isolated from 10 healthy donors
with RH30 wild-type or knockout cells for B7-H3 and monitored the tumor cell survival
over time. No significant difference was observed in B7-H3 knockout RH30 cells compared
to the wild type (Figure 6A). For eight out of 10 normal donors, the loss of B7-H3 was
associated with an increase in tumor cell killing (Figure 6B,C). A decrease of 34% and 45%
in tumor cell survival was observed with B7-H3 knockout tumor cells at a ratio of 1:10 and
1:20 RH30:PBMC, respectively.
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Altogether, these data show that B7-H3 tumor expression is associated with the
distinct immune composition of RMS tumors rich in M1 macrophages, M2 macrophages,
and neutrophils and depleted in T cells. In addition, B7-H3 expression in RMS is associated
with the inhibition of T-cell cytotoxic functions.
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4. Discussion

In this study, we conducted the first comprehensive characterization of the cell surface
proteome (surfaceome) of RMS tumors using cell surface capture and mass spectrometry-
based proteomics to identify new therapeutic targets. As a result of the technological
advances and reduced costs, conventional proteomics has become an attractive tool for
target discovery and therapeutic development. However, it suffers from low sensitivity
for cell surface proteins, which are significantly less abundant and soluble than cytosolic
proteins [29]. Although surfaceomic approaches have been shown to circumvent this chal-
lenge and enhance target discovery, it has not been widely adopted, as several challenges
have limited its use [30–32]. It requires a large number of starting living cells that may
complicate the use of primary cells that have a limited number of passages in 2D cultures.
Alongside the established RMS cell lines, we successfully analyzed the surfaceome of one
primary cell line cultured from a patient-derived RMS (RMS-MC02), while three other
primary cell lines did not reach the number of cells desired. Although a limited number of
cell lines have been used for surfaceomic profiling, we included a bioinformatic analysis of
publicly available transcriptomic and proteomic datasets of RMS specimens and normal
tissues to reveal high-confidence therapeutic targets for the treatment of RMS. We bene-
fited from the RNA sequencing and proteomic profiling of normal organs to determine
the basal expression of RMS-enriched surface proteins in human organs. The success of
antibody-based and cell-based therapies relies not only on the recognition of an antigen
highly expressed on tumor cells but, also, on the minimal on-target off-tumor toxicities
caused by the expression of the same antigen on normal cells [23]. By analyzing the gene
and protein expressions in RMS and normal tissue, we uncovered a repertoire of surface
antigens targetable with targeted therapies and immunotherapies.

Among the cell surface proteins enriched in FN-RMS and FP-RMS, we rediscovered
several molecules previously reported by other groups [5]. For instance, we identified the
FGFR4 receptor overexpressed in FN-RMS, which is in line with the prior observations of
FGFR4 mutation and amplification in this RMS subtype [5]. Several well-known PAX3/7-
FOXO1 target genes were also reported among the top cell surface proteins in FP-RMS,
including MET, IL4R, FMR1, and NRCAM [33]. Interestingly, FMR and NRCAM were
also upregulated in FN-RMS, suggesting similarities in the protein repertoires regardless
of the fusion status. An outstanding work from Shern et al. showed that fusion-negative
and fusion-positive RMS display common altered pathways, including the RAS/PIK3CA
axis [5]. The hierarchical clustering of RMS surfaceome signatures does not separate fusion-
negative and fusion-positive RMS, which corroborates with the previous findings. Gene
overexpression either through PAX3/7-FOXO1 activity or mutation-associated amplification
in FN-RMS may explain the high similarities in the cell surface protein repertoire of both
molecular subtypes. This is of utmost interest, as it suggests that therapeutic strategies can
be designed to target proteins commonly enriched in both RMS subtypes.

Our surfaceomic analysis also revealed new targetable RMS-enriched cell surface
proteins. Among the commonly overexpressed proteins in both RMS subtypes, we identi-
fied the cell adhesion molecule CDH4 and ephrin receptors EFNA5 and EPHA7. CDH4
(R-Cadherin) has been previously found amplified in 43.6% of osteosarcomas, and its
overexpression was associated with metastasis and a poor prognosis [34]. Similarly, CDH4
is an important driver of metastasis in glioblastoma [35]. In skeletal muscle, CDH4 has been
reported to block myogenesis process and induce myoblast transformation, suggesting a
potential oncogenic role in rhabdomyosarcoma [36]. Ephrin A5 and A7 are tyrosine kinase
receptors that both bind the ephrin A5 ligand [37]. Ephrin receptors play a large role in
embryonic and neural development [38]. In disease, Ephrin receptors and ligands can
mediate the metastatic potential of cancer cells [39]. Little is known about the exact roles
of Ephrin A5 and A7 in cancer progression. A few studies point towards a paradoxical
role with pro- and antimetastatic functions, suggesting disease-specific activity [40–42].
The identification of new RMS-enriched tumor antigens, such as CDH4, Ephrin A5, and
A7, support the clinical relevance of using surfaceomics for target discovery and drug
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development. Moreover, it provides novel biological insights into RMS pathology. Further
studies are warranted to elucidate the roles of CDH4 and Ephrin A5/A7 in RMS, paving the
way for the development of new treatments preventing disease recurrence and metastasis.

Another interesting target identified in our study is the immune checkpoint molecule
B7-H3. B7-H3 is a member of the B7 family that contains ten members, including the well-
known immune checkpoint PD-L1, the target of FDA-approved immunotherapies [25]. We
identified B7-H3 as the major B7 immune molecule expressed on the surface of RMS cells.
In our cohort of RMS specimens, only 8.55% of samples tested were negative for B7-H3, and
no difference was observed between FN-RMS or FP-RMS. Interestingly, PD-L1 was poorly
expressed in RMS cells, and it was significantly lower than in normal muscle. This is in
accordance with the previous reports of a minimal or negative expression of PD-L1 in rhab-
domyosarcoma [43,44]. B7-H3 has a multifaceted role in cancer, including immunological
and nonimmunological functions [45,46]. Herein, we provided the first biological insights
of the B7-H3 role in RMS. We analyzed the impact of B7-H3 expression in the immune
composition of RMS tumors by deconvolution of the RNA-seq data. Interestingly, we found
that RMS tumors rich in B7-H3 are depleted in CD8-T cells. Furthermore, B7-H3 knockout
in RMS cells was associated with greater T-cell-mediated cytotoxicity. Altogether, this sug-
gests that B7-H3 acts as an immune-inhibitory molecule in RMS. The underlying molecular
and cellular mechanisms of B7-H3-mediated antitumor immunity remain to be elucidated,
and unlike PD-L1, the B7-H3 receptor on immune cells has not been identified yet. Interest-
ingly, we also found a positive correlation between B7-H3 expression and an abundance
of neutrophils and M1 macrophages in FN-RMS. In colorectal cancer and hepatocellular
carcinoma, B7-H3 tumor expression was associated with a higher infiltration of CD68+

macrophages and the polarization of M1 to M2 macrophages [47,48]. While it was not
statistically significant, we also observed higher infiltration of M2 macrophages in B7-H3-
rich FN-tumors. This suggests that B7-H3 may drive the polarization of M1 macrophages
towards the tumor-promoting M2 phenotype. Finally, the overexpression of B7-H3 in
tumors compared to normal muscle was associated with a higher monocyte infiltration.
Tumor-associated monocytes can differentiate into myeloid suppressor-derived cells, which
are an important contributor of the immunosuppressive tumor microenvironment. While
we cannot exclude a role of B7-H3 in MDSC differentiation, B7-H3 can also be expressed
by MDSCs and contribute to CD8-T-cell inhibition and tumor progression [49–52].

While clinical trials evaluating PD-L1/PD-1 inhibitors in pediatric sarcoma have
been unsuccessful, B7-H3 has become a popular target for new, targeted therapies [53].
Antibody–drug conjugates and CAR-T therapy are currently evaluated in clinical trials and
are poised to positively change the therapeutic landscape of childhood cancers [54–56]. Our
work provides novel mechanistic insights into the role of B7-H3 in tumor immune evasion
and RMS progression. A complete characterization of B7-H3 function and regulation will
pave the way for developing new B7-H3-based immunotherapies for the treatment of RMS.

5. Conclusions

While clinical trials evaluating PD-L1/PD-1 inhibitors in pediatric sarcoma have been
unsuccessful, B7-H3 has become a popular target for new, targeted therapies [49]. Antibody–
drug conjugates and CAR-T therapy are currently being evaluated in clinical trials and are
poised to positively change the therapeutic landscape of childhood cancers [50–52]. Our
work provides novel mechanistic insights on the role of B7-H3 in tumor immune evasion
and RMS progression. A complete characterization of the B7-H3 functions and regulations
will pave the way for developing new B7-H3-based immunotherapies for the treatment of
RMS.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13184528/s1, Table S1. Normalized protein abundance (expressed in NSAF values)
in RMS and normal muscle cell lines; Table S2. List of proteins identified as cell-surface proteins
(GO:00005886); Table S3. List of cell-surface proteins upregulated by 2-fold in RMS compared to
normal muscle; Table S4. List of cell-surface proteins upregulated by 2-fold in fusion-negative
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fusion-positive RMS compared to normal muscle; Table S6. List of cell-surface proteins from Table S4
upregulated by 2-fold in RMS at the RNA level; Table S7. List of cell-surface proteins from Table S5
upregulated by 2-fold in fusion-negative RMS at the RNA level; Table S8. List of cell-surface proteins
from Table S6 upregulated by 2-fold in fusion-positive RMS at the RNA level; Table S9. Normal
tissue median RNA expression of RMS-enriched cell-surface proteins; Table S10. Normal tissue
median protein expression of RMS-enriched cell-surface proteins; Table S11. B7-H3 tissue expression
in RMS specimens and association with clinicopathological features; Table S12. Correlation analysis
of B7-H3 expression with immune cell abundance in RMS tumors; Figure S1. Comparison of cell-
surface protein repertoires in RMS and normal muscle; Figure S2. Gene enrichment analysis for
RMS-enriched cell-surface proteins; Figure S3. Validation of antibody specificity for B7-H3 tissue
staining.
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Simple Summary: There are many commonalities between children with cancer and other popula-
tions that experience early-life stress. Thus, it is important to review the existing research surrounding
the stress response in the pediatric cancer population. In this review, we describe the psychoneu-
roimmunology behind stress regulation and the differences observed in stress regulatory pathways
in childhood cancer patients. Our objective is to provide a clinically relevant summary of the
stress pathways contributing to, and exacerbating, childhood illness and outline some potential
interventions.

Abstract: Stress is a ubiquitous experience that can be adaptive or maladaptive. Physiological stress
regulation, or allostasis, can be disrupted at any point along the regulatory pathway resulting in
adverse effects for the individual. Children with cancer exhibit significant changes to these pathways
in line with stress dysregulation and long-term effects similar to those observed in other early-life
stress populations, which are thought to be, in part, a result of cytotoxic cancer treatments. Children
with cancer may have disruption to several steps in the stress-regulatory pathway including cognitive-
affective function, neurological disruption to stress regulatory brain regions, altered adrenal and
endocrine function, and disrupted tissue integrity, as well as lower engagement in positive coping
behaviours such as physical activity and pro-social habits. To date, there has been minimal study of
stress reactivity patterns in childhood illness populations. Nor has the role of stress regulation in
long-term health and function been elucidated. We conclude that consideration of stress regulation
in childhood cancer may be crucial in understanding and treating the disease.

Keywords: stress; allostasis; stress regulatory pathways; stress dysregulation; stress reactivity; early
life stress; childhood cancer; cytotoxic cancer treatment; interventions

1. Introduction

Stress is a ubiquitous experience with significant impacts on health and function.
Stress refers to the physiological state of the body in response to a stressor, whereas the
stressors themselves are challenges, threats, demands and constraints that provide barriers
to the normal daily functioning of the individual, thereby inducing stress and its related
consequences on the body [1]. Stress responses function acutely to defend homeostasis
during changing internal and external demands [2,3] and transduce external stimuli into
physiological signals to support effective navigation of the environment and encode rel-
evant information for future events [4]. Depending on the nature of the stressor and the
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interpretation of it, stress can be adaptive (“eustress”), broadening one’s ability to cope
with environmental conditions and challenging experiences effectively, or maladaptive
(“distress”), straining one’s ability to cope and contributing to general dysfunction [2,5,6].

Significant or chronic exposure to stress activation can cause long-term changes to
how the stress-regulatory system responds to future stressors [6–8]. This is particularly true
of significant stress exposure during times of developmental plasticity, such as childhood
and adolescence [9–13]. Several chronic diseases in adults and children, including car-
diovascular disease, metabolic conditions, cancer and immunologic conditions have been
attributed to chronic stress and/or dysfunctional stress regulation, in addition to a number
of psychological and cognitive conditions and nonclinical functional outcomes following
significant or chronic stress exposure [5,14–16]. Risk and prevalence of these stress-related
adverse outcomes have been reported in populations of children experiencing significant
stress or trauma [17] and are thought to be a result of alterations in stress regulatory path-
ways which can be detected by examining patterns of physiological signalling in response
to an acute stress exposure [5,14–16].

While the adverse outcomes of childhood trauma and chronic stress have been well
documented, current definitions of Adverse Childhood Events (ACEs) and early life stress
models from which this research draws [4,9,10,13,15,17,18] do not include childhood illness.
Stress dysregulation may provide a valuable paradigm through which to understand
long-term health and wellbeing in populations experiencing childhood illness, given
psychological strain and physically aggressive medical treatments.

Approximately 1 in 300 children will develop cancer between birth and 20 years of
age [19] which involves significant psychological burden, physical distress and barriers
to engaging in positive stress coping behaviour such as pro-social and physical activity
habits. Children with cancer and survivors show evidence of neurological [20–27], physio-
logical [28–34] and psychosocial [24,25,27,35,36] changes potentially attributable to stress
dysregulation (see Figure 1). Further, they report higher risk of late effects similar to those
reported in other early life stress populations, suggesting that stress dysregulation may
be worth investigating as a putative pathway, or as a modulator of the damage caused by
cancer treatment. Psychoneuroimmunology, a field of study that is inherently implicated in
stress regulation, examines the relationships between human behaviour, the nervous and
endocrine systems, and the immune system [37]. This review describes the psychoneuroim-
munology of stress regulation and support for potential clinical relevance in childhood
cancer patients and survivors [38–40].
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Figure 1. Illustration representation of the interrelationships between childhood cancer and its treatment and the physical, 
neurological and psychosocial effects that lead to chronic stress. A bidirectional relationship exists between physical, neu-
rological and psychosocial effects, as well as between chronic stress and dysfunction in these systems. The major health 
related effects of chronic stress leading to disease risk and lower quality of life. 

2. Stress Regulation & Allostasis 
Selye defines stress as the body’s adaptive response to a “noxious agent”, involving 

a deviation from resting state, or homeostasis [2]. Homeostasis refers to the maintenance 
physiological variables essential for human life, such as internal body temperature, or pH, 
within a precise range [3]. Physiological stress regulation, also termed ‘allostasis’, is an 
adaptive process aimed at keeping the body’s systems in physiological ranges, or main-
taining homeostasis, despite changing internal and external environmental conditions [3]. 
Stressors can be both biological or psychological, and thus can be real or perceived, past, 
current, anticipated or recalled [41]. Since biological stressors are typically internal, they 
evoke a direct physiological response without the engagement of higher order cognitive 
processing [42]. Psychological stimuli, however, must undergo interpretation, and thus 
elicits a physiological stress response indirectly [14,43–45]. Therefore, a psychological re-
sponse is mounted in response to the perception of stress, rather than the stressor itself. 
For the purposes of this review, we will only consider psychological stressors and the 
allostatic processes that they evoke. 

The allostatic processes are an integration of subjective, often subconscious appraisal 
of a physical or psychological stimulus, which is converted into neural and endocrine sig-
nalling in turn activating target organs that elicit an allostatic response as shown in Figure 
2. Effective allostatic responses are characterised by rapid upregulation of signaling hor-
mones and effector tissue activation, commensurate with the level of threat encountered, 
and rapid termination upon cessation of stimulus—producing maximal physiological re-
sponse to effectively defend homeostasis during stress experience with minimal exposure 
to signalling biomediators and associated energy costs [46]. 

Figure 1. Illustration representation of the interrelationships between childhood cancer and its treatment and the physical,
neurological and psychosocial effects that lead to chronic stress. A bidirectional relationship exists between physical,
neurological and psychosocial effects, as well as between chronic stress and dysfunction in these systems. The major health
related effects of chronic stress leading to disease risk and lower quality of life.

2. Stress Regulation & Allostasis

Selye defines stress as the body’s adaptive response to a “noxious agent”, involving a
deviation from resting state, or homeostasis [2]. Homeostasis refers to the maintenance
physiological variables essential for human life, such as internal body temperature, or pH,
within a precise range [3]. Physiological stress regulation, also termed ‘allostasis’, is an
adaptive process aimed at keeping the body’s systems in physiological ranges, or main-
taining homeostasis, despite changing internal and external environmental conditions [3].
Stressors can be both biological or psychological, and thus can be real or perceived, past,
current, anticipated or recalled [41]. Since biological stressors are typically internal, they
evoke a direct physiological response without the engagement of higher order cognitive
processing [42]. Psychological stimuli, however, must undergo interpretation, and thus
elicits a physiological stress response indirectly [14,43–45]. Therefore, a psychological
response is mounted in response to the perception of stress, rather than the stressor itself.
For the purposes of this review, we will only consider psychological stressors and the
allostatic processes that they evoke.

The allostatic processes are an integration of subjective, often subconscious appraisal
of a physical or psychological stimulus, which is converted into neural and endocrine
signalling in turn activating target organs that elicit an allostatic response as shown in
Figure 2. Effective allostatic responses are characterised by rapid upregulation of signaling
hormones and effector tissue activation, commensurate with the level of threat encountered,
and rapid termination upon cessation of stimulus—producing maximal physiological
response to effectively defend homeostasis during stress experience with minimal exposure
to signalling biomediators and associated energy costs [46].
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Figure 2. A systems approach to stress responses. Some stimulus—internal or external, perceived 
or real, past, present or future—is interpreted as threatening through cognitive appraisal and inte-
grated with affective feedback. Together, the cognitive-affective appraisal determines the saliency 
of the threat. If sufficient, this will cause neurological triggering of stress activation pathways in the 
brain, resulting in increased biochemical signaling of these pathways and their subsequent physio-
logical activation of target organs. If a stable state cannot be achieved or maintained to meet the 
demands of the stressor, then excessive activation and associated wear on target tissues may result 
and possibly lead to dysfunctional signalling with excessive feedback by mediators on earlier path-
way steps. Adapted with permission from ref. [14]. Copyright 2012 Springer. 

Allostasis is considered to be a mechanism by which the body can maintain homeo-
stasis in the face of variable environments—stability through change [47]. To this end it 
can be considered from an energy conservation perspective in which the physiological 
responses are predictive and aim to maximise energy efficiency in coping with environ-
mental demands [48]. It can also be considered a calibrating mechanism in which the me-
diators of the response feedback to the earlier steps to adapt optimally to environmental 
contexts [4]. The hypothesis of allostasis as a mechanism in long-term health and func-
tional outcomes in childhood cancer patients and survivors is rooted in the data indicating 
altered regulation of the cognitive, psychological, physiological pathways that regulate 
physiological responses to stress. We suggest that understanding and mitigating this 
dysregulation of physiological responses to stress is integral to improving care in this pop-
ulation. Therefore, for the purposes of this paper, we take the view of allostasis as the 
process by which the body responds physiologically to stressors in order to regain home-
ostasis. 

Acutely, allostasis is adaptive and functions to maintain homeostasis in face of a pro-
spective disruption by mediating a fight or flight response [8]. Biomediators of allostasis, 
specifically cortisol, also provide feedback to brain regions responsible for triggering al-
lostatic responses in a self-regulating process that tunes the response to the stressor pre-
sented and terminates the acute activation of allostasis [6–8]. This same biochemical feed-
back calibrates the system to future stress exposures through both neurological encoding 
and affective working memory [4,6,8]. 

There are important functional consequences of chronic allostatic stress. The cata-
bolic and energy costly processes needed to mount allostatic responses contribute to wear 
and tear on target organs, potentially exacerbating underlying weakness or dysfunction 
in these tissues. Further, the chronic feedback of biomediators on stress regulatory corti-
colimbic brain centres, particularly the hippocampus, alter their structure and function, 
ultimately impacting the overall regulation and responsivity of the system [49–54]. Due 
to the self-regulatory nature of stress regulation, dysregulation can occur with disruption 
to any point in the pathway shown in Figure 2. Typically, dysregulation that contributes 
to stress-related health and dysfunction is characterised by one of four patterns of stress 

Figure 2. A systems approach to stress responses. Some stimulus—internal or external, perceived or real, past, present or
future—is interpreted as threatening through cognitive appraisal and integrated with affective feedback. Together, the
cognitive-affective appraisal determines the saliency of the threat. If sufficient, this will cause neurological triggering of
stress activation pathways in the brain, resulting in increased biochemical signaling of these pathways and their subsequent
physiological activation of target organs. If a stable state cannot be achieved or maintained to meet the demands of the
stressor, then excessive activation and associated wear on target tissues may result and possibly lead to dysfunctional
signalling with excessive feedback by mediators on earlier pathway steps. Adapted with permission from ref. [14]. Copyright
2012 Springer.

Allostasis is considered to be a mechanism by which the body can maintain homeosta-
sis in the face of variable environments—stability through change [47]. To this end it can be
considered from an energy conservation perspective in which the physiological responses
are predictive and aim to maximise energy efficiency in coping with environmental de-
mands [48]. It can also be considered a calibrating mechanism in which the mediators of
the response feedback to the earlier steps to adapt optimally to environmental contexts [4].
The hypothesis of allostasis as a mechanism in long-term health and functional outcomes
in childhood cancer patients and survivors is rooted in the data indicating altered regula-
tion of the cognitive, psychological, physiological pathways that regulate physiological
responses to stress. We suggest that understanding and mitigating this dysregulation of
physiological responses to stress is integral to improving care in this population. Therefore,
for the purposes of this paper, we take the view of allostasis as the process by which the
body responds physiologically to stressors in order to regain homeostasis.

Acutely, allostasis is adaptive and functions to maintain homeostasis in face of a
prospective disruption by mediating a fight or flight response [8]. Biomediators of allosta-
sis, specifically cortisol, also provide feedback to brain regions responsible for triggering
allostatic responses in a self-regulating process that tunes the response to the stressor
presented and terminates the acute activation of allostasis [6–8]. This same biochemi-
cal feedback calibrates the system to future stress exposures through both neurological
encoding and affective working memory [4,6,8].

There are important functional consequences of chronic allostatic stress. The catabolic
and energy costly processes needed to mount allostatic responses contribute to wear and
tear on target organs, potentially exacerbating underlying weakness or dysfunction in these
tissues. Further, the chronic feedback of biomediators on stress regulatory corticolimbic
brain centres, particularly the hippocampus, alter their structure and function, ultimately
impacting the overall regulation and responsivity of the system [49–54]. Due to the self-
regulatory nature of stress regulation, dysregulation can occur with disruption to any
point in the pathway shown in Figure 2. Typically, dysregulation that contributes to stress-
related health and dysfunction is characterised by one of four patterns of stress reactivity:
(1). Overly frequent activation; (2). No habituation to familiar stimuli; (3). Inefficient ter-
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mination; or (4). Hypoactivation of one pathway resulting in compensatory overactivation
of the other [3].

While stress can contribute to the development or acceleration of illness, it does not
cause illness or dysfunction per se. Rather, the adaptive function of allostasis requires
systemic upregulation. Often these are catabolic processes, resulting in wear and tear
over time or “allostatic load” [3,10,18,55,56], which describes the cost that this prolonged
upregulation and activation of compensatory effectors has on the body [57]. Allostatic
load exacerbates existing tissue weaknesses, whether hereditary genetic predispositions
or susceptibility from a previous insult, or a concomitant one such as cancer therapy.
The aggregate of this subclinical dysfunction can have significant health and functional
implications and has been associated with all-cause morbidity and mortality [3,55].

Much research to date has focused on individuals who experienced significant childhood
adversity or ACE’s (such as physical or emotional child abuse, neglect, parental substance abuse,
household and family turmoil, etc.) but leaves out childhood illness [4,7,10,11,17,18,58]. Many
commonalities exist between populations experiencing psychosocial early life stress and
children experiencing childhood illness [13,17,18,28,58–60]. This presents the possibility
that children treated for illness many be susceptible to long-term health and dysfunction
associated with altered stress regulation. Childhood cancer patients experience signifi-
cant stress prolonged over the duration of treatment, as well as significant physical and
psychosocial effects of treatment and disruptions to their normal developmental oppor-
tunities [23,61]. As a disruption to any step in the pathway can result in dysfunctional
regulation, we will review the role of each step and evidence of prospective dysfunction in
childhood cancer patients and survivors.

3. Cognitive-Affective Appraisal

Allostatic processes are regulated by the integration of inputs to corticolimbic brain
regions including the prefrontal cortex (PFC), hippocampus, amygdala and brainstem.
These regions are implicated in many other functions besides stress circuitry such as
decision making and higher cognition, learning and memory, emotional processing and the
judgement of salience, among others [62]. Neurocognitive and neuropsychological function
development corresponds with the timing of brain development through childhood and
adolescence. In brief, functions associated with emotional reactivity develop ahead of those
necessary for cognitive reappraisal and self-regulation during childhood [12,63], in such a
way that the time-lag in development in conjunction with social contexts of adolescence
is often attributed to the behavioural trends (impulsivity, risk taking) and greater stress
reactivity seen during adolescence [12,64].

For evolutionary reasons, stimuli that involve social judgement, are goal oriented
and include unpredictability, novelty and uncertainty are most salient and reliably evoke
a physiological response [65,66]. The subjective nature of cognitive-affective appraisal
presents significant inter-individual variability and is influenced by lived experience,
disposition, cognitive and psychological strategies, as well as positive coping behaviours
such as physical activity and social connections. Human and animal models of chronic
stress have shown impairments to memory and executive functions, and these also appear
to be long-term deficits reported in children and adults who have experienced early life
stress [20,49].

Studies investigating the neurocognitive consequences of chemotherapy during child-
hood (see Figure 1) have also found impairments to working memory and executive
function [20,67–69], as well as processing speed, task efficiency, attention, memory and
learning [70–72]. An important association has been made between these functions and
self-regulatory behaviour, such as effective coping [73]. As noted by Campbell et al. (2007),
the consequences of these stress-induced impairments are present not only in school set-
tings, but in many other domains of life such as social relationships, emotional control,
coping skills, the workplace and overall quality of life [70]. In line with this, Krull et al.
(2013) found that over 10 years post-treatment, 28–59% of childhood cancer survivors
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reported neurocognitive and neuropsychological impairments, the greatest being reduced
attention and executive functions, which were most closely associated with treatment with
dexamethasone, a synthetic glucocorticoid, when excluding those who received cranial
radiation therapy [35]. They further found that survivors reported an approximately 5% an-
nual increase in self-reported behavioural issues related to self-regulation, which impacted
functioning in academic and occupational settings [35].

Additional risk to effective cognitive-affective stress appraisal may be conferred
by lower engagement in stress buffering behaviours such as socialisation and physical
activity that promote adaptive coping [74–76]. Indeed, in a recent study of childhood
Acute Lymphoblastic Leukemia (ALL) survivors, correlations were found between low
levels of physical activity and inattention [77]. Further, disruption to corticolimbic brain
regions central to these interpretive processes has been reported in several childhood cancer
populations and is thought to be a result of cytotoxic treatments including chemotherapies
that are neurotoxic and/or cross the blood brain barrier.

4. Neurological Triggering

During threat appraisal, corticotrophin-releasing hormone (CRH) is released from
the hypothalamus and activates the hypothalamic-pituitary-adrenal (HPA) axis, while
norepinephrine from the Locus-Coeruleus activates the autonomic nervous system (ANS),
and ANS input directly activates target organs, and the sympatho-adreno-medullary (SAM)
pathway [78]. The glucocorticoid cascade hypothesis posits that significant or enduring
stress exposure will result in excessive cortisol exposure leading to altered hippocampal
functional control over HPA scaling and termination, which in turn leads to further cor-
tisol exposure and propagation of dysregulated stress signalling, ultimately leading to
adverse health and functional effects [79]. Critically, the biomediators released by neuro-
logical triggering (cortisol and catecholamines) feed back to the brain, influencing both the
cognitive-affective experience of stress, as well as continued neurological triggering. Corti-
sol feedback in particular is thought to be critical to tuning and terminating the activation
of the HPA axis, by influencing neurotransmission of the hippocampus. Cortisol-mediated
neuroplastic and neurotransmission changes to the hippocampus are commonly thought
to be integral to the development of stress dysregulation. This may be of particular interest
to populations treated with pharmacological glucocorticoids, such as prednisone and dex-
amethasone, both of which have CNS penetrance and are used for CNS prophylaxis for
pediatric leukemia patients [23].

The protracted nature of brain development is such that subcortical and limbic struc-
tures (amygdala, hippocampus, brain stem) development precedes prefrontal and frontal
cortex development [63,80,81]. Even though most adult hippocampal networks are ap-
parent during childhood, their connections to lateral lobes increase throughout childhood
(ages 4–10) [81] and PFC development is not fully developed until early adulthood [82].

Significant evidence in both human and animal models have found changes to neuro-
logical structures responsible for cognitive-affective processing and neurological triggering
to be affected by exposure to chronic stress or early life stress [18,49,83–88]. Chronic stress
in animal models has shown reduced hippocampal volume [83], reduced neurogenesis in
the hippocampus [84–86], PFC atrophy [49] and amygdalar hypertrophy [49], concomitant
with altered cognitive functions associated with those regions [49,83–86]. Human studies
have found similar changes in altered hippocampal structure and function [18,87], PFC
impairment [18,88] and other neurological impairments [88] in populations experiencing
early life stress. Some inconsistencies exist in neurological studies of children, which have
been attributed to the protracted nature of neurological development, such that the full
extent of impact of early life stress on regional brain structure and function does not become
apparent until the third decade of life [12,81,89]. It follows that the nature of brain changes
is also sensitive developmentally, such that the regions that are in development when the
stress occurs are most likely to experience long-term dysfunction [61,90].
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Disruption to corticolimbic brain regions critical to stress regulation have been re-
ported in childhood cancer patients treated with chemotherapy and/or cranial radiation. It
is important to note that most studies examining the relationship between chemotherapy
and brain structure and function changes have been performed mostly using cross-sectional
study designs, as detailed in Table 1. Many of the neurological consequences associated
with chemotherapy, including lower white matter volume [22,91–93], altered hippocampal
microstructure [84,86,94] and altered PFC microstructure [73], are likely to impact neuro-
logical triggering and feedback effects on cognitive-affective appraisal. Both human [67,94]
and animal [84–86] studies have reported lower hippocampal volumes and impaired neu-
rogenesis related to various chemotherapeutic agents, similar to findings in other early life
stress studies [18] (see Table 1). Amygdala changes have also been reported in adult cancer
populations [26,94,95] and have been related to adverse psychological effects [26,95], and
recently, reduced amygdala and dorsal striatum brain matter volume has been found in
pediatric cancer populations [96]. Chemotherapy-treated survivors of childhood cancer
displayed lower cerebellar volumes, versus healthy controls, which was associated with
both poorer performance on neurocognitive testing and exposure to dexamethasone [97].
Despite some evidence of altered limbic and subcortical structure and function following
chemotherapy, the majority of studies report differences in frontal and pre-frontal brain
structures, as well as impairments in the function of these structures [20,21,35,67,70,98–100].
This may be due to the importance of these regions in global intellect and other neurocog-
nitive deficits that have taken priority in this research space. The functional implications
of these brain changes have not been studied in the context of stress, however, adrenal
insufficiency and HPA dysfunction has been reported in children receiving cranial radiation
suggesting that disruption to corticolimbic brain regions can have downstream effects on
physiological stress signalling.

Table 1. Stress regulation consequences of cancer treatment on paediatric populations.

Author, Year Purpose/Aim Design/Methods Participants/Sample Findings Limitations

Neurocognitive outcomes and cognitive-affective appraisal

Brinkman (2012) [20]

To investigate the
relationship

between white
matter and

cognitive processes
in adult survivors

of childhood
medulloblastoma.

Cross-sectional
study

Participants
underwent

neurocognitive
testing and MRI
(diffusion-tensor

imaging)

n = 20
Participants were
survivors of MB

treated at St. Jude’s

Neurocognitive impairment
was common in many
domains of function.

Reduced white matter
integrity was associated

with worse performance on
tasks of executive function.

Lack of control group
mall sample size

Patients were treated
with outdated

methods for MB
treatment

Brown (1996) [21]

To investigate the
intellectual and

academic
functioning of
children with

leukemia treated
with intrathecal
chemotherapy

when compared to
cancer patients not
treated with CNS

prophylaxis.

Prospective cohort
study

Intellectual
assessments and

academic
achievement tests

conducted at
baseline and at
years 1, 2 and 3

following
diagnosis.

n = 38 children
with leukemia
(receiving CNS

prophylactic
chemotherapy)
n = 25 children

with other cancers
(not treated with
CNS prophylaxis)
Participants were
diagnosed at the

Women’s and
Children’s Hospital

3 years after diagnosis, the
CNS treated children
performed worse on

academic tests of reading,
spelling and arithmetic.

Lack of healthy
control group

Small sample size
and high attrition

rate

Davidson (2000) [22]

To investigate
neurological

changes in cancer
patients treated
with high-dose

MTX compared to
healthy controls.

Cross-sectional
study

Cognitive
assessment and
proton magnetic

resonance
spectroscopy/MRI
in cancer patients

and healthy
controls.

n = 11 children
with ALL,

non-Hodgkin
lymphoma, or
osteosarcoma,

undergoing MTX
treatment.

n = 17 healthy
controls

The choline/water ratio
was lower in patients than
controls. Abnormal white
matter was observed in 3

cancer patients (and
potentially a 4th).

Due to the small
sample size, any

differences in
metabolites would

need to be large to be
detected
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Author, Year Purpose/Aim Design/Methods Participants/Sample Findings Limitations

Kadan-Lottick
(2009) [23]

To evaluate
differences in

neurocognitive and
academic

performance in
children with ALL

treated with DX
versus prednisone.

Cross-sectional
study

Patients were
previously

randomised to
corticosteroid

treatment. Patients
underwent a

half-day
neurocognitive

assessment.

n = 51 DX-treated
patients
n = 41

prednisone-treated
patients

Participants were
previously enrolled

in Children’s
Cancer Group 1991

trial.

The only significant
difference between groups

was on a test of reading
(DX-treated scored worse)

Lack of control group

Matsuoka (2003) [26]

To assess structural
differences in the

amygdala of cancer
survivors

with/without
intrusive

recollections.

Cross-sectional
study

MRI and
volumetric analysis

of the amygdala
was performed in

both groups.

n = 35 breast cancer
survivors with

intrusive
recollections

n = 41 breast cancer
survivors with no

intrusive
recollections
Participants

recruited from the
outpatient clinic of

the Division of
Breast Surgery,

National Cancer
Center Hospital

East

Amygdala volume was
lower in participants with

intrusive recollections even
after controlling for age,
height and depression

diagnoses.

Lack of healthy
control group

Risk of recall bias
Early life stressors
were not evaluated

Krull (2013) [35]

To investigate
predictors, patterns

and rates of
neurocognitive
impairment in

adult survivors of
childhood ALL
decades after

treatment.

Cross-sectional
study

Participants
underwent

neurocognitive
testing and
completed a
self-rating

questionnaire.

n = 567
Participants were

ALL survivors
from the St. Jude

lifetime cohort
study.

Participants treated with
chemotherapy exhibited

impairment across all
neurocognitive domains.

Risk for executive function
problems increased with

survival time (cranial
radiation therapy
dose-dependent).

Lack of control group
Did not adjust for

SES
Dose variability now
may not reflect that

of decades ago

Reddick (2014) [67]

To prospectively
validate reduced

white matter
volume, its

influential factors
and neurocognitive

impairments in
childhood cancer

survivors

Cross-sectional
study

MRI, volumetrics
and neurocognitive

testing on
participants.

n = 383 childhood
cancer survivors

(199 ALL, 184 brain
tumor)

n = 67 healthy
siblings

Brain tumor survivors had
lower white matter volume
than ALL survivors, who
were lower than controls,
this was associated with

treatment parameters.
Childhood cancer survivors

performed worse than
controls neurocognitive

tests.

Limited area in
which white matter

volume was
quantified, was used
to assess total tissue
volume for a specific

anatomical region
Cross-sectional
design limits

temporal data

Wolfe (2013) [68]

To assess the
relationship

between
cardiorespiratory

fitness and
executive

functioning in
radiation-treated
pediatric cancer

survivors.

Cross-sectional
study

Participants
underwent fMRI

imaging while
completing an
n-back test and

cardiorespiratory
fitness testing on a

cycle ergometer.

n = 9 childhood
posterior fossa

tumor survivors
Participants were
recruited from the

neuro-oncology
clinic at the

Children’s Hospital
of Alabama

Higher cardiorespiratory
fitness was associated with
increased working memory

and efficiency of neural
functioning in pediatric

cancer survivors.

Small sample size
and lack of controls:
limited power and

generalisability
Correlational data

limits the inference of
causality

Cerebellar activation
was not assessed due

to heterogeneity of
lesions in

participants

Stefancin (2020) [69]

To explore the
association

between
chemotherapy and
working memory

function in
childhood cancer

survivors and
healthy controls.

Cross-sectional
study

fMRI was acquired
while participants
performed a visual

n-back test.

n = 15 pediatric
cancer survivors,

patients at the
Stony Brook

Children’s Hospital
n = 15 healthy

controls

Working memory
impairment was present in
pediatric cancer survivors

when compared to controls.
In survivors, correct

responses generated a
decreased BOLD response
in the posterior cingulate,

incorrect responses
generated a greater BOLD

response in the angular
gyrus, and no response

generate a greater BOLD
response in the superior

parietal lobule.

Cross-sectional
design

Increased BOLD
signal could either
indicate increased

activation, or
decreased neuronal

efficiency
Heterogeneity of

sample in terms of
cancer type and

treatment
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Author, Year Purpose/Aim Design/Methods Participants/Sample Findings Limitations

van der Plas
(2021) [71]

To investigate the
prevalence of

neurocognitive
impairments in

survivors of
childhood ALL and
if age at diagnosis,
chemotherapy, and
chronic conditions
correlate with risk

of impairment.

Cross-sectional
study

Participants
completed the

Childhood Cancer
Survivor Study
Neurocognitive
Questionnaire.

Neurocognitive
impairment

associations with
treatment

exposures and
chronic conditions

were examined.

n = 1207 survivors
of ALL

n = 2273 siblings
Participants were

enrolled in the
Childhood Cancer

Survivor Study

ALL survivors reported
increased impairments in

memory and task efficiency
when compared to healthy
controls. In male survivors,

impairments in memory
were associated with

increased dosage of MTX
and DX exposure, while

impairments in task
efficiency were associated

with neurologic and
pulmonary conditions. In

female survivors, endocrine
conditions were associated

with higher risk of
impairments in memory

and task efficiency.

Self-report of
cognitive impairment
Risk of participation

bias
Many other factors

that were not studied
might be associated
with neurocognitive

impairment

Williams (2020) [72]

To examine if
childhood cancer

survivors with
injuries to the brain
are at a higher risk
for chronic health
conditions and if
this is associated

with
neurocognitive

impairment later in
life.

Cross-sectional
study

All participants
completed

neurocognitive
testing and a

clinical
examination.

n = 2859 adult
survivors of

childhood cancer:
1598 had CNS

therapy
Participants were

treated at St Jude’s
and enrolled in the

St Jude Lifetime
Cohort Study

Participants that were
CNS-treated performed

worse than those that were
not CNS-treated on

neurocognitive testing and
had more global
neurocognitive

impairments. There was a
dose-dependent association
between severity/burden
of treatment and global

impairment in CNS-treated
participants. Chronic health

conditions such as
cardiovascular and

pulmonary conditions were
associated with

impairments in memory,
processing speed and

attention in CNS-treated
participants with

neurological conditions.

Lack of healthy
control group

Lack of
neurocognitive data

immediately
following treatment

in survivors

Lesnik (1998) [73]

To assess
frontal-cerebellar

morphological
characteristics and

function in
survivors of

childhood ALL
that were treated
with intrathecal

MTX, while using
an effect size model
to increase validity
in a small sample.

Cross-sectional
study

Neuropsychological
testing and MRI of

cerebellar lobuli
(I-V and VI-VII)
and prefrontal
cortices was
assessed in

participants.

n = 10 childhood
survivors of ALL

n = 10 age, sex, and
socioeconomic
status matched
healthy controls

There were deficits in
neuropsychological testing

and morphometric and
functional characteristics of

cerebellar lobuli and
prefrontal cortices in

MTX-treated childhood
ALL survivors. Evidence

supported the involvement
of the hypothesised

subsystem; the
cerebellar-frontal system.

Correlational data
limits the inference of

causality
Small sample size

Peng (2021) [77]

To investigate
behavioural and
neurocognitive
functioning in
survivors of

childhood ALL and
evaluate the

associated clinical
and socio-

environmental
factors.

Prospective,
cross-sectional

Participants
completed

neurocognitive
testing and

self-reported
emotional,

behavioural and
socio-

environmental
variables via

questionnaires and
checklists. Chronic
health conditions

and clinical
variables were

pulled from patient
charts.

152 survivors of
childhood ALL:

32 received cranial
radiation therapy

120 received
chemotherapy

Participants were
patients at the

Long-term
Follow-up Clinic of
the Prince of Wales

Hospital

Lower levels of
self-reported physical

activity were correlated
with inattention and

sluggish cognitive tempo.
A minority of survivors had

impairments in
motor-processing, and

attention, and developed
treatment related chronic

conditions.

Small sample size of
cranial radiation

therapy group may
have eliminated

differences in
neurocognition
between groups

Risk of sampling bias
Lack of healthy
control group

Self-report data
Incomplete patient

records
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Harila-Saari
(1998) [91]

To evaluate
changes in MRI

scans of the brain
of

childhood-treated
ALL survivors and

correlate the
observed

abnormalities with
neuropsychologi-

cal
impairments.

Prospective cohort
study

MRI immediately
after the cessation
of treatment and 5
years later, as well
as neuropsycholog-
ical testing (various

tests) was
conducted.

n = 32
Participants were

childhood
survivors of ALL:
15 chemotherapy-

treated
17 combined

chemotherapy and
cranial

radiation-treated
Participants were

patients at the
Department of

Pediatrics at the
University of Oulu

Abnormalities in MRI were
heterogeneous and
infrequent among

participants and did not
correlate with

neuropsychological
function. Most participants

did have
neuropsychological

impairments, however.

Small sample size,
limited statistical

power

Iuvone (2002) [92]

To investigate
correlations

between cognitive
measures and

abnormalities in
MRI and

computerized
tomography scans
of childhood ALL

survivors.

Prospective cohort
study

Cognitive testing
(various tests) and
prospective MRI

and computerized
tomography

imaging were
conducted once a
year for 4 years.

n = 21
Participants were
children with ALL
who received CNS

prophylaxis
(cranial irradiation

and intrathecal
MTX).

Participants were
patients at the

Division of
Pediatric Oncology,
Catholic University

Abnormalities in white
matter were associated with
poor performance on a task
of visual motor integration
in approximately half of the
participants. Intracerebral

calcifications were
correlated with MTX doses,

and impaired cognitive
testing. Females were more
vulnerable to the treatment

effects.

Small sample size

Monje (2013) [94]

To explore the
correlates of

dysfunctional
episodic memory

in CNS
prophylaxis-

treated survivors of
childhood ALL.

Cross-sectional
study

Participants
episodically

encoded visual
scenes and

underwent fMRI
while completing a
memory paradigm.

n = 10 CNS
prophylaxis and
chemotherapy-
treated adult
survivors of

childhood ALL,
patients at the
Dana Farber

Cancer Institute
n = 10 age matched

controls

Survivors of childhood ALL
demonstrated altered

BOLD signal and atrophy
in the hippocampus, and
poor recognition memory

when compared to controls.
Unsuccessful encoding in

ALL survivors showed
increased hippocampal

BOLD signal. Differences in
memory among ALL

survivors was related to the
magnitude of BOLD

response in areas
responsible for successful

encoding.

Small sample size

Spitzhüttl (2021) [96]

To investigate gray
and white matter

volume in
childhood cancer
survivors and the

relationship to
cognitive
processes.

Cross-sectional
study

MRI T1 weighted
images were
acquired for
voxel-based

morphometry and
cognitive and fine

motor coordination
assessments were
completed by all

participants.

n = 43 childhood
cancer survivors

(non-CNS cancer),
treated at the

University
Children’s Hospital

Bern or the
University

Children’s Hospital
Zurich

n = 43 healthy
controls

Amygdala and dorsal
striatum white and gray

matter volume were lower
in cancer survivors. Fine
motor coordination of the
right hand and executive

function was poorer in
survivors, although still
within the normal range.

Cross-sectional
design, risk of cohort

effects
Correlations were

performed for each
ROI and variable

separately

Phillips (2020) [97]

To examine the
association

between
glucocorticoid and
MTX treatment and
disruptions to the
cerebello-thalamo-
cortical network
and antioxidant

system in the brain
of survivors of

childhood ALL.

Cross-sectional
study

Brain volumes,
neurocognitive

testing, functional
and effective

connectivity, and
the association

between MTX and
DX treatment and

neurocognitive
outcomes were

assessed in
childhood ALL
survivors and

healthy controls.

n = 176 childhood
ALL survivors,

recruited from the
St Jude Children’s
Research Hospital

Total Therapy
Study XV

n = 82 age and SES
matched healthy
controls from the

community

Survivors had decreased
cerebellar volumes

compared to controls,
which was associated with
DX exposure. In females,

effective connectivity
disruption was associated

with poorer executive
function.

Controls did not
complete

neurocognitive
testing

Biomarkers were not
available to assess

oxidative injury
pre-treatment

associated with
genetics or disease

Risk of confounding
effects of cytarabine

on brain volume
Not a representative

population of all ALL
chemotherapy

treated patients
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Carey (2008) [98]

To evaluate
differences in white

and gray matter
between ALL
survivors and

healthy controls.

Cross-sectional
study

T1 weighted MRI
images, and

subsequent voxel
based

morphometry, and
neuropsychologi-
cal evaluations

were acquired from
participants.

n = 9 long term
ALL survivors

treated with
chemotherapy,
patients at the
University of

Arizona Pediatric
Hematol-

ogy/Oncology
Late Effects Clinic

n = 14 healthy
controls

ALL survivors had reduced
white matter in the right

frontal lobes and performed
worse on tests of math,

attention,
visual-construction skills

and mental flexibility when
compared to controls.

Neurocognitive
impairments were

associated with regional
decreases in white matter

volume.

Small sample size
Risk of confounding

factors

Reddick (2006) [100]

To assess
differences in

neurocognitive
functioning and its
relationship with

white matter
volume in

survivors of
childhood ALL

when compared to
healthy controls.

Cross-sectional
study

MRI imaging, and
subsequent voxel

based
morphometry, as

well as
neurocognitive

tests of academics,
intelligence and
attention, were

performed on ALL
survivors and

controls.

n = 112 ALL
survivors

n = 33 healthy
siblings

Survivors of ALL
performed significantly

worse on tests of attention
and had decreased white

matter volume when
compared to controls.

Decreased white-matter
volume was associated

with impaired academics,
intelligence and attention.

Limited area in
which white matter

volume was
quantified was used
to assess total tissue
volume for a specific

anatomical region
Cross-sectional
design limits

temporal data

Stefanski (2020) [101]

To examine
neurocognitive and

psychosocial
outcomes in adult

survivors of
childhood

leukemia that were
treated with bone

marrow
transplantation or

intensive
chemotherapy.

Cross-sectional
study

Participants
completed

questionnaires on
emotional distress,

neurocognitive
problems, social
attainment and
health-related
quality of life.

n = 482 adult
survivors of AML:
183 bone marrow
transplantation-

treated
299 intensive

chemotherapy-
treated

n = 3190 siblings
Participants were

enrolled in the
Childhood Cancer

Survivor Study

Survivors had greater
impairments in

health-related quality of
life, emotional distress and
neurocognitive functioning

than siblings. Survivors
had greater risk for

unemployment, lower
education and income, and

not having a partner.

Lack of differences in
treatment groups

may have been due
to sample sizes and

limited power
Risk of participation

bias
Self-report

Siblings may not be
representative of the
general population

Biological/cellular aging and inflammatory outcomes

Kennedy (2004) [35]

To assess the effects
of ALL treatment

in children on
antioxidant status

and the association
between

antioxidant stress,
oxidative stress

and complications.

Prospective cohort
study

At baseline
(diagnosis),

3 months and
6 months,

antioxidant plasma
concentrations,

total antioxidant
capacity and DNA

oxidised base 8-
oxodeoxyguanosine

were assessed.

n = 103 newly
diagnosed children

and adolescents
being treated for

ALL

Plasma vitamin A,
antioxidants, total

antioxidant capacity and
DNA oxidised base 8-

oxodeoxyguanosinconcentrations
changed over 6 months.

Beneficial associations were
found between higher

concentrations and various
treatment dose parameters.
Adverse relationships were

also found.

Criteria for deficiency
states may be limited,

i.e., children with
leukemia might have
higher requirements

Mazur (2004) [32]

To evaluate serum
levels of cytokines

in children after
treatment for ALL

was finished.

Cross-sectional
study
Serum

concentrations of
cytokines

measured using an
enzyme linked

immunosorbent
assay.

n = 30 healthy
controls

5 groups of 30 ALL
patients: 1, 3-, 6-, 9-

and 12-months
post-treatment
(n = 150 total),
treated at the

Department of
Pediatric

Hematology and
Chemotherapy,

Zabrze

There were significant
differences in interleukin-8,
tumor necrosis factor-alpha

and interleukin-2 serum
concentrations between

ALL patients and healthy
controls.

Cross-sectional
design limits the

inference of causality
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Papageorgiou
(2005) [102]

To compare TAC
and corrected TAC

between cancer
free children and

children with
malignancy at the
time of diagnosis

and during
chemotherapy.

Cross-sectional study
All children were under

a free diet during the
study.

TAC and corrected TAC
levels were evaluated
from blood samples.

n = 20 children
with malignancy,
recruited from the

University
Hospital of
Heraklion

n = 80 control
participants

TAC and corrected
TAC decrease

progressively during
cycles of chemotherapy

in children with
malignancy.

Small sample size
Different treatment

regimes used among
patients

Variability in patient
diet and other

potential
confounding

variables

Hasan (2020) [103]

To assess
differences in

serum TOS, TAC
and the OSI of ALL
and AML patients

compared to
healthy controls.

Cross-sectional study
Erel’s methods were

utilised to assess TOS
and TAC, and OSI was
calculated in leukemia
patients and controls.

n = 60 leukemia
patients, patients at

the Hereditary
Hematology Center

n = 70 age and
gender matched
healthy controls

TOS and OSI were
significantly higher in

leukemia patients when
compared to controls,
and antioxidant levels

were significantly
lower. Oxidative stress

was present in both
ALL and AML.

Vatanen (2017) [104]

To analyse the
prevalence of

frailty and physical
health limitations
among long-term

survivors of
high-risk

neuroblastoma and
to investigate

whether frail health
is associated with

markers of
inflammation and
telomere length.

Cross-sectional study
Frailty is defined as 3 or
more of the following:
low lean muscle mass,

low energy
expenditure, slowness,
weakness, exhaustion.

Cardiovascular
function and telomere
length analysis were

also performed.

n = 19 cancer
survivors

n = 20 healthy
controls

Prevalence of frailty
was significantly higher

in survivors versus
controls (47% vs. 0%).

68% or survivors
reported limitations in

vigorous activity
versus 0% of controls.

Survivors had
significantly shorter

telomeres and
significantly higher

CRP levels.

Small sample size
Definition of frailty

not wholly
comprehensive

Song (2020) [105]

To analyse and
compare leukocyte

telomere length
and age-related

attrition between
childhood cancer

survivors and
non-cancer

controls. Leukocyte
telomere lengths

were also analysed
for association with

treatment
exposures, chronic
health conditions

and health
behaviours among

survivors.

Retrospective cohort
study with prospective

clinical follow-up.
Leukocyte telomere

length was measured
using whole genome

sequencing.
Common

non-neoplastic health
conditions and

subsequent malignant
neoplasms were

clinically assessed.

n = 2427 childhood
cancer survivors,
recruited from St.
Jude’s Children’s

Hospital
n = 293 non-cancer

controls

Leukocyte telomere
length was significantly

shorter in childhood
cancer survivors

compared to
non-cancer controls.
Shorter leukocyte

telomere length was
correlated with specific

treatments including
chest and abdominal

irradiation,
glucocorticoid and

vincristine
chemotherapies.

Risk of confounding
bias

Correlational data

Qin (2021) [106]

To evaluate EAA
and its association
to chronic health

conditions, health
behaviour and

treatment
exposures in
survivors of

childhood cancer.

Cross-sectional study
Methylation data was
generated from cancer
survivors and controls.
EAA was calculated as
residuals from a linear
regression of epigenetic
age and chronological

age. EAA adjusted
least square mean was
compared across health

behaviours and
treatment exposures.

The associations
between EAA and 20

different chronic health
conditions was

assessed.

n = 2139 childhood
cancer survivors
n = 282 frequency
matched controls
Participants were
enrolled in the St

Jude Lifetime
Cohort Study

EAA was greater in
childhood cancer
survivors than in
controls. Among

survivors, higher EAA
was observed in

patients that were
previously various
cancer treatments.

Associations between
several chronic health

conditions
hypertension,

myocardial infarction,
obstructive pulmonary

deficit, peripheral
motor and sensory

neuropathy, and
pulmonary diffusion

deficits and EAA were
observed.

Limited power due
to few participants

having specific
chronic health
conditions and
non-matching

controls
Only treatments
within 5 years of
diagnosis were

considered
Results cannot be
generalised, as all

participants were of
European descent

Temporal
associations of health
behaviours and EAA

were unavailable
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Table 1. Cont.

Author, Year Purpose/Aim Design/Methods Participants/Sample Findings Limitations

Ravera (2021) [107]

To investigate the
molecular and

metabolic markers
of early aging in

survivors of
childhood cancer.

Cross-sectional
study

Mononuclear cells
were isolated from

the blood of
childhood cancer

survivors and
healthy controls,

and assessed using
biochemical,

proteomic and
molecular biology

analyses.

n = 196 childhood
cancer survivors
n = 154 healthy

controls

Survivors had an increased
biological age by decades

compared to their
chronological age.

Survivors had inefficient
oxidative phosphorylation
which was associated with
decreased energy and the

switch to lactate
fermentation, increased
lipid peroxidation and

decreased expression of
genes/proteins involved in

metabolism and
mitochondrial biogenesis.

Cross-sectional study
design

Hayek (2020) [108]

To investigate the
prevalence of

frailty in survivors
of childhood

cancer, and its
association with
cancer treatment
and other factors.

Retrospective
cohort study
Participants
completed a
baseline and

follow-up
questionnaires. A
generalised linear
model evaluated

associations
between frailty,
treatment and

other variables.

n = 10,899
childhood cancer

survivors
n = 2097 siblings
Participants were

enrolled in the
Childhood Cancer

Survivor Study

Survivors had increased
frailty compared to siblings.

Radiation treatment and
lung surgery were

associated with increased
risk of frailty for survivors.

Lack of participation
from all eligible

subjects may
inflate/deflate

prevalence estimates
Risk of recall bias

Risk of survival bias

Abbreviations: MRI, magnetic resonance imaging; MB, medulloblastoma; CNS, central nervous system; ALL, acute lymphoblastic leukemia;
MTX, methotrexate; DX, dexamethasone; AML, acute myelogenous leukemia; fMRI, functional magnetic resonance imaging; BOLD,
blood-oxygen-level-dependent; DNA, Deoxyribonucleic Acid; TAC, total antioxidant capacity; TOS, total oxidant status; OSI, oxidative
stress index; CRP, c-reactive protein; EAA, epigenetic age acceleration. Table 1 inclusion criteria: A scoping review of the literature was
completed examining: (1). Primary research articles examining structural and functional neurological impairments in pediatric cancer
patients; (2). Primary research articles examining inflammatory consequences and biological or cellular aging in pediatric cancer patients;
(3). Pediatric cancer patients or survivors of childhood cancer (pediatric and adult).

Whether these neurological changes are a direct cause of anti-neoplastic treatment
(i.e., glucocorticoids, intrathecal methotrexate, cranial radiation) or endogenous stress
processes, all can disrupt effective stress regulation and therefore, may be relevant to
supporting long-term health and function in childhood cancer patients and survivors.

5. Physiological Stress Response

The signalling response evoked by neurological triggering is comprised of three dis-
tinct but overlapping systems. Brainstem activation of the ANS occurs almost immediately
via neural inputs to visceral target organs activated for allostasis as well as through adrenal
stimulation of catecholamines into circulation (SAM), while the hypothalamus activates
the HPA axis via stimulation of the pituitary to release ACTH. These two arms of allostatic
control, SAM signalling via catecholamines and HPA signalling via glucocorticoids, are
responsible for the physiological and affective experience of stress.

Secondary signalling by inflammatory factors is also implicated in short and long-term
effects and experiences of stress. The biomediators of inflammation, cytokines, can be
produced by neutrophil demargination and activation of immune cells [109]. In the short
term, this primes the immune system to protect the body from impending injury but in the
long-term can contribute to reduced immune function, worse tissue healing and chronic
inflammation and associated physiological and psychological disturbance [79,110].

Basal HPA and HPA-reactivity increases with age, with a marked increase around
puberty (—13 for girls, 15 for boys) [64,111,112]. This is likely due to the effects of changing
environmental demands, developing neurological structures that enable relevant neurocog-
nitive and neuropsychological functions (i.e., goal-oriented behaviour is governed by the
PFC and is thought to be an essential component of psychological stress provocation), and
hormonal changes associated with puberty [88,111,113].Stress response patterns can be
used to infer how the whole system is functioning and whether an individual appears
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to have a resilient or vulnerable stress phenotype. These acute patterns are thought to
be demonstrative of longitudinal stress regulation and prospective allostatic load and
associated consequences for health and wellbeing. In a resilient and optimised system,
the response pattern should show an immediate increase with stressor onset followed by
a rapid termination upon resolution or cessation of stress exposure. Unnecessary activa-
tion of stress responses overexposes corticolimbic brain regions to the neuroplastic and
neurotransmission effects of biomediators. Children who have experienced significant
adversity show divergence in their stress reactivity patterns [3]. Some have higher basal
activation and hypoactivity to acute stress exposure in one or multiple signalling systems,
while others show hyperactivity and impaired termination. Elevated inflammation is
also a common finding that is a purported mechanism of long-term adverse health and
functional outcomes in chronic stress populations [32], the degree of which is different
to that of an inflammatory response to infection. Acute stress reactivity to psychological
stimuli has been used in a variety of pediatric populations to predict stress-related risks
for health and wellbeing [64,111,114–118] and it is generally considered that any deviation
(hypoactivation or hyperactivation), is likely indicative of dysfunctional signalling and
regulation [16,58].

Few studies have examined stress reactivity patterns in childhood illness populations
or considered the role of stress regulation in long-term health and function, despite the
significant psychological distress in addition to the direct physiological effects of medical
treatments. This is even more surprising considering that many childhood illnesses require
the use of synthetic glucocorticoids for treatment. Thus, little evidence for the chronic
effects of stress exposure exists in childhood cancer, although some studies have reported
that elevated inflammation and oxidative stress persists post treatment [31,102]. Kennedy
(2005) found total antioxidant capacity to be lower in ALL patients 6 months post-treatment,
and this was correlated with better clinical outcomes including lower rate of infection
and hospitalisation, higher quality of life and better treatment tolerance [31]. Similarly,
Mazur et al. (2004) found elevated circulating cytokines, TNFα, IL-2 and IL-8, in ALL
patients 3, 6 and 12-months post-treatment [32]. Importantly, studies of adult patients have
shown a relationship between cytokine status and neurocognitive function [35] providing
support for a link between physiological activation and cognitive-affective capacities.
However, no research has explicitly investigated physiological stress response profiles,
which might provide clues into mechanisms of adverse long-term and late effects in this
population. As altered acute stress profiles and biochemical signalling is considered the
mechanism linking stressful experiences to long-term health and dysfunction in other
populations experiencing significant stress, this is an important area for further research
in childhood cancer patient and survivor populations that may provide insight into late
effects of childhood cancer [119].

6. Target Organ Activation

The culmination of stress responses is in allostatic processes preparing the body for
a threat and defending homeostasis in the face of changing environmental conditions.
However, what was an adaptive response for physical stressors evolutionarily may not be
effective for psychological stressors of contemporary lives. The inappropriate activation
of stress systems is thought to contribute to a wide range of illnesses reflecting allostatic
load [55].

Allostatic load, the aggregation of these subclinical issues or progression of a subclin-
ical issue into a clinical issue over time, is associated with significant risk of morbidity
and mortality [3,120]. Children who experience significant life stress have higher risk of
heart disease, diabetes, cancer, chronic lung disease, skeletal fractures, liver disease, mental
distress disability and overall worse health ratings [17,121]. At the tissue level, evidence
of oxidative stress including cellular aging [122–124] and shortened telomeres [125,126]
indicate systemic tissue disruption by early life stress.
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The consequences of early life stress and chronic stress is further demonstrated by
the higher rates of morbidity, as cellular vulnerabilities result in dysfunction, ultimately
increasing risk of all-cause mortality in these populations [5]. These same issues are
common side-effects observed in children’s cancer treatment, especially those treated with
synthetic glucocorticoids [28,60,103].

In line with other populations of children who have experienced significant stress,
childhood cancer survivors have also been reported to have shortened telomeres, and
this has been associated with higher chronic inflammation [104] and higher incidence of
late effects during survivorship [105]. Pediatric cancer survivors differ from age-related
controls in terms of activation of the adaptive immune system, chronic, low-grade inflam-
mation, as well as immune tolerance resulting from the synthesis of immunomodulators
via the tryptophan-kynurenine metabolic pathway [127]. These changes resemble an aging
phenotype observed in older populations [128] and are indicative of allostatic load [127].
Some research shows that pediatric cancer survivors have increased biological age relative
to their chronological age, as indicated by shortened telomeres [104,105], epigenetic age
acceleration [106] and biochemical and molecular markers such as inefficient oxidative
phosphorylation, increased lipid peroxidation and decreased expression of metabolic pro-
teins and those involved in mitochondrial biogenesis [107]. Childhood cancer survivors
also report an increased incidence of premature frailty associated with radiation treat-
ment [108]. The cytotoxic nature of childhood cancer treatments can cause significant
damage and disruption to developing organ systems, which may present more inher-
ent vulnerability to stress exacerbation than the general population. Childhood cancer
patients have a higher risk of many chronic illnesses including cardiovascular disease,
secondary cancer, metabolic conditions, depression and anxiety, as well as subclinical
but lower reported health related quality of life [24,28,60,101]. Dysrhythmias and other
indicators of cardiac dysfunction and conductive symptoms are reported in adult survivors
of childhood cancers [59], which is most commonly attributed to anthracycline exposure
used for anti-neoplastic treatment [129], or radiation to a field that involves the heart. In a
population of children and youth who survived mixed types of cancer, 28.2% were reported
to exhibit hypertensive or pre-hypertensive signs [130]. Similarly, Cardous-Ubbink (2010)
found increased risk of hypertension in adult survivors of childhood cancer, related to
BMI, cyclophosphamide, cisplatin or abdominal radiation [33]. In a population of adult
survivors of childhood cancer, stress and distress were associated with adverse cardiovas-
cular health conditions such as hypertension, dysrhythmia, dyslipidemia and metabolic
syndrome [131]. Even though stress reactivity and function of the systems involved in
stress responses have not been investigated in childhood cancer patients or survivors, many
of the conditions experienced by this population over their lifetime are those that can be
developed or worsened by dysfunctional stress regulation [3,28,60].

It is not possible to differentiate between the contribution of stress dysregulation of
target organs over and above that caused by direct cytotoxicity of anti-neoplastic treatment.
However, it is still relevant to reducing the burden of illness, as stress dysregulation
effects on tissue integrity and function are self-propagating and many adverse health
and functional outcomes worsen with time since treatment in childhood cancer survivors.
Thus, it is possible that these work in concert to contribute to adverse late-effects, with
direct effects of treatment producing vulnerabilities and initial weakness, and stress and
other long-term pathways contributing to worsening of function with time. For example,
direct disruption to corticolimbic brain regions mediating upstream stress regulation
can be further exacerbated by altered stress signalling and may be important targets for
intervention to promote better health and function during survivorship.

7. Considerations for Interventions

Each step in the stress regulatory pathway can alter the function of the system acutely
and over time influence the potential of stress to contribute to adverse health and dysfunc-
tion. Potential intervention options to reduce the burden of childhood illness centre around
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stress-buffering behaviours and may include encouraging social connection [132,133], pro-
social behaviour [133] and physical activity [75,134,135], while teaching effective coping
strategies. Mutable individual factors related to disposition and behaviour can also have
a significant impact on acute physiological activation to a stress stimulus and the effects
of stress on long-term health and function. The mutable factors, such as intrapsychic
coping strategies, pro-social behaviour and physical activity habits, should be considered
clinically meaningful as it relates to any contribution of stress dysregulation on long-term
health and function [136]. Programs promoting social connections and development can
be expected to have psychosocial and psychobiological benefits through positive changes
to cognitive-affective processing and neurological triggering. Expectations of negative
social judgement reliably provoke physiological stress responses [65,66]. Strong social
connections may reduce negative expectations during cognitive-affective appraisal, reduc-
ing physiological activation of stress systems [132]. Further, social support has a strong
influence over acute stress reactivity due to the release of oxytocin in the brain, inhibiting
CRH production, thereby reducing neurological triggering of the HPA axis and subsequent
physiological and affective experiences of a given stressor. Outcomes of social programs in
clinical populations rarely focus on clinical indicators, however, positive effects of social
support are reported improve stress management [132,133,137].

Several studies have shown that parents of children with cancer have a higher inci-
dence of post-traumatic stress disorder and related symptoms when compared to parents of
healthy children [138–140], and that these symptoms were associated between the parents
and their children [139]. This suggests that the parents’ stress of having a child with cancer
may have consequences for the children themselves. Parental stress has been found to be
a significant predictor of functional impairment in childhood cancer survivors [141], and
childhood cancer survivors may experience different parenting styles including parental
overprotection due to stress [142,143]. However, these findings are not conclusive as some
research has suggested parenting styles are not different from children without a history
of serious illness [144]. These findings indicate the need for further investigation and
potentially psychological interventions in childhood cancer patients and parents alike.

Programs promoting physical activity can be expected to have neurobiological and
psychobiological benefits through positive changes to cognitive-affective processing, neu-
rological triggering, as well as stress signalling and impacts on target organs [134,135].
Physical activity and fitness both have adaptive effects on stress reactivity and can influence
the stress regulatory pathways at multiple steps. Acutely, activity promotes positive mood,
reduces negative affect and alters dopamine-GR signalling [75]. Chronically, physical
activity promotes executive function, increases neurogenesis of the hippocampus and
reduces inflammation as well as promotes healthy function of many of the organ systems
of allostatic responses. Together, the effects of physical activity can be expected to reduce
acute activation, promote habituation to future stressors and counteract adverse effects of
allostatic load on target organ systems [145,146].

Treatment for childhood cancer must prioritise the eradication of the cancer itself;
however, secondary considerations must be given to reducing burden of illness during
survivorship and improving quality of life and function. To this end, interventions that
support stress buffering behaviours may have a beneficial impact on childhood cancer
patient and survivors. While clinicians may already promote these types of support for their
patients, understanding that these benefits not only improve experiences and subjective
quality of life but are likely to have clinical implications for long-term health and wellbeing
is critical to ensuring that they are included in holistic treatment of children’s cancer.

8. Clinical Implications and Future Research

Stress regulation is integral to how we navigate dynamic environments in everyday
life. Stress, homeostasis and allostasis are concepts that have been developed for decades,
with recent attempts to quantify these states being rooted in the study of thermodynam-
ics [147]. The thermodynamic entropy-based stress model proposes that adverse health
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states are caused by positive stress entropic load, while negative stress entropic load
leads to a protective health state, leading to the idea that energy balance may be a crucial
intervention for chronic disease [147]. The chronic or inappropriate activation of stress
regulatory signaling or target organ activation contributes to wear and tear on critical organ
systems and can contribute to adverse health and functional outcomes [3,8]. Even though
neurological changes caused by biomediator feedback occur during excessive or prolonged
stress signaling, disruption to the systems regulation can occur at any step in the pathway
due to self-regulatory nature. There is evidence that childhood cancer patients may have
disruption to several steps in the stress-regulatory pathway including cognitive-affective
function, neurological disruption to stress regulatory brain regions, altered adrenal and
endocrine function, and disrupted tissue integrity, as well as lower engagement in posi-
tive coping behaviours such as physical activity and pro-social habits. Childhood cancer
patients experience an array of adverse late effects of their cancer that may be brought on
by or exacerbated by dysfunctional stress regulation and adversely affect their physical
and mental health. Stress regulation may be a valuable lens through which to examine
these chronic morbidities in childhood cancer populations. Further research is needed
to better understand acute stress reactivity and stress signaling, as well as the connec-
tions between different pathways (i.e., cognitive-affective function and stress outcomes).
Larger cohort studies may be necessary to accommodate interindividual variability in
stress impacts on individuals and the nature of dysfunction. Even though it is not possible
to differentiate between direct and indirect effects of cancer treatment during childhood, a
better understanding of how neurological, physiological and psychological disruptions
during the experience of childhood cancer interact to produce late effects is important.
As treatments continue to improve survival rates in this pediatric clinical population, an
emphasis on understanding how to improve health and wellbeing during survivorship
has emerged. Clinical recognition of stress as a model during treatment, understanding
clinical implications of programs supporting positive coping behaviours—psychological,
social, physical activity, may thus be timely.
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Simple Summary: The current trend in neuropathology directs to the integrated histo-molecular
approach. The traditional concept of histological grade should be complemented by comprehensive
diagnostics with the mandatory use of molecular genetic markers. As a consequence, basic types of
CNS tumors fall into multiple nosological entities that can be morphologically similar while having
fundamentally different pathogenesis and clinical presentation. This trend is particularly evident for
ependymal tumors, which harbor molecular markers of decisive importance for the prognosis. This
minireview emphasizes recent achievements in ependymoma biology research closely connected
with state-of-the-art diagnostics.

Abstract: Ependymomas are among the most enigmatic tumors of the central nervous system, posing
enormous challenges for pathologists and clinicians. Despite the efforts made, the treatment options
are still limited to surgical resection and radiation therapy, while none of conventional chemotherapies
is beneficial. While being histologically similar, ependymomas show considerable clinical and
molecular diversity. Their histopathological evaluation alone is not sufficient for reliable diagnostics,
prognosis, and choice of treatment strategy. The importance of integrated diagnosis for ependymomas
is underscored in the recommendations of Consortium to Inform Molecular and Practical Approaches
to CNS Tumor Taxonomy. These updated recommendations were adopted and implemented by
WHO experts. This minireview highlights recent advances in comprehensive molecular-genetic
characterization of ependymomas. Strong emphasis is made on the use of molecular approaches for
verification and specification of histological diagnoses, as well as identification of prognostic markers
for ependymomas in children.

Keywords: ependymoma; risk stratification; molecular group; prognosis

1. Introduction

Ependymal tumors (ependymomas, EPNs), a common type of malignant neoplasms
of the central nervous system (CNS), constitute about 10% of all intracranial tumors and
about 20% of spinal cord tumors. EPNs rank third in the prevalence of pediatric CNS
tumors (after glial and embryonal tumors) [1]. Despite the use of advanced protocols that
include maximal safe surgical resection followed by localized radiotherapy, the mortality
remains high due to frequent relapses explained by the strong metastatic potential of EPNs
complemented by an efficient spread of metastases with cerebrospinal fluid.

Adverse predictors for EPNs are early age at onset, residual tumor tissue after resec-
tion, and metastatic lesions in CNS [2–5]; however, the detailed prognosis for EPNs is often
hampered by (1) clinical and morphological diversity of the tumors and (2) complex rela-
tions of histopathological grades with the prognosis [6,7]. In line with the modern trends
in neuropathology, the aggressiveness of a tumor and, accordingly, the prognosis is mainly
determined by molecular-genetic aberrations, whereas the conventional, histologically
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defined grade becomes subsidiary [8,9]. For pediatric EPNs, the relevance of molecular
stratification is especially obvious.

Over recent years, the diagnostics of CNS malignancies has been significantly recon-
sidered. The accent has been shifted from pathomorphology to molecular profiling and
the search for clinically informative markers that would justify the selection of a particular
therapy. Molecular framework-based stratification schemes have been developed and
introduced into clinical practice for a number of CNS tumors; examples include IDH1/2
mutations and 1p/19q codeletions for gliomas and oligodendrogliomas [10]; KIAA1549-
BRAF fusions, MYB/MYBL rearrangements, recurrent pathogenic mutations in BRAF and
H3F3A for pediatric astrocytomas [11,12]; and four molecular groups with the account of
MYC/MYCN amplification for medulloblastomas [13].

EPNs of different molecular etiologies occupy distinct anatomical compartments
within CNS. Recurrent genetic or epigenetic alterations found in EPNs are invariably
linked to tumor localization. Molecular subgrouping of EPNs is superior to histopatho-
logical grading based on the WHO criteria [14]. Gene expression signatures and related
subgrouping have shown the highest prognostic value among other studied molecular
criteria. A tumor retains its affiliation to a particular subgroup indefinitely (it cannot be
switched during progression and/or relapse of the disease), which increases its clinical
significance [5,14,15]. An advanced EPN classification has been recently proposed by
the Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy
(cIMPACT-NOW) update 7, aimed at connecting localization-dependent molecular groups
with tumor progression modes and outcomes [16]. This view has been supported by
WHO experts and reflected in the summary of the upcoming fifth edition of the WHO
Classification of Tumors of the Central Nervous System (WHO CNS5) [9]. According
to the newest CNS tumor nomenclature, ependymomas are subdivided into supratento-
rial (ST-EPNs), infratentorial (a.k.a. posterior fossa ependymomas, PF-EPNs), and spinal
(Sp-EPNs) by localization of the primary tumor; these groups are further stratified by
(epi)genetic features.

2. Molecular Profiles of ST-EPNs

ST-EPNs are fairly rare and show considerable genetic heterogeneity. ST-EPNs have
been recently stratified into two major groups: supratentorial ependymoma, ZFTA fusion-
positive (ST-EPN-ZFTA) and supratentorial ependymoma, YAP1 fusion-positive (ST-EPN-
YAP1) [9] consistently with gene expression and/or DNA methylation signatures revealed
by transcriptomic methods and/or whole-genome DNA methylation profiling, respectively.

2.1. ST-EPN-ZFTA Group

Gain-of-function rearrangements in ZFTA or YAP1 are specific for ST-EPNs. At that,
ST-EPN-ZFTA tumors are prevalent (50–75% and 25% of ST-EPNs in children and adults,
respectively [7,14,17–20]), while ST-EPN-YAP1 tumors are rare (3–10% in different co-
horts [7,14,18,19,21,22]). The archetypal chimeric transcript harbored by ZFTA-rearranged
ependymomas is ZFTA–RELA, hence the ST-EPN-RELA is a traditional designation for
this group [14]. Alternative ZFTA fusions (non-RELA, e.g., ZFTA-NCOA1, ZFTA-NCOA2,
ZFTA-MAML2 [23–28], and MN1-ZFTA [28]) are less common.

Recurrent ZFTA–RELA fusion is a unique molecular hallmark of ZFTA-positive EPNs
not found in other CNS tumors. Nine different transcript variants have been described,
differing by breakpoints in RELA and its partner gene; the prevalent isoform comprises
ZFTA exon 2 spliced to RELA exon 2 [17,22,29]. Formation of the ZFTA–RELA intrachromo-
somal gene fusion results from multiple double-strand breaks in 11q13.1 with subsequent
random reassociation (typical for chromotrypsis); hence the diversity of fusion points for
such transcripts. The oncogenic impact of classical ZFTA–RELA fusions was elucidated in
recent studies [30,31].

RELA encodes the RelA (p65) subunit of the dimeric nuclear factor-κB (NF-κB), most
known as a master regulator of immune responses and inflammation. NF-κB promotes
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apoptosis inhibition, cell growth, and pro-angiogenic signaling—the basic components of
oncogenesis and tumor progression. Expression of RELA chimeras results in constitutive
activation of NF-κB signaling pathway [17] and associated resistance of the tumor to chemo
and radiation therapies [32]. ZFTA chimeric proteins accumulate in the nucleus. A zinc
finger domain in the truncated ZFTA protein endows the chimeras with extraordinary high
affinity to DNA. The oncoprotein interferes with chromatin structure at ST-EPN-associated
loci, enabling the RELA transactivation domain to induce their transcription [30]. Moreover,
apart from the canonical NF-κB pathway activation, ZFTA–RELA fusions may trigger other
gene expression programs through recruitment of transcriptional co-activators BRD4,
EP300, and CBP, which participate in chromatin-related pathways and represent potential
druggable targets [31,33].

EPNs with the ZFTA gene fused with a non-RELA partner gene are considerably
less common. These tumors have variable histological structures and, apart from the
ependymomal component, may additionally involve pleomorphic xanthoastrocytoma-like,
astroblastoma-like, malignant teratoma-like, embryonal tumor-like, or sarcoma-like pat-
terns. Despite the heterogeneous morphology, these tumors are (epi)genetically similar
and tend to resemble the classic ZFTA–RELA-fused EPNs, as revealed by methylome as-
say. A detailed analysis of DNA methylation profiles allows subdivision of these tumors
into two clusters, one of them comprising tumors with histological features of astroblas-
tomas and xanthoastrocytomas, harboring ZFTA–MAML2 and MN1–ZFTA rearrangements;
the second cluster comprises tumors histologically resembling small-cell sarcomatoid
carcinomas and undifferentiated sarcomas, harboring ZFTA–NCOA1 and ZFTA–NCOA2
rearrangements [24–28].

The presence of recurrent ZFTA–RELA fusions has been repeatedly implicated as an
adverse prognostic factor [5,14,18]. Five-year rates of event-free survival (EFS) and overall
survival (OS) for ST-EPN-ZFTA tumors never exceed 29% and 75%, respectively [14].
Within the ST-EPN-ZFTA group, additional risks of relapse have been associated with
1q gains [5]. Interestingly, the St Jude Young Children 07 (SJYC07) study (encompassing
ependymal tumors diagnosed in <3-year-olds) identified similar 4-year EFS rates for ST-
EPN-ZFTA, ST-EPN-YAP1, and PF-EPN group A [7]. Consistently, two other studies
conducted independently by the Italian Association of Pediatric Hematology and Oncology
AIEOP and the Children’s Oncology Group (trial ACNS0121) revealed no difference in
survival rates for ST-EPNs with and without ZFTA–RELA fusion [4,34].

ZFTA (non-RELA)-fused EPNs have an especially dismal prognosis, with EFS rates
significantly lower compared with classical ZFTA–RELA-fused EPNs, while the correspond-
ing OS rates are comparable [26]. However, these findings are preliminary, given the small
number of cases reported so far. In the context of ST-EPN heterogeneity, it might be useful
to consider ZFTA fusions with atypical (non-RELA) partners as a distinguishing feature for
a separate group, the prognostic and clinical relevance of which is yet to be specified.

2.2. ST-EPN-YAP1 Group

ST-EPN-YAP1 tumors show an aberrant activity of transcription co-activator YAP1
(Yes-associated protein 1) related to its abnormal accumulation in the nucleus. With
YAP1 being a direct regulator of TEAD and SMAD transcription factors, its escape from
Hippo-dependent sequestration through accumulation in the nucleus results in sustained
proliferative signaling via WNT and Hedgehog. More accurately, the nucleus accumu-
lates the oncogenic fusion protein YAP1–MAMLD1 transferred from the cytoplasm to the
nucleus independently of its YAP1-Ser127 phosphorylation status that limits the nuclear
import of YAP1 in normal cells [35]. Apart from the prevalent YAP1–MAMLD1 fusions, ST-
EPN-YAP1 may harbor relatively rare structural variants, e.g., YAP1–FAM118B [14,36]. In
some cases, the formation of YAP1 fusions involves focal copy number alterations mapping
to the 3′ portion of the gene (11q22.1–11q21.2) [37]. Unlike ZFTA-positive ependymomas,
ST-EPN-YAP1 tumors have balanced genomes with local aberrations in the YAP1 locus and
no evidence of chromothripsis.
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Andreiuolo et al. (2019) reported a multicenter retrospective study on what is so far
the largest cohort of patients with YAP1-positive EPNs (n = 14). Overall survival for these
patients (median observation time of 4.8 years within the range of 0.6–16 years) constituted
100%. It is important to note that the boy-to-girl ratio for the studied cohort was 1:6.5, and
only three of the patients were over three years old at the time of diagnosis (the median
age at diagnosis constituted 8.2 months) [37]. The best survival rates for the ST-EPN-YAP1
group among other EPNs were also reported by other authors [7,14]. Careful de-escalation
of conventional EPN treatment protocols specifically for ST-EPN-YAP1 patients is currently
under scrutiny. An opportunity to exclude (delay or dismiss) radiation therapy alleviates
the risks of severe cognitive dysfunctions, endocrinopathies, and secondary tumors [38].

2.3. Non-ZFTA/Non-YAP1 ST-EPNs

The molecular diversity of ST-EPNs exceeds the currently established ZFTA-YAP
stereotype. Tumors with neither ZFTA nor YAP1 alterations are considered as a separate
group, and recent findings emphasize the need for a finer specification. A distinct entity
is formed by PLAGL1 rearranged EPNs, harboring EWSR1–PLAGL1 and less commonly
PLAGL1–FOXO1 or PLAGL1–EP300 fusions [39], which echoes molecular landscapes of soft
tissue sarcomas and a group of rare mesenchymal (non-meningothelial) and glioneuronal
CNS tumors with EWSR1–non-ETS fusions [40,41]. Nevertheless, for the vast majority of ST-
EPNs lacking recurrent chromosomal rearrangements, the oncogenic driver events remain
elusive. Several reports reveal the presence of fusion genes MAML2–ASCL2, MARK2–
ADCY3 [19], PTEN–TAS2R1 [14], PATZ1–MN1, MYH9–SEC14L2, MTMR3–NCOA3 [24],
TMEFF2–FOXO1, PCGF1–CREBBP [20], FOXO1–STK24, as well as EP300–BCORL1 in such
tumors [21]. Olsen et al. (2015) described two cases of hemispheric infantile EPN-like
gliomas with ALK fusions (CCDC88A–ALK and KTN1–ALK), both of them morphologically
ambiguous: the tumors showed glial phenotypes and resembled glioblastomas [42]. In the
summary of the upcoming WHO CNS5, such tumors have been reclassified and renamed
as infant-type hemispheric gliomas harboring receptor tyrosine kinase gene rearrange-
ments [9]. Torre et al. (2020) reported in-frame fusions AGK–BRAF and MYO5A–NTRK3
as potential targets for therapeutic inhibition [20]. In sum, these observations indicate the
absence of a single driver mechanism for this group of tumors while underscoring the
importance of their distinction from other CNS neoplasms.

3. Molecular Profiles of PF-EPNs

PF-EPNs, more prevalent in children than adults, constitute about 2/3 of intracranial
ependymal tumors of childhood. Based on high-throughput molecular techniques, PF-
EPNs are subdivided into two molecular groups: PF-EPN group A (PF-EPN-A), and
PF-EPN group B (PF-EPN-B) [9].

3.1. PF-EPN-A Group

This highly heterogeneous group comprises 85–90% of infratentorial EPNs. PF-EPN-A
tumors are often located laterally within the posterior fossa and occur predominantly
in infants and young children, twice more frequently in boys than in girls; the average
age at diagnosis constitutes 3.5 years [14]. The patients are at high risk of relapse, even
under multimodal therapy and in the absence of extra adverse prognostic markers [5].
Identification with PF-EPN-A represents a strong independent prognostic factor associated
with the worst rates of survival. According to Zapotocky et al. (2019), 5-year and 10-
year EFS for PF-EPN-A constitute, respectively, 43% and 37% [3]. Relapses are typical
for PF-EPN-A but not PF-EPN-B and, consistently, 10-year OS rates for PF-EPN-A are
significantly lower than for PF-EPN-B (56–58% vs. 88–100%) [4,14,15]. Additional negative
clinical predictors for PF-EPN-A are the presence of residual tumor tissue (incomplete
resection) and adjuvant radiation therapy refusal [3]. Retrospective evaluation of outcomes
for the patients receiving treatment under HIT-2000 protocol implicated residual tumors,
1q gains, and high mitotic activity of tumor cells (>10 mitotic figures per 10 fields of
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view) as independent adverse predictors for PF-EPNs in general and PF-EPN-A tumors
in particular [2]. Cytogenetic prognostic factors for PF-EPNs include 1q gains and 6q
losses [43,44]. These cytogenetic abnormalities are detected in 18.9% and 8.6% of PF-EPNs,
respectively. At that, the 1q gained PF-EPNs harbor 6q losses at an increased frequency of
17.7% [43]. Both types of copy number variations have been qualified as adverse predictors.
Five-year progression-free survival rates were 50% for EPNs without 1q gain and 6q loss,
as opposed to 32% for 1q gain only, 7.3% for 6q loss only, and 0% for both 1q gain/6q loss
tumors [43]. The ultra-high risks conferred by the co-occurrence of cytogenetic markers in
PF-EPN-A patients should be taken into account for the treatment regimen optimization.

PF-EPN-A tumors reveal characteristic aberrant patterns of DNA methylation, the
so-called CpG-island methylator phenotype (CIMP) with extensive hypermethylation of
CpG-islands in promoter regions of multiple genes. This effect critically interferes with the
function of PRC2 (Polycomb repressive complex 2) [45,46]—a transcription repressor pro-
tein complex that facilitates methylation of nucleosome histone H3 at amino acid residues
H3K27 and H3K9 thus inhibiting the expression of key regulatory genes responsible for
cell fate determination and differentiation. Bayliss et al. (2016) revealed the deficiency
or complete loss of H3K27me3 in PF-EPN-A tumors [46]. This finding complements the
earlier hypotheses on the central role of epigenetic mechanisms in PF-EPN pathogenesis
inferred from the absence of presumably pathogenic mutations in chromatin remodeling
genes and enzymes that catalyze post-translational modifications (e.g., methylation) of
histones in whole-genome sequencing data [17,45,46]. The recruitment of Polycomb group
(PcG) transcription repressors to chromatin requires the presence of non-methylated CpGs;
accordingly, the loss of H3K27me3 methylation has been associated with dense hyper-
methylation of CpG-islands preventing the recruitment of PcG proteins to chromatin by
steric hindrance.

An advanced investigation of molecular mechanisms responsible for the observed
epigenetic malfunctioning revealed a plausible association of the H3K27me3 deficiency
with elevated expression levels of accessory proteins encoded by EZHIP (formerly CXorf67)
and EPOP (formerly C17orf96) [47–49]. As demonstrated by Hübner et al. (2019), EZHIP is
a competitive inhibitor of PRC2. A conservative stretch of amino acids in the C-terminal
portion of EZHIP mimics the K27 methylation target in histone H3, albeit with K27M
substitution. The binding of methionine M27 (instead of lysine K27) to the active center in
the histone-lysine N-methyltransferase subunit of PRC2 blocks its catalytic activity [50].
Somatic missense mutations in EZHIP are detected in a small proportion of PF-EPN-A
tumors (<10%) [48]. Jain et al. (2019) demonstrated that such mutations have no influence
on H3K27me3 levels thus disproving their functional significance [51]. Noteworthy, no
loss-of-function mutations in EZHIP (nonsense substitutions or frameshift indels) have
been reported. Elevated expression of EZHIP in tumors may be caused by mutations
in cis-regulatory elements; the same effect may be conferred by the formation of fusion
genes involving EZHIP locus (for instance, MBTD1–EZHIP fusion described for low-grade
endometrial stromal sarcoma [52]). However, no fusions comprising EZHIP or PRC2
subunit-encoding genes (e.g., EED, SUZ12) have been described for EPNs.

Related signatures of disrupted epigenetic regulation have been associated with H3
K27M mutations typical for diffuse midline gliomas (DMGs) but rarely found in PF-EPN-A
(<5% of the cases). Noteworthy, in EPNs such mutations are harbored by canonical histone-
encoding genes HIST1H3C and HIST1H3B, whereas in DMGs they are predominantly
found in a replacement histone gene H3F3A (90% of the cases) [48,53–55]. Given the mutu-
ally agonistic roles of the onco-histone H3 K27M and EZHIP, it would be natural to expect
similar patterns of disease progression and therapy outcomes for H3 K27M-mutant DMG
and EZHIPhigh PF-EPN-A. Indeed, in DMG, disruption of H3K27me3-mediated epigenetic
regulation is associated with an extremely aggressive course of the disease, typically pre-
senting with sustained tumor growth and polychemotherapy resistance [56–58]. Similarly,
effective chemotherapy regimens for PF-EPN-A are missing [59] and therapeutic options
for relapses are extremely limited [5,60–63].
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Despite the uniformity of methylation profiles within PF-EPN-A, tumors of this
group show considerable molecular heterogeneity and can be additionally classified into
two major subgroups A1 and A2 (and ultimately into nine minor subtypes by using ad-
ditional markers: gains 1q, deletions 22q, 6q, and 10q, and OTX2 protein expression).
PF-EPN-A1 tumors are distinguished by pronounced expression of the homeotic HOX
genes (HOXA1/2/3/4, HOXB2/3/4, HOXC4, and HOXD4) which define the segmental (rhom-
bomeric) organization of the hindbrain in early embryogenesis. PF-EPN-A2 tumors hyper-
express EN2, CNPY1, and IRX3—a group of genes involved in the rhombomere differen-
tiation. Expression of A1- and A2-specific genes within the developing hindbrain shows
distinct zonality—increased expression of A2 markers is characteristic of the rostral portion
at the border with the midbrain, while expression of HOX genes is more pronounced in
caudal segments of the brainstem and spinal cord. Differential expression of the spatial
patterning genes in A1 and A2 tumors apparently reflects their origin from different hind-
brain structures. However, the practical relevance of the advanced A1/A2 subgrouping is
questionable. Stratification by clinical factors (gender, age at diagnosis, tumor resection
volume, and received therapy) revealed no significant differences between A1 and A2
tumors, except the patterns of relapse (PF-EPN-A1 tumors more often produce local than
distant relapses, and vice versa) [48].

3.2. PF-EPN-B Group

In contrast to PF-EPN-A tumors which predominantly affect children, PF-EPN-B
tumors are more common in adults. In adolescents (aged 10–17), about 45% of newly
diagnosed EPNs fall into this group. The prognosis for PF-EPN-B tumors is favorable:
10-year OS rates for the patients after subtotal and gross total resections reach 66.7% and
96.1%, respectively [3,14,15,64]. Thus, the prognosis for this group strongly depends on the
extent of surgical resection. The occurrence of delayed relapses (10 years after the onset)
underscores the importance of long-term follow-up [64]. Patients with R0 may benefit from
chemo- and radiation-sparing strategies; such possibility is being considered [38]. The
observed difference in patterns of recurrence between PF-EPN-A and PF-EPN-B adds to
the relevance of comprehensive molecular characterization of a tumor as early as possible.

By now, recurrent mutations or fusion genes in PF-EPN-B tumors are missing, and no
clear drivers for this group have been identified. Ciliogenesis and microtubule assembly are
deregulated only in PF-EPN-B tumors, while several canonical cancer-associated pathways
operate in the PF-EPN-A group (VEGF, PDGF, EGFR, RAS signaling, etc.) [14]. PF-EPN-B
tumors harbor major cytogenetic aberrations including gains 1q, monosomies 6, 10, and 17,
trisomies 5, 8, and 18, and deletions 22q [64]. The diversity of cytogenetic profiles revealed
for PF-EPN-B indicate inherent genomic instability and suggest that these tumors emerge
from multiple driving events. Similarly with PF-EPN-A, the PF-EPN-B group shows
significant heterogeneity, with distinct molecular subtypes of different demographics, copy
number alterations, and gene expression signatures. By contrast with PF-EPN-A, gains 1q
pose no extra risks for PF-EPN-B tumors. Losses 13q may represent a more reliable negative
prognostic marker than gains 1q; however, this assumption requires further substantiation,
particularly as the basis for de-escalation of therapy regimens. However, the extent of
resection remains the strongest predictor of poor outcomes for this group. Given the patient
data scarcity, advanced stratification within PF-EPN-B remains clinically irrelevant [64].

3.3. ST-EPN-ZFTA-like PF-EPNs

Unique cases of ZFTA–MAML2, ZFTA–RELA, and ZFTA–NCOA2 fusion in PF-EPN
were reported recently. These tumors revealed characteristic ZFTA-mediated gene expres-
sion and whole-genome DNA methylation signatures corresponding to the ST-EPN-ZFTA
group; accordingly, they were classified as “ST-EPN-ZFTA” despite the infratentorial
localization [65].

A summary of the intracranial EPN classification is given in Figure 1.
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Figure 1. Basic classification of intracranial ependymal tumors.

4. Molecular Profiles of Sp-EPNs

Sp-EPNs constitute a heterogeneous group with a generally favorable prognosis.
These tumors mostly occur in adult patients and are rare in children. Clinical outcomes
for Sp-EPNs are better than for intracranial EPNs, with 5-year OS rates within the range
of 60–90% [14]. Three molecular groups of Sp-EPNs were originally identified, including
subependymomas, myxopapillary Sp-EPNs (SP-MPE), and Sp-EPNs per se; the molec-
ular subgrouping shows excellent concordance with corresponding histopathological
subtypes [14]. Our knowledge on the molecular pathogenesis of Sp-EPN tumors is limited.
The groups reveal characteristic somatic copy number aberrations; most Sp-EPNs harbor
22q deletions involving neurofibromin 2 (NF2) tumor suppressor gene, whereas SP-MPEs
show chromosomal instability.

SP-MPEs, the most prevalent type of pediatric spinal cord EPNs, predominantly arise
in the conus medullaris, cauda equina, and filum terminale regions [66]. Despite their
low mitotic index and slow-growing nature, SP-MPEs generally have far more aggressive
behavior than other low-grade CNS tumors. Furthermore, pediatric SP-MPEs are especially
aggressive, with much higher rates of local recurrence and secondary seeding to distant
craniospinal sites or local spinal sites (64% cf. 32% in adults) [67]. As demonstrated by
Ahmad et al. (2021), pediatric SP-MPEs exhibit aberrant activity of the mitochondrial
metabolic pathways [68]. The only recurrent focal amplification identified for this group
involves HOXB gene cluster mapping to 17q. HOXB13 amplification represents a candidate
diagnostic marker for SP-MPEs. The elevated expression of HOXB13 enhances tumor cell
proliferation and dissemination, playing a critical role in the development of metastasis [68].
Due to the high propensity for local recurrence and distant neural axis dissemination, the
summary of the upcoming WHO CNS5 identifies SP-MPEs with grade 2 (rather than
grade 1). SP-MPEs have distinctive histopathological features such as well-organized
papillary architecture, with vascular cores and abundant mucinous extracellular matrix.
Histological examination of tumor tissue is necessary and sufficient for the diagnosis of
SP-MPE, whereas genetic testing is accessory [9].

A rare subtype of Sp-EPN in adult patients has been described recently, presenting
highly aggressive clinical behavior with early metastasis, diffuse leptomeningeal spread
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throughout CNS, and resistance to standard treatment protocols. All of them harbored
MYCN amplification and no other recurrent pathogenic events [69–71]. Importantly, these
tumors formed a distinct methylation cluster of their own, and none of them clustered with
any of the previously identified nine EPN groups. Recognizing the importance of clinical
and molecular data on such tumors, the summary of the upcoming WHO CNS5 reports a
novel nosological entity of MYCN-driven Sp-EPNs with dismal outcomes [9].

Genetic alterations found in particular in EPN groups are summarized in Table 1.
Subgroup-specific diagnostic and candidate genes in pediatric EPNs are contained in
Table 2.

Table 1. Summary of major molecular markers of ependymal tumors.

Localization Molecular Group Major Molecular Markers Prevalence within the
Group Pathogenic Impact

Supratentorial

ST-EPN-ZFTA

ZFTA–RELA fusion,
chromothripsis 11q13.1 90–95% NF-kB pathway

activation

ZFTA–MAML2
ZFTA–NCOA1
ZFTA–NCOA2

5–10% EP300/CREBBP gene
expression pathway

ST-EPN-YAP1
YAP1–MAMLD1 95% Hippo pathway

activationYAP1–FAM118B 5%

Infratentorial
PF-EPN-A

EZHIP overexpression 95% CpG-island methylator
phenotypeHIST1H3C, HIST1H3B or

H3F3A K27M substitution <5%

PF-EPN-B Major cytogenetic
aberrations Up to 100% Ciliogenesis

deregulation

Spinal
Sp-MPE HOXB cluster genes

amplification Up to 100%
Mitochondrial

metabolism pathways
activation

SP-EPN-MYCN MYCN amplification 100% Proliferative signaling
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5. Molecular Profiles of Subependymomas

Subependymomas are exceptionally rare slow-growing benign neoplasms, account-
ing for only 0.07–0.7% of all intracranial tumors [14,72]. These tumors typically arise
in adults (aged 22–76 years) without strict predilection to a particular site in CNS. The
most typical locations, the fourth and lateral ventricles, are encountered in up to 85% of
the cases, followed by septum pellucidum, brainstem, and spine [73]. DNA methylation
profiles of subependymomas differ depending on tumor localization, which provides
certain grounds for molecular subgrouping [14]. However, all subependymomas have
a favorable prognosis independently of localization. According to the cIMPACT-NOW
group recommendations and the summary of the upcoming WHO CNS5, morphological
examination provides adequate means for the diagnosis and prognostication; the integra-
tive histo-molecular approach for subependymomas is accessory [9,16]. Recent findings
suggest that the process of clonal evolution in subependymomas may give rise to more
aggressive tumor clones enriched with pure EPN phenotypes, chromosome 6 losses, and
TERT mutations. These markers, associated with increased risks of recurrence, should be
considered as an indication for more intensive therapies, especially under conditions of
subtotal tumor resection [44].

6. Laboratory Approaches for EPN Diagnostics

From a histological perspective, EPNs show moderate cellularity and variable mitotic
activity; they consist of monomorphic rounded or oval cells with scant cytoplasm and
vesicular nuclei containing granular (salt-and-pepper) chromatin. Key histological features
of EPNs are perivascular (pseudo) rosettes and ependymal rosettes. EPNs are positive
for glial fibrillary acidic protein (GFAP), S100, vimentin, rarely cytokeratin, and epithelial
membrane antigen (EMA, positive along the luminal surface of ependymal rosettes or
as characteristic dot-like or ring-like intracytoplasmic patterns) and negative for most
neuronal antigens [6].

No unified standards for molecular diagnostics of EPNs have been introduced so
far. The molecular group for each particular case is determined by whole-genome DNA
methylation profiling as a golden standard. Comprehensive analysis of DNA methylation
signatures is the method of choice for differential diagnosis within a broad spectrum of glial
and embryonal tumors including CNS neuroblastoma with FOXR2 activation, CNS Ewing
sarcoma family tumor with CIC alteration, CNS high-grade neuroepithelial tumor with
MN1 alteration, and CNS high-grade neuroepithelial tumor with BCOR alteration [24,74].
The advantage of using this technique is the suitability of formalin-fixed paraffin-embedded
tumor tissue for the analysis (methylated sites in genomic DNA are preserved during fixa-
tion, dehydration, etc.). However, the use of DNA methylation assays in routine laboratory
practice has serious limitations, as the data processing is complex and the method itself is
expensive, sophisticated, and labor-consuming. Alternative diagnostic algorithms may be
based on a combination of economically justified methods including histological examina-
tion, immunohistochemistry (IHC) testing, reverse transcription-polymerase chain reaction
(RT-PCR), Sanger sequencing, fluorescence in situ hybridization (FISH), and probably also
the NanoString nCounter® platform (Figure 2).
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Figure 2. The integrated approach for molecular group determination applied to ependymal tumors.

6.1. Differential Diagnosis of ST-EPNs

In many cases, unambiguous determination of the molecular group of a tumor can be
afforded by a certain combination of routine morphological and genetic approaches [75].
For instance, nuclear accumulation of p65 (RelA) and the presence of ZFTA–RELA fusion are
sufficient for the identification of the sample with the core ST-EPN-ZFTA group harboring
the classical ZFTA–RELA transcript. The diversity of fusion transcripts, which results from
the variability of breakpoints in RELA and its partner genes, significantly complicates the
identification of particular rearrangements and their use as markers. Conventional RT-PCR
tests are targeted at the two most frequent fusions ZFTA (exon 2)–RELA (exon 2) and ZFTA
(exon 3)–RELA (exon 2) [19,75,76].

A highly efficient way of screening for ZFTA and RELA rearrangements is provided
by FISH with break-apart probes for one of the fusion partner genes. This approach
allows detecting rearrangement of the gene of interest without accurate determination of
the breakpoint [19,21]. Its excellent concordance with other methods including nuclear
expression of RelA and DNA methylation profiling should be noted [19].

ZFTA gene rearrangements induce the hyperexpression of L1 cell adhesion molecule
(L1CAM) and/or cyclin D1 may be considered as a surrogate marker of the ST-EPN-
ZFTA group [18,20,22,23]. However, IHC is not sufficient on its own: the results require
confirmation by independent alternative methods since neither of the antibodies (anti-p65,
anti-L1CAM, anti-cyclin D1) has enough sensitivity and/or specificity to reliably verify
the ST-EPN-ZFTA group [20,22]. The diagnosis of ST-EPN-ZFTA with alternative (non-
RELA) fusion gene can be suspected if tumor cells show immunopositivity for L1CAM and
negativity for p65 [26].

Identification of a tumor with the ST-EPN-YAP1 group is based on detection of
either YAP1 rearrangement by FISH or one of the YAP1-fusions (YAP1–MAMLD1, YAP1–
FAM118B) by RT-PCR, while IHC with anti-YAP1 and/or anti-Claudin-1 is noninforma-
tive [19,37].

6.2. Differential Diagnosis of PF-EPNs

Panwalkar et al. (2017) proposed IHC tests for H3K27me3 as a straightforward
and affordable method for PF-EPN stratification. The authors demonstrate that PF-EPN-
B tumors are completely positive for H3K27me3, whereas the presence of H3K27me3
signal in less than 80% of tumor cell nuclei (against the total positivity of endothelial
cells used as an internal control) is indicative of PF-EPN-A. Moreover, groupings based
on whole-genome DNA methylation profiling vs. IHC tests for H3K27me3 were 99.1%
concordant; the outlier was H3K27me3-negative tumor from a 12-year-old female patient,
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classified as PF-EPN-B on the basis of DNA methylation analysis [77]. The methodology
was further enhanced by Fukuoka et al. (2018) who attempted at finer quantitation of the
IHC data. In about 62% of prediagnosed PF-EPN-A tumors examined by the authors, the
H3K27me3 reactivity was shown by 5–50% of the tumor cell nuclei; for the rest of PF-EPN-A
tumors (about 40%), the proportion was less than 5%. In contrast, the vast majority of
PF-EPN-B tumors showed intact expression of H3K27me3, with 90–95% of tumor cell nuclei
stained positive, except two cases of reduced positivity (10–60%) classified as PF-EPN-B by
DNA methylation profiling. Overall, the cut-off level of 80% H3K27me3-positive tumor
cells allowed distinguishing PF-EPN-B from PF-EPN-A with 100% specificity and 86.7%
sensitivity [21].

Antin et al. (2020) suggested complementing the routine IHC panels for CNS tumor
diagnostics with anti-EZHIP staining. The intensive diffuse nuclear staining with >90%
tumor cells immunopositive was obtained for PF-EPN-A (with the exception of rare H3
K27M-mutant tumors), diffuse midline gliomas with wild-type (non-mutant) H3F3A, and
germinomas [78]. Nambirajan et al. (2021) evaluated an extended panel of IHC markers
(H3K27me3, acetyl-H3K27, H3K27M, ATRX, EZHIP, EPOP, and Tenascin-C) for the use
in differential diagnostics of PF-EPNs. The authors demonstrated that a combination of
EZHIP- and H3K27me3-specific antibodies is sufficient for reliable verification of PF-EPN-
A; this finding illustrates the consistency between genetic and IHC profiles of a tumor [79].

Given the existence of rare EPN subtypes e.g., PF-EPN with ZFTA rearrangement [65]
or ST-EPN harboring ZFTA fusions with atypical (non-RELA) partners, correct identi-
fication of a tumor with a particular group requires an extended diagnostic algorithm
accounting for gene expression signatures. The creation of a universal diagnostic tool
for the determination of molecular subtypes of EPN can be based on the analysis of gene
expression signatures using the NanoString nCounter® platform. The assay must be carried
out with customized panels of markers, corresponding to EPN group-specific signatures
of upregulated genes, designed specifically for this purpose. Lastowska et al. (2021)
identified group-specific marker genes for RELA-fused EPN (RELA, ELL3, FBP2, PCP4L1,
and MYO3A), YAP1-fused EPN (MRAP, IGF1, CAPS, and WWC1), PF-EPN-A (LAMA2,
ALDH1L1, SLC6A13, IGSF1, and CXorf67), and PF-EPN-B (NELL2, DNAH1, CEP83, C9orf72,
and NXNL2) tumors. The NanoString-based approach clearly separated PF-EPNs into two
clusters, corresponding to the defined PF-EPN groups, based on the expression of selected
genes. Extended cluster analysis allowed subdivision of PF-EPN-A tumors into PF-EPN-A1
and PF-EPN-A2 subgroups using four marker genes (SKAP2, WIF1, and EN2, CNPY1,
respectively). The described gene panel for RELA-positive EPN did not allow differentia-
tion of EPN with ZFTA–MAML2 fusion [80]. The potential of the NanoString method for
diagnosis and advanced classification of other CNS tumors has been confirmed in several
studies [81–83]. The approach provides reliable stratification of medulloblastomas into
four groups (designated WNT, SHH, group 3, and group 4) based on the evaluation of
22 transcripts expressed differentially among the groups and contributing to characteris-
tic group-specific gene expression signatures [81,82]. Primitive neuroectodermal tumors
of the CNS (CNS-PNETs) have been already defined as four new molecularly defined
entities (CNS neuroblastoma with FOXR2 activation, CNS Ewing sarcoma family tumor
with CIC alteration, CNS high-grade neuroepithelial tumor with MN1 alteration, and
CNS high-grade neuroepithelial tumor with BCOR alteration) using a single multi-gene
tumor-specific signature [83]. However, differential diagnostics of EPNs in mixed series
with other CNS tumors by the NanoString approach is impossible. For correct molecular
stratification of ependymal tumors by the NanoString approach, all samples intended for
comparison must be morphologically identified as EPN prior to the analysis.

7. Therapeutic Targeting of EPNs

Despite the profound insights into ependymal tumor biology, consensus recommen-
dations for the management of patients with EPNs with regard to molecular diagnosis
are missing. As tumors are resistant to conventional chemotherapy, the search for drug-
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gable targets is highly relevant. However, no candidate targets have been identified
despite the extensive efforts in molecular profiling. Clinical studies on general cohorts
showed no significant objective response to ERBB1/2 (lapatinib) and VEGF inhibitors
(bevacizumab, sunitinib), despite the evidence on overexpression of ERBB2, ERBB4, or
VEGF in EPNs [84–87].

In the molecular era, cancer-specific somatic aberrations should be taken into account
when choosing a treatment strategy. For PF-EPNs, the pathogenesis of which involves
epigenetic mechanisms, the possibility of using pharmaceuticals targeted at epigenetic
modifications, including abnormalities of DNA methylation and histone modifications,
seems most rational. Despite the promising results of pre-clinical research [88,89], histone
deacetylase (HDAC) inhibitors showed no therapeutic activity in patients, apparently due
to the intricacies of subcellular localization of HDACs and inability of the inhibitors to
accumulate inside the brain tissue in concentrations sufficient for therapeutic response [90].
Nevertheless, the search for new HDAC inhibitors with appropriate brain-penetrating
capacities and safety profiles may provide a useful treatment strategy [91]. The possibility
of using BET-bromodomain inhibitors as anticancer therapeutics is being investigated in
pediatric EPN stem cell models [92]. The upregulation of EZHIP could have important
implications for therapeutic approaches. As reported by Han et al. (2020), EZHIP has
a conservative PALB2-binding domain which enables its functioning as a competitive
inhibitor of BRCA2. Elevated levels of EZHIP prevent the formation of BRCA1-PALB2-
BRCA2 complexes thus inhibiting the homologous recombination-mediated DNA repair
pathway. The results indicate the potential of PARP inhibitors as targeted therapeutics in
PF-EPN-A, especially when combined with radiotherapy [61].

NF-kappa B inhibitors are considered potential therapeutic agents for the treatment
of ST-EPN-ZFTA with constitutive activation of the NF-κB signaling pathway. A trial
currently in phase II is evaluating the effectiveness of marizomib—a second-generation
irreversible proteasome inhibitor, enrolling patients with histologically proven spinal or
intracranial EPN, including but not limited to ST-EPN-ZFTA (ClinicalTrials.gov Identifier:
NCT03727841, accessed on 20.09.2021). At the moment, the enrollment is complete, and
the study is in progress. Specific expression of PD-L1 on both tumor and myeloid cells in
ST-EPN-RELA has been demonstrated, accompanied by high levels of PD-1 expressed by
tumor-infiltrating T cells (both CD4 and CD8) [93,94]. In the context of immunotherapy,
ST-EPN-RELA progression may be controlled with PD-1 inhibitors, such as pembroluzimab
or nivolumab [95].

Despite the principal shift in the EPN diagnostics and molecular stratification, its
immediate impact on the existing treatment regimens is low. The correction would require
preclinical and clinical trials for EPNs with due consideration of the molecular subgrouping.

8. Conclusions

As demonstrated by advanced studies of the last decade, ependymomas constitute
a heterogeneous group of tumors and differ by molecular etiology. This minireview
underscores the importance of comprehensive molecular profiling for ependymal tumors
aimed at identifying specific expression signatures and/or (epi)genetic variants. Molecular
identification of an ependymal tumor with a particular molecular group should follow its
anatomical and histopathological assessment. Advanced stratification of patients into risk
groups provides a framework for personalized management, e.g., allows de-escalation of
the therapy in patients with low-risk tumors (supratentorial ependymomas group YAP1
and infratentorial ependymomas group B). Detailed understanding of causative molecular
abnormalities for particular tumors is pivotal for the development of novel therapeutic
options.
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Simple Summary: It is well known that different cancer predisposition syndromes are associated
with characteristic WT-features. The following findings from our retrospective analysis of patients
with nephroblastoma treated according to the SIOP/GPOH trials between 1989 and 2017 are rele-
vant: (1) The outcome of patients with a cancer predisposition syndrome is not always favorable
despite early diagnosis, small tumors and less metastatic disease. This finding is partly depending
on complications related to the underlying syndrome. (2) Predisposition syndromes seem to be
underdiagnosed as several clinical and pathological features of Wilms tumor being clearly linked to a
cancer predisposition syndrome did not lead to genetic counseling before and after WT diagnosis. As
a conclusion, in children with a nephroblastoma and specific clinical and pathological features that
are in line with a nephroblastoma cancer predisposition syndrome such a syndrome should always
be considered and ruled out if unknown at the time of tumor diagnosis.

Abstract: (1) Background: about 10% of Wilms Tumor (WT) patients have a malformation or cancer
predisposition syndrome (CPS) with causative germline genetic or epigenetic variants. Knowledge
on CPS is essential for genetic counselling. (2) Methods: this retrospective analysis focused on
2927 consecutive patients with WTs registered between 1989 and 2017 in the SIOP/GPOH studies.
(3) Results: Genitourinary malformations (GU, N = 66, 2.3%), Beckwith-Wiedemann spectrum
(BWS, N = 32, 1.1%), isolated hemihypertrophy (IHH, N = 29, 1.0%), Denys-Drash syndrome (DDS,
N = 24, 0.8%) and WAGR syndrome (N = 20, 0.7%) were reported most frequently. Compared to
others, these patients were younger at WT diagnosis (median age 24.5 months vs. 39.0 months),
had smaller tumors (349.4 mL vs. 487.5 mL), less often metastasis (8.2% vs. 18%), but more often
nephroblastomatosis (12.9% vs. 1.9%). WT with IHH was associated with blastemal WT and DDS
with stromal subtype. Bilateral WTs were common in WAGR (30%), DDS (29%) and BWS (31%).
Chemotherapy induced reduction in tumor volume was poor in DDS (0.4% increase) and favorable
in BWS (86.9% reduction). The event-free survival (EFS) of patients with BWS was significantly
(p = 0.002) worse than in others. (4) Conclusions: CPS should be considered in WTs with specific
clinical features resulting in referral to a geneticist. Their outcome was not always favorable.
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1. Introduction

Nephroblastoma or Wilms tumor (WT), the most common kidney tumor in child-
hood [1], can be cured in more than 90% today [2–4]. According to SIOP clinical studies
and trials patients are diagnosed by imaging studies alone and preoperatively treated with
AV (actinomycin and vincristine for 4 weeks) with localized or with (AV plus doxorubicin
for 6 weeks) with metastatic tumors. During the registration process of patients, data on
the kind of a cancer predisposition syndromes (CPS) or a malformation are provided by
the treating hospital without further specifying malformations. In addition, participation
in a surveillance protocol before the diagnosis in case of a CPS is registered in the database.

With 8 to 17% overall and up to 24% in bilateral WTs it has one of the highest associa-
tion rates with congenital anomalies of all childhood cancers [5,6]. Such malformations
and CPS related to the development of WTs are characterized by genetic or epigenetic alter-
ations. For example, the WAGR syndrome, is clinically defined by a variable occurrence
of WT in combination with aniridia, genitourinary malformations and a range of devel-
opmental delays [7–9]. It is caused by chromosome 11p13 deletions, including WT1 and
neighboring genes, whereas Denys-Drash syndrome (DDS) is due to a dominant-negative
WT1 mutation. DDS is characterized by the triad of WT, nephropathy and, if applicable,
male pseudohermaphroditism [10–12]. In addition, genitourinary malformations (GU)
have been linked to WT1 mutations [13,14]. Isolated hemihypertrophy (IHH) [15,16] and
the Beckwith-Wiedemann spectrum (BWS) are overgrowth syndromes with elevated risk
to develop WT. BWS shows a high variability of macroglossia, abdominal wall defects, vis-
ceromegaly, gigantism and hypoglycaemia caused by genetic and epigenetic alterations at
11p15.3 [12,17,18]. Other WT associated syndromes such as Perlman syndrome or Simpson-
Golabi-Behmel syndrome are much rarer and have a different genetic background. In this
paper we focus on the five most frequent WT malformations or CPS, namely WAGR, DDS,
GU, IHH and BWS, to compare their clinical, pathological and outcome data with data
from WTs without a known CPS.

2. Materials and Methods

We conducted a retrospective investigation on data of 2927 patients with WT and/or
nephroblastomatosis from Germany, Austria and Switzerland enrolled in the SIOP/GPOH
9, 93-01 and 2001 studies between 1989 and 2017. Details of their treatment protocols have
been reviewed previously [19]. Ethical approval was obtained from the Ärztekammer
des Saarlandes (No: 136/01 from 20 September 2002 and, 248/13 from 13 January 2014).
All parents or legal guardians of the affected children gave informed consent for study
participation.

Pseudonymized data of all patients were stored in a central and encrypted SQL
database. All patients identified in the database with a clinically documented malformation
or CPS were reviewed by NW and NG, and details on these patients—including presen-
tation, treatments and outcome—were collected from the SIOP-RTSG/GPOH database
and, retrospectively, from status report forms, radiology, pathology and surgery reports,
progress letters and telephone notes available at the data center. The identification of
patients with malformations or CPS was based solely on clinical data provided by the
registration CRF where associated congenital malformations or a syndrome were asked
specifically for Aniridia, WAGR, genitourinary malformations, Denys Drash syndrome,
BWS, IHH, Perlman syndrome. Free text could specify other malformations or syndromes
that are not listed. This information is based on clinical characteristics. No information is
provided if the syndrome was confirmed by genetic analysis. Patients with WAGR were
also included in the paper by Hol et al. [8]. Tumor volume was calculated from imaging
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studies using the ellipsoid formula in those patients were CT or MRI of the tumor was
available. Nephroblastomatosis was based on reference histology defined as multiple or
diffuse nephrogenic rests but not further specified as perilobar, intralobar or both, as this
information was not available for all patients with nephroblastomatosis. For statistical
analysis all data were anonymized. IBM SPSS Statistics, version 25 and 27, was used for
descriptive analyses (histograms, boxplots, pie charts, frequency charts and bar charts)
and statistical comparisons (T-test for independent samples, Levene test, Chi-square test,
multivariate analysis and Kaplan-Meier survival curves with Log Rank). p-values below
0.05 were considered as statistically significant. Overall survival (OS) included the time
period between diagnosis and death of any reason, and event free survival (EFS) between
diagnosis and any event, including recurrence of WT or nephroblastomatosis, death or loss
to follow up.

3. Results
3.1. Characteristics of Study Population

An underlying malformation or syndrome was recorded in 198 out of all 2927 (6.8%)
patients (Table 1). Bilateral disease occurred in 253 (8.6%) of patients and 29 patients
with CPS or malformation were included in a surveillance program before diagnosis of
a WT and/or nephroblastomatosis. In 137/2927 (4.6%) patients nephroblastomatosis
was diagnosed, either isolated (73; 2.4%) or in conjunction with WT (64; 2.1%). This
investigation highlights specifically a sub-cohort of 171 patients, who presented with
one of the five most frequent malformations or syndromes (Table 1), that is GU (N = 66),
BWS (N = 32), IHH (N = 29), DDS (N = 24) and WAGR syndrome (N = 20). In addition,
27 patients were diagnosed with a variety of other malformations or syndromes (Table S1).
Interestingly, there was no increase of the percentage of patients with CPS or GU over time.
Up to year 2000, 54.9% of CPS or GU were diagnosed and 45.1% in the following years.

Table 1. Frequency of malformations and CPS in WT/nephroblastomatosis (NBL).

Frequency

All Patients with WT and/or NBL Only Bilateral WT and/or NBL Only Screened Patients with
CPS/Malformation and WT and/or NBL

All WT 2927 - 100% 253 8.6% ** 29 *** **** **

WAGR 20

∑ = 171

0.7% 6 2.4% 30.0% 8 27.6% 40.0%
GU 66 2.3% 8 3.2% 12.1% 1 3.4% 1.5%

DDS 24 0.8% 7 2.8% 29.2% 3 10.3% 12.5%
BWS 32 1.1% 10 4.0% 31.3% 10 34.5% 31.3%
IHH 29 1.0% 4 1.6% 13.8% 4 13.8% 13.8%

Other * 27 - 0.9% 7 2.8% 25.9% 3 10.3% 11.1%
All 198 - 6.8% 42 16.6% 21.2% 29 100% 14.6%

* see Table S1; ** % related to the specific malformations or CPS, *** screening in 29 of 198 patients with malformations or CPS, **** % related
to the 29 screened patients with malformations or CPS. WT: Wilms tumor; CPS: cancer predisposition syndrome; NBL: nephroblastomatosis.

3.2. Ultrasound Surveillance Every 3 Months

Altogether 29 (14.6%) patients had been screened by ultrasound every 3 months after
the diagnosis of a CPS. The highest screening frequency resulting in the diagnosis of
WT/nephroblastomatosis was reported in patients with WAGR (40%) and BWS (31.3%).
(Table 1). No data were available on why not all children with an underlying syndrome
were included in a screening program.

3.3. Gender Distribution and Age at Diagnosis of WT/Nephroblastomatosis

Gender distribution in the whole cohort of patients with syndrome-associated WT is
similar to the total group of patients with WT/nephroblastomatosis with a predominance
of females (51.4% females vs. 48.1% males, 0.5% gender not known) with the exception
of GU cases. 43 males (3.2% of 1353) and 23 females (1.5% of 1562) were affected by GU
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malformations. In DDS a slight male predominance has also been observed, but without
statistical significance.

With a median age of 24.5 months (mean: 40.3 +/− 36.7 months), patients with
associated malformations or syndromes were significantly (t-test: p < 0.001) younger at
diagnosis of WT/nephroblastomatosis than patients without a malformation or syndrome
(median age: 39.0 months; mean age: 50.0 +/− 51.6 months). Patients with WAGR (median
age: 21 months; mean age: 23.8 +/− 9.0 months) and DDS (median age: 16.0 months; mean
age: 16.7 +/− 12.2 months) were even significantly younger at diagnosis than patients
with other syndromes (Figure 1).

Figure 1. Age of WT/nephroblastomatosis at diagnosis of syndrome-associated WTs displayed as a boxplot (The line in
the bar shows the median, the left end of the bar the lower quartile and the right end of the bar the upper quartile, the
horizontal line ranges from the minimum to the maximum of data with dots and stars as outliers). DDS and WAGR show a
significant lower age at diagnosis compared to all other syndromes (p < =0.001). In 3 patients with CPS WT was diagnosed
beyond 10 years of age (IHH (173 months), GU (146 months, 325 months)) and in 143 WT without a syndrome beyond
120 months, the last one at 628 months (data not shown). WT: Wilms tumor; GU: Genitourinary malformations; BWS:
Beckwith-Wiedemann spectrum; IHH: isolated hemihypertrophy; DDS: Denys-Drash syndrome; WAGR: Wilms tumor,
aniridia, genitourinary abnormalities, range of developmental delays.

3.4. Bilaterality

There was a statistically significant higher incidence of bilaterality in patients with
(21.2%) than without a syndrome (7.4%) (p < 0.05), especially in patients with BWS (31.3%),
WAGR (30.0%) and DDS (29.2%) compared to other patients with WT and/or nephroblas-
tomatosis (Table 1).

3.5. Metastatic Disease in Patients with CPS or Malformations

In the whole group of patients 18% (529/2927) had a primary metastatic disease (stage
IV) while in the cohort of patients with the five most common WT associated syndromes,
primary metastatic disease was observed in less than 8.0% (14/171) (p < 0.001) with the
exception of IHH (17.2%, p = 0.014) (see Table S3).

3.6. Histology

According to the SIOP studies and trials histology of WT is classified in low, inter-
mediate and high risk, depending on the availability of diffuse anaplasia, the percentage
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of necrosis and the percentage of blastema, epithelia and stroma in the vital tumor part
after preoperative chemotherapy. Blastemal type WT and diffuse anaplasia are high risk
tumors. Stromal type is mainly associated with WT1 mutations and is not responding on
preoperative chemotherapy despite the fact that patients with stromal type WT have an
excellent outcome in case of a localized tumor. The histological risk group together with
the local and overall stage defines postoperative treatment. In addition, information about
nephrogenic rests or nephroblastomatosis are provided. Mixed type, an intermediate risk
tumor, is, with the exception of WAGR syndrome, the most common histological subtype
for all WTs with or without syndromes. Patients with CPS are significantly more likely to
have isolated nephroblastomatosis. In particular, a significantly increased proportion of
isolated nephroblastomatosis is observed in WAGR, BWS and IHH (Table 2).

Table 2. Association between nephroblastomatosis (NBL) and CPS or malformation in the whole cohort of patients and
bilateral disease; * chi-square p ≤ 0.001. WT: Wilms tumor; CPS: cancer predisposition syndrome; NBL: nephroblastomatosis;
GU: Genitourinary malformations; BWS: Beckwith-Wiedemann spectrum; IHH: isolated hemihypertrophy; DDS: Denys-
Drash syndrome; WAGR: Wilms tumor, aniridia, genitourinary abnormalities, range of developmental delays.

Isolated NBL WT + NBL WT Only Total

Total 73 2.5% 64 2.2% 2790 95.3% 2927 100%

Bilateral disease 31 12.3% 61 24.1% 161 63.6% 253 100%

Patients with CPS or GU 22 * 12.9% * 11 6.4% 138 80.7% 171 100%

Patients without CPS or GU 51 1.9% 53 1.9% 2652 96.2% 2756 100%

WAGR 7 * 35.0% * 2 10.0% 11 55.0% 20 100%

BWS 7 * 21.9% * 3 9.4% 22 68.8% 32 100%

IHH 5 * 17.2% * 0 0.0% 24 82.8% 29 100%

DDS 1 4.2% 2 8.3% 21 87.5% 24 100%

GU 2 3.0% 4 6.1% 60 90.9% 66 100%

There was also a statistically significant association of IHH with the blastemal sub-
type after preoperative chemotherapy (p = 0.040) and of DDS with stromal subtype
(p < 0.001) (Table 3).

Table 3. Association between histological subtypes and CPS or malformation; * chi-square: p ≤ 0.040.
WT: Wilms tumor; GU: Genitourinary malformations; BWS: Beckwith-Wiedemann spectrum; IHH:
isolated hemihypertrophy; DDS: Denys-Drash syndrome; WAGR: Wilms tumor, aniridia, genitouri-
nary abnormalities, range of developmental delays.

Stromal Subtype Blastemal Subtype after
Preoperative Chemotherapy

Other Histological
Subtypes

All WT 270 9.2% 215 7.3% 2442 83.4%

WAGR 0 0.0% 1 5.0% 19 95.0%

GU 4 6.1% 5 7.6% 57 86.3%

DDS 9 * 37.5% * 0 0.0% 15 62.5%

BWS 0 0.0% 3 9.4% 29 90.6%

IHH 0 0.0% 5 * 17.2% * 24 82.8%

3.7. Tumor Volume

Tumor volume (TV) at diagnosis and after preoperative chemotherapy was available
in 1798 of 2927 (61.1%) patients (in 1698 patients without and in 91 with CPS or GU)
(Table 4). In children with WT and CPS or GU TV at diagnosis was significantly lower than
in patients without (349.4 mL vs. 487.5 mL; p < 0.001) (Table 4). Furthermore, with the
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exception of DDS a significant TV reduction can be achieved by preoperative chemotherapy
in WTs with CPS or GU with the largest effect of 86.9% in patients with BWS showing an
average TV after preoperative chemotherapy of only 38.3 mL (Table 4). In contrast, in DDS
no real change of TV under preoperative chemotherapy was observed (Table 4).

Table 4. Tumor volume (TV) at diagnosis and volume reduction achieved by preoperative (preop.) chemotherapy, * t-test:
p < 0.001 for lower initial TV in patients with CPS. TV is not available for all patients. Standard deviation (SD); CPS:
cancer predisposition syndrome; GU: Genitourinary malformations; BWS: Beckwith-Wiedemann spectrum; IHH: isolated
hemihypertrophy; DDS: Denys-Drash syndrome; WAGR: Wilms tumor, aniridia, genitourinary abnormalities, range of
developmental delays.

Mean Tumor Volume (TV) and [SD]

at Diagnosis after Preop. Chemo Volume Reduction

Patients without CPS or GU (N = 1698) 487.5 mL * [383.0] 228.0 mL [279.8] 259.5 mL [326.7] 53.2%
Patients with CPS or GU (N = 91) 349.4 mL * [381.7] 189.6 mL [255.7] 159.8 mL [315.3] 45.7%

WAGR (N = 10) 104.9 mL [179.0] 84.4 mL [156.8] 20.4 mL [90.1] 19.4%

GU (N = 32) 464.0 mL [329.3] 254.0 mL [213.2] 210.0 mL [281.2] 45.3%

DDS (N = 15) 379.3 mL [256.3] 380.7 mL [375.0] −1.4 mL [194.8] −0.4%

BWS (N = 17) 292.9 mL [539.1] 38.3 mL [54.2] 254.5 mL [514.3] 86.9%

IHH (N = 17) 307.7 mL [416.7] 112.7 mL [244.7] 195.0 mL [226.7] 63.4%

Patients with CPS or GU undergoing
surveillance (N = 11) 62.7 mL [112.0] 55.4 mL [142.9] 7.3 mL [36.9] 11.6%

Tumor volume at diagnosis in the 11 patients with CPS undergoing surveillance and
treated with preoperative chemotherapy is significantly smaller (TV in CPS patients with
surveillance: mean 62.7 mL, median: 21.3 mL. TV in CPS patients without surveillance: mean:
388.8 mL, median: 321.5 mL) (Figure 2).

Figure 2. TV at diagnosis of CPS patients as a function of CPS surveillance displayed as a boxplot.
TV at diagnosis of 17 patients with CPS surveillance and of 101 patients without CPS surveillance. 2
outliers in patients with CPS surveillance at 160.0 mL and 396.0 mL and 3 outliers in patients without
CPS surveillance at 1631.0 mL, 1632.0 mL and 2051.0 mL. CPS patients with CPS surveillance show
significantly smaller TV at diagnosis (p < 0.001). “*”: outliers; CPS: cancer predisposition syndrome.
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3.8. Outcome

There was no statistically significant influence on EFS for the whole group of patients
with a CPS (Figure 3A). However, patients with BWS showed a significantly worse EFS
(Figure 3B) and a higher relapse rate (34.4%) compared to other patients with WT and/or
nephroblastomatosis (13.7%). Out of 22 patients with BWS and only unilateral disease at
diagnosis 5 patients relapsed of whom 3 showed metachronic disease (3, 4.5 and 6 years
after initial diagnosis). One of these 3 patients developed also lung and liver metastasis
and died 6 years after diagnosis. Of the other two relapsed patients one patient devel-
oped a local relapse in the same kidney and the other one developed lung metastasis
without local or metachronic relapse and both survived. Apart from these three patients,
metachronic disease occurred only in two further patients with CPS, one with WAGR
syndrome and one with IHH. The contralateral kidney tumors were diagnosed in these
patients 7 years (WAGR) and 10 months (IHH) after initial diagnosis, respectively. Further
analysis suggested that EFS tends to be worse in patients with nephroblastomatosis and a
syndrome than in patients without nephroblastomatosis (Figure 3C), particularly if they
had developed WT in addition (Figure 3D). Table S2 gives an overview of outcome data.
The only significant difference was seen in BWS for 5- and 10y EFS.

Figure 3. Event-free survival in different subgroups: (A) Influence of a syndrome on EFS in patients with WT and/or
nephroblastomatosis; Log Rank: p = 0.890; (B) Influence of BWS on EFS in patients with WT and/or nephroblastomatosis;
Log Rank: p = 0.002; (C) Influence of nephroblastomatosis on EFS in patients with a CPS; Log Rank: p = 0.086; (D) Influence
of WT on EFS in patients with nephroblastomatosis; Log Rank: p = 0.315. CPS: cancer predisposition syndrome; BWS:
Beckwith-Wiedemann spectrum; NBL: nephroblastomatosis, GU: Genitourinary malformations.
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In a multivariate analysis of all patients, nephroblastomatosis and bilaterality had a
significant influence on the risk of relapse and death. If only CPS and GU WT patients
were considered, such risk was only found for relapse but not for death (Table 5).

Table 5. Multivariate analysis in patients with a WT and/or nephroblastomatosis and only in patients with a syndrome;
*: p < 0.05. CPS: cancer predisposition syndrome.

WT and/or Nephroblastomatosis CPS Patients

Factor Relapse Death Relapse Death

values p-Value Hazard
Ratio EFS (%) p-

Value
Hazard
Ratio OS (%) p-

Value
Hazard
Ratio

EFS
(%)

p-
Value

Hazard
Ratio

OS
(%)

CPS
patients 0.594 0.931 83.2 0.139 1.422 88.1

bilaterality 0.000 1.579 * 73.4 0.030 1.976 * 88.2 0.003 3.013 * 65.4 0.639 1.861 85.6

nephro-
blastomatosis 0.005 1.220 72.1 0.074 0.266 * 96.2 0.032 1.264 73.3 0.167 0.225 96.7

4. Discussion

In our retrospective analysis we found that 5.8% of patients with WT and/or nephrob-
lastomatosis are associated with the top five syndromes (WAGR, BWS, DDS, IHH and GU)
in agreement with previous literature. With the exception of patients with GU and DDS,
female patients are more frequently affected. Patients with syndromes show smaller TVs
both at diagnosis and after preoperative chemotherapy, which might be due to the inclusion
in a screening program [20]. The statistically significant lower frequency of metastatic
disease at diagnosis in patients with a syndrome does not translates into a better EFS.
Therefore, other factors such as nephroblastomatosis and comorbidities must be considered
to explain their EFS, especially in patients with BWS. (Table 6).

Table 6. Summary of results in the top 5 syndromes associated with WT. * significant results (p < 0.05); ** isolated
nephroblastomatosis, Standard deviation (SD), Standard error (SE). BWS: Beckwith-Wiedemann spectrum; IHH: isolated
hemihypertrophy; DDS: Denys-Drash syndrome; WAGR: Wilms tumor, aniridia, genitourinary abnormalities, range of
developmental delays.

Prevalence(%)
Median Age at
Diagnosis, [SD]

(Month)
Gender Characteristic

Histology
Bilaterality

(%)

Average Volume
Reduction by
Preoperative

Chemotherapy

5y-EFS (%),
{SE}

Confirmed
by

WAGR 0.7 21.0 * [9.0] m < f NBL ** 30.0 * 19.4 % 87.5 {0.1} [9,21,22]

GU 2.3 33.0 [47.3] m > f * - 12.1 45.3 % 87.6 {0.4} [23]

DDS 0.8 16.0 * [12.2] m > f stromal type 29.2 * −0.4 % 94.7 {0.5} [24–27]

BWS 1.1 30.0 [29.7] m < f NBL ** 31.3 * 86.9 % 60.6 * {0.1} [28,29]

IHH 1.0 43.0 [34.2] m < f

NBL **/
blastemal type

after preop.
chemo

13.8 63.4 % 84.6 {0.1} [6,15,30,31]

4.1. Prevalence and Surveillance

The prevalence of syndromes in patients with WT is lower in our series compared to
the 8–17% in the literature [5,6]. This may be due to an underreporting in our retrospective
multicenter study where standardized reporting was carried out at diagnosis, hence early
in life with a probably incompletely symptomatology. BWS, for example, a syndrome with
variable features, is described with a prevalence of 1 up to 8% in other studies [12,18,29].
Therefore, not all patients with a WT CPS are included in ongoing ultrasound screening
programs. In our data the screening rate is depending on the clinical symptomatology and
highest in WAGR with 40% (Table 1). MacFarland et al. reported 12 patients diagnosed
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with BWS after a WT was already known [32]. This may explain our low prevalence of
1.1% and also undiagnosed BWS in other studies. Clinicians need to recognize subtle
manifestations of syndromes in WT patients to not overlook them. For clinical diagnosis of
BWS a new consensus statement has been published in this respect [33]. Knowledge about
specific associations between different syndromes and WT will allow an earlier diagnosis
of such WT, with CPSs demanding genetic testing, counselling and subsequently screening
programs. In this respect, it is important to separate clearly between the WT1 associated
CPS (DDS and WAGR) and the imprinting disorders (BWS and IHH) showing differences
in WT characteristics, e.g., age at diagnosis or the response to preoperative chemotherapy
as shown in our analysis.

4.2. Age at Diagnosis of WT/Nephroblastomatosis

Of all patients with syndromes, those with DDS are diagnosed the earliest followed
by WAGR [9]. Patients with GU and BWS also tend to be diagnosed earlier than those
without syndromes. The late median diagnosis at 45 months in IHH compared to other
syndromes suggests that IHH manifests itself clinically rather subtly [12,30] which is why
no surveillance for WT was carried out. Therefore, our results suggest that early age
at diagnosis of a WT without a syndrome should always raise awareness of a CPS. In
addition, in patients with the diagnosis of such a syndrome screening for WT needs to
start early and regularly up to the age when the manifestation of a WT becomes more
unlikely [20]. According to our data, for patients with DDS and WAGR such a screening
may stop already at the age of 4 or 5 years as also recommended by Hol et al. [8], whereas
in the other syndromic patients screening should continue at least up to the age of 7 years
as also consented for BWS [20] (Figure 1). In the work of Diller et al. the average age of
diagnosis of patients with GU was 13 months and thus significantly earlier compared to our
data (42.9 months). This difference in median age may be related to a different approach
as they analysed blood samples from 201 patients with a history of WT for constitutional
WT1 mutations, which was not carried out in our cohort of patients [34]. As a result of
their work, this underscores the need for a regular screening in patients with GU.

4.3. Tumor Volume and Response to Preoperative Chemotherapy

Tumor response to preoperative chemotherapy varies significantly between the differ-
ent syndromes and depends on the presence of a stromal subtype or WT1 mutation. Thus,
we confirm a poor response in patients with DDS [26,27]. These patients have comparably
larger initial TVs that can even increase after preoperative chemotherapy (Table 4). A
WT1 mutation/deletion path driven propensity for stromal components or even stromal
predominance is a likely reason [35,36]. The TV reduction after preoperative chemotherapy
is also poor in WAGR patients with WT1 deletion despite of missing stromal type WT
(Table 4). In contrast, an excellent response on preoperative chemotherapy is achieved
in patients with BWS. As a consequence of a poor TV reduction, a stromal subtype or
WT1 aberrations with an underlying syndrome may be possible. This is especially true for
patients with bilateral disease.

4.4. Bilaterality

The significantly increased frequency of bilaterality in patients with WAGR, GU,
DDS is consistent with previous work [9,23,24]. In patients with BWS we found a higher
percentage of bilaterality (31.3%) than Breslow et al. (21%) [9]. Consequently, patients with
unilateral disease and WAGR, DDS or BWS should always be regarded as predisposed for
bilaterality [4] and in cases of bilateral disease these three syndromes need to be kept in
mind, if not diagnosed yet.

4.5. Metastatic Disease

Metastases are a significantly less frequent event in patients with syndromes as com-
pared to non-syndromic WT. This may be due to an early diagnosis of WT or nephrob-
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lastomatosis in patients with syndromes and underscores the importance of a screening
program [20].

4.6. Histology

The majority of patients with syndromes have intermediate-risk WT. As described
earlier, patients with DDS are significantly more often affected by WT with a stromal
subtype and never with high risk tumors [24,25]. There is a significant association with
blastemal subtype after preoperative chemotherapy in patients with IHH and a trend in
BWS due to the frequently IGF2 driven biology. In contrast to the work of Green et al.,
focal and diffuse anaplasia do not occur as first histology in our data [30]. However after
nephroblastomatosis the development of diffuse anaplasia in case of a secondary WT is a
relatively frequent event [37]. We confirm the association between WAGR, BWS and IHH
and nephroblastomatosis found by others [9,21,31,33] in contrast to patients with DDS and
GU [23]. As nephroblastomatosis is found more often in patients with the above mentioned
three syndromes this raises the question whether all patients with nephroblastomatosis
need to be examined for CPS if not yet known [33].

4.7. Outcome

With the exception of patients with BWS showing a significantly worse EFS and in-
creased risk of relapse, CPS or GU in general have no impact on EFS. Breslow et al. found
no difference in WT with BWS neither in OS nor in EFS [9]. However, if nephroblastomato-
sis is present in our data, EFS tends to be worse, especially if these patients develop a WT as
already shown by Furtwängler et al. [37,38]. Therefore, patients with nephroblastomatosis
independent of a predisposition syndrome must be followed in regular intervals after the
end of treatment for longer periods of time to diagnose a relapse early in order to keep
their overall survival as high as for other patients [39].

5. Conclusions

Diagnosis of WT at an early age, bilateral tumors or nephroblastomatosis in patients
without a known CPS should always raise suspicion of an underlying CPS and genetic
testing and counselling should be offered to these patients and families. Screening for WT in
patients with a syndrome may stop earlier after the age of 4 to 5 years in patients with DDS
and WAGR as also recommended by Hol et al. [8], whereas for the other syndromes this
should last up to the age of 7 years and needs to continue in cases of nephroblastomatosis
even in CR after the end of first line treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13195016/s1, Table S1: Further WT associated syndromes and malformations (number
of involved patients in brackets), Table S2: Data on outcome of different patient groups. (NBL:
Nephroblastomatosis); * p < 0.05, Table S3: Frequencies of metastatic disease in patients with or
without malformations or CPS.
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In the original article [1] there was a mistake in Table 2 as published. Table 2 contains
wrong percentages in lines Bilateral disease and Patients with CPS or GU. For this reason the
table should be replaced with the correct one as shown below.

Table 2. Association between nephroblastomatosis (NBL) and CPS or malformation in the whole
cohort of patients and bilateral disease; * chi-square p ≤ 0.001. WT: Wilms tumor; CPS: cancer
predisposition syndrome; NBL: nephroblastomatosis; GU: Genitourinary malformations; BWS:
Beckwith-Wiedemann spectrum; IHH: isolated hemihypertrophy; DDS: Denys-Drash syndrome;
WAGR: Wilms tumor, aniridia, genitourinary abnormalities, range of developmental delays.

Isolated NBL WT + NBL WT Only Total

Total 73 2.5% 64 2.2% 2790 95.3% 2927 100%

Bilateral disease 31 12.3% 61 24.1% 161 63.6% 253 100%

Patients with CPS or GU 22 * 12.9% * 11 6.4% 138 80.7% 171 100%

Patients without
CPS or GU 51 1.9% 53 1.9% 2652 96.2% 2756 100%

WAGR 7 * 35.0% * 2 10.0% 11 55.0% 20 100%

BWS 7 * 21.9% * 3 9.4% 22 68.8% 32 100%

IHH 5 * 17.2% * 0 0.0% 24 82.8% 29 100%

DDS 1 4.2% 2 8.3% 21 87.5% 24 100%

GU 2 3.0% 4 6.1% 60 90.9% 66 100%
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Simple Summary: Desmoplastic small round cell tumor (DSRCT) is an extremely rare soft tissue
sarcoma arising in the abdomen of adolescents and young adults. This sarcoma is driven by a single
genomic rearrangement, resulting in the expression of the EWSR1-WT1 fusion gene. No effective
treatment exists for DSRCT patients, which highlights the need for preclinical models to study disease
progression and drug sensitivity. The aim of this study is to develop a pre-clinical DSRCT in vitro
model, which enables investigating the molecular target genes of the EWSR1-WT1 fusion gene and
allows for medium-throughput drug screening to discover new therapeutic options.

Abstract: Desmoplastic small round cell tumor (DSRCT) is a rare and aggressive soft tissue sarcoma
with a lack of effective treatment options and a poor prognosis. DSRCT is characterized by a
chromosomal translocation, resulting in the EWSR1-WT1 gene fusion. The molecular mechanisms
driving DSRCT are poorly understood, and a paucity of preclinical models hampers DSRCT research.
Here, we establish a novel primary patient-derived DSRCT in vitro model, recapitulating the original
tumor. We find that EWSR1-WT1 expression affects cell shape and cell survival, and we identify
downstream target genes of the EWSR1-WT1 fusion. Additionally, this preclinical in vitro model
allows for medium-throughput drug screening. We discover sensitivity to several drugs, including
compounds targeting RTKs. MERTK, which has been described as a therapeutic target for several
malignancies, correlates with EWSR1-WT1 expression. Inhibition of MERTK with the small-molecule
inhibitor UNC2025 results in reduced proliferation of DSRCT cells in vitro, suggesting MERTK as a
therapeutic target in DSRCT. This study underscores the usefulness of preclinical in vitro models for
studying molecular mechanisms and potential therapeutic options.

Keywords: DSRCT; EWSR1-WT1; preclinical model; in vitro model; pediatric cancer; sarcoma

1. Introduction

Desmoplastic small round cell tumor (DSRCT) is a highly aggressive and rare soft
tissue sarcoma [1–3]. This sarcoma was first characterized as a separate entity by Ger-
ald and Rosai in 1989, who described the histologic appearance of DSRCT as nests of
small round blue cells, separated by desmoplastic stroma [4]. DSRCT exhibits features of
multi-phenotypic differentiation, since mesenchymal, epithelial, and neural markers are
expressed within this sarcoma [3,4]. Genetically, DSRCT is characterized by a chromosomal
translocation, resulting in a gene fusion involving Ewing sarcoma region 1 (EWSR1) and
Wilms tumor 1 (WT1). The chimeric protein contains the N-terminal domain of EWSR1

Cancers 2021, 13, 6072. https://doi.org/10.3390/cancers13236072 https://www.mdpi.com/journal/cancers
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fused to the DNA-binding domain of WT1, including zinc fingers 2–4 [5]. The N-terminal
domain of EWSR1 is thought to act as a transcriptional activator, while the zinc finger
domains of WT1 bind DNA of regulatory elements in its target genes [6]. Previously, it
has been shown that two different isoforms of EWSR1-WT1 are expressed, distinguished
by the presence or absence of a three amino acid KTS domain, which induce distinct
transcriptional profiles [5,7,8].

Recently, a very comprehensive study classified molecular subtypes of sarcomas,
including DSRCT [9]. Several downstream targets of its EWSR1-WT1 fusion gene were
identified. Kang and colleagues showed that EWSR1-WT1 directly binds to the promoter
of neural reprogramming factor ASCL1, activating neural gene expression [7]. Gedminas
and colleagues identified EWSR1-WT1 target genes using an siRNA knock-down model
of the fusion in the patient-derived JN-DSRCT-1 and patient-derived xenograft (PDX)-
derived BER cell lines [10–12]. They discovered several downstream target pathways
that are commonly deregulated in fusion-positive sarcomas and observed an overlap
between EWSR1-WT1 and EWSR1-FLI1 (the fusion gene driving Ewing sarcoma) gene
signatures. Hingorani and colleagues performed bulk RNA sequencing of patient-derived
DSRCT specimens and identified CD200 and CD276 as potentially targetable immune
checkpoint molecules, whose expression are independent of EWSR1-WT1 expression.
Additionally, they performed WT1 ChIP-sequencing and established an shRNA knock-
down model of EWSR1-WT1 in the JN-DSRCT-1 cell line and identified IGF2 and FGFR4 as
potential therapeutic targets in DSRCT patients [13]. While these studies give important
insights on the downstream targets of the EWSR1-WT1 fusion gene, molecular mechanisms
triggered by the gene fusion, which account for the aggressive proliferation of DSRCT,
have remain elusive.

Preclinical models, such as cell lines, organoids, and patient-derived xenografts
(PDXs), are key for investigating tumor progression and molecular mechanisms [14]. While
several PDX models have been established from DSRCT specimens by transplantation into
the flank of the mouse [11], only two in vitro models of DSRCT have been published: one
primary patient-derived and one PDX-derived cell line [10–12]. The paucity of preclinical
DSRCT models hampers the research on mechanisms driving DSRCT and discovery of ther-
apeutic options. Here, we establish a novel primary patient-derived DSRCT model in vitro,
which recapitulates morphological and transcriptomic features of the originating tumor.
We use a shRNA knock-down model to identify molecular target genes of the EWSR1-WT1
fusion. Additionally, this preclinical in vitro model allows for medium-throughput drug
screening to discover drug sensitivity in DSRCT cells. Finally, we discover promising
therapeutic targets, including an EWSR1-WT1-driven receptor tyrosine kinase (RTK).

2. Materials and Methods
2.1. Patient-Derived DSRCT Specimen

Surgically resected tissue was obtained from a DSRCT patient at the Amsterdam UMC
with informed consent. Tumor material was washed with Advanced Dulbecco’s Modi-
fied Eagle’s Medium F12 (AdDMEM-F12) (Gibco™, Thermo Fisher Scientific, #12634010,
Waltham, MA, USA), supplemented with 1% pen/strep (Gibco™, Thermo Fisher Scientific,
#15140122, Life Technologies, Merelbeke, Belgium), 1% Glutamax (Gibco™, Thermo Fisher
Scientific, #35050038, Life Technologies, Merelbeke, Belgium), 1% Hepes (Gibco™, Thermo
Fisher Scientific, #15630056, Life Technologies, Merelbeke, Belgium), and minced into
tumor pieces using scalpels, as well as mechanically disrupted by pipetting up and down
before plating into suspension cell culture plates.
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2.2. Cell Culture

The patient-derived OV-054 DSRCT cell line was maintained in DSRCT medium,
containing Advanced Dulbecco’s Modified Eagle’s Medium F12 (AdDMEM-F12) (Gibco™,
Thermo Fisher Scientific, #12634010, Waltham, MA, USA), supplemented with 1% pen/strep
(Gibco™, Thermo Fisher Scientific, #15140122, Life Technologies, Merelbeke, Belgium),
1% Glutamax (Thermo Fisher Scientific, #35050038), 1% N2 (Gibco, #17502048), 1% Hepes
(Gibco™, Thermo Fisher Scientific, #15630056, Life Technologies, Merelbeke, Belgium),
2% B27 supplement minus vitamin A, 50x (Gibco™, Thermo Fisher Scientific, #12587010,
Life Technologies, Merelbeke, Belgium), 0.25% N-Acetyl-L-cysteine (NAC) (Sigma Aldrich,
#A9165, St. Louis, MO, USA), 50 ng/mL FGF-basic (154 a.a.) (PeproTech, #100-18B, Rocky
Hill, NJ, USA), 50 ng/mL EGF (PeproTech, #AF-100-15, Rocky Hill, NJ, USA), 10 ng/mL
IGF1 (PeproTech, #100-11, Rocky Hill, NJ, USA), 10 ng/mL Rho Kinase Inhibitor (AbMole
BioScience, #M1817, Houston, TX, USA), 10 ng/mL BMP4 (PeproTech, #120-05ET, Rocky
Hill, NJ, USA), and 0.1% BME (Cultrex Reduced Growth Factor Basement Membrane
Extract, Type 2, #3533-005-2, Bio-Techne, Minneapolis, MN, USA). Cells were incubated
at 37 ◦C with 5% CO2 and passaged 1:5 every 10 days using TrypLE™ Express Enzyme
(Gibco™, Thermo Fisher Scientific, #12605010, Life Technologies, Merelbeke, Belgium).

HEK293T cells were maintained in Dulbecco’s Modified Eagle’s Medium (Gibco™,
Thermo Fisher Scientific, #31966-047, Life Technologies, Merelbeke, Belgium), supple-
mented with 10% Fetal Calf Serum (FCS) (Gibco™, Thermo Fisher Scientific, #A4766801,
Life Technologies, Merelbeke, Belgium), 1% pen/strep (Gibco™, Thermo Fisher Scientific,
#15140122, Life Technologies, Merelbeke, Belgium), and 1% Hepes (Gibco™, Thermo Fisher
Scientific, #15630056, Life Technologies, Merelbeke, Belgium). Cells were incubated at
37 ◦C with 5% CO2 and passaged 1:20 every 3–4 days using TrypLE™ Express Enzyme
(Gibco™, Thermo Fisher Scientific, #12605010, Life Technologies, Merelbeke, Belgium).

JN-DSRCT-1 cells were maintained in Dulbecco’s Modified Eagle’s Medium F12
(DMEM-F12) (Gibco™, Thermo Fisher Scientific, #11320033, Waltham, MA, USA), supple-
mented with 1% pen/strep (Gibco™, Thermo Fisher Scientific, #15140122, Life Technologies,
Merelbeke, Belgium) and 10% Fetal Calf Serum (FCS) (Gibco™, Thermo Fisher Scientific,
#A4766801, Life Technologies, Merelbeke, Belgium). Cells were incubated at 37 ◦C with 5%
CO2 and passaged 1:10 every 3–4 days using TrypLE™ Express Enzyme (Gibco™, Thermo
Fisher Scientific, #12605010, Life Technologies, Merelbeke, Belgium).

2.3. Single-Cell RNA Sequencing

OV-054 DSRCT cells were digested using TrypLE™ Express Enzyme (Gibco™, Thermo
Fisher Scientific, #12605010, Life Technologies, Merelbeke, Belgium) and mechanically dis-
sociated by pipetting up and down. The 2D and 3D OV-054 DSRCT cells were subsequently
sorted for DAPI negative cells using the FACSJazz (BD bioscience, Franklin Lakes, NJ,
USA) and SH800S Cell Sorter (SONY Europe B.V., Weybridge, Surrey, UK), respectively.
Single DSRCT cells were sorted into a 384-well plate for SORT-seq performed by Single
Cell Discoveries B.V. [15]. Gene counts per gene per well are provided in Tables S1–S4.
Cluster analysis was performed using RaceID3 [16]. WT1 reads represent EWSR1-WT1
fusion expression, since wild-type WT1 is not expressed in OV-054 DSRCT cells.

2.4. Comparison R2 Dataset

The DSRCT patient described in this paper is included in the INFORM study [17] and
available microarray data were analyzed in R2 (www.r2.amc.nl, accessed on 14 January
2020). Two gene sets were created from the gene expression list of the original DSRCT
patient: high-expressed genes (Z-score > 1) and low-expressed genes (Z-score < −1).
Average read counts of the genes in these gene sets were collected from the here generated
scRNAseq data of the 2D and 3D cultured DSRCT cells.
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2.5. Introduction of shRNAs into OV-054 DSRCT Cells

shRNAs targeting the EWSR1-WT1 breakpoint or WT1 exon 8–10 and a non-targeting
shRNA were cloned into pLKO-Tet-On Vector (Addgene, #21915) (Table S5). shRNAs
were introduced in the patient-derived OV-054 DSRCT cells using lentiviral transduction.
Cells were selected by addition of 0.5 µg/mL puromycin (InvivoGen, #ant-pr-1, San Diego,
CA, USA) to the culture medium. Transcription of shRNAs was induced with 1.0 µg/mL
doxycycline hyclate (Sigma Aldrich, #D9891, St. Louis, MO, USA). For shRNA 3, we
harvested RNA 8, 24, and 32 h post-doxicyclin induction. For shRNA 2, we harvested RNA
40 h post-doxicyclin induction.

2.6. RNA Isolation, PCR, and qPCR

RNA isolation was performed using Direct-zol RNA MicroPrep Kit (Zymo Research,
R2062, Orange, CA, USA), according to the manufacturer’s protocol. cDNA synthe-
sis was performed using SuperScript III reverse transcriptase (Thermo Fisher Scientific,
#12574026, Life Technologies, Bleiswijk, The Netherlands) and random primers (Promega,
#C1181, Madison, WI, USA). q-PCR was performed using iQTM SYBR Green Super-
mix (BIO-RAD Laboratories, #1708882, Hercules, CA, USA). EWSR1-WT1 was ampli-
fied from cDNA by the primers FW: 3′-TCCTACAGCCAAGCTCAAGTC-5′ and REV:
3′-ACCTTCGTTCACAGTGGTTG-5′. MERTK was amplified from cDNA by the primers
FW: 3′-GTGTCCAAGGGAGTGCAG-5′ and REV: 3′-CTCAGCGGATCAGCTTCC-5′. Cq-
values were normalized to GAPDH and amplified by the primers: FW: 3′-CACATCGCTCA
GACACCATG-5′ and REV: 3′-TGACGGTGCCATGGAATTTG-5′. For PCR and sequencing
of the EWSR1-WT1 breakpoint, the same primers were used, as mentioned above, for the
q-PCR. The reverse primer was used for sequencing of the fusion breakpoint by Macrogen
Europe BV.

2.7. RNA Sequencing

RNA samples of OV-054 DSRCT cells, upon induction of shRNA 2, 3, and NT, were
paired-end sequenced by Macrogen Europe BV, using Illumina TruSeq stranded total RNA
library construction with Ribo-Zero Gold and Novaseq6000 S4 2 × 150 bp. To allow for
distinguishing between reads that derived from EWSR1-WT1 fusion transcripts, wild-
type EWSR1 transcripts, or wild-type WT1 transcripts, the hg38 reference transcriptome
was obtained from Ensembl and edited. Therefore, the full-length EWSR1 was split into
5′EWSR1 (exon 1–7) and 3′EWSR1 (exon 8–17) and full-length WT1 was split into 5′WT1
(exon 1–7) and 3′WT1 (exon 8–10). Paired-end sequencing reads were aligned to this
edited reference transcriptome using the Burrows–Wheeler aligner software package (BWA-
0.7.17) [18]. RPKM-normalized read counts are provided in Tables S6 and S7. Transcript
count analysis and figures were made using R (http://www.r-project.org, accessed on 30
April 2020).

2.8. Time-Lapse Imaging and Particle Analysis

OV-054 DSRCT cells with shRNA 3 and NT shRNA were induced with DOX, 24 h
prior to live imaging. Live imaging was performed using the Leica DMi8, while incubated
at 37 ◦C and 5% CO2. Images were taken every 2 min from representative areas in each well
for 16 h in total (24–40 h post-DOX). Cell counts and cell area from pictures of DOX-induced
and non-induced shRNAs in OV-054 DSRCT cells were analyzed using particle analysis in
ImageJ (National Institutes of Health and the Laboratory for Optical and Comutational
Instrumentation (LOCI, University of Wisconsin), Madison, WI, USA). The number of
segments represent the number of cells, and the segment areas represent the area of
each cell. Cell migration and cell adhesion genes were identified using the DAVID gene
annotation tool [19,20]. Cell-matrix interactions were quantified using the cell counter tool
in ImageJ (National Institutes of Health and the Laboratory for Optical and Comutational
Instrumentation (LOCI, University of Wisconsin), Madison, WI, USA).
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2.9. Medium-Throughput Compound Screen

Two days prior to the addition of compounds, 5 × 103 OV-054 DSRCT cells were
seeded, per well, in 384-well plates. A panel of 201 drugs and DMSO controls were added to
the 384-well plates in different concentrations using the Beckman Coulter Biomek i7 Hybrid
liquid handling workstation. After 5 days of exposure of the compounds, cell viability
was measured with CellTiter-Glo® assay (Promega, #G9681, Madison, WI, USA) using the
Spectramax i3x luminescence microplate reader. Values were normalized to DMSO. AUC
Z-scores were calculated by (AUC-AUCavg)/st.dev for OV-054 DSRCT cultures and two
Ewing cultures (ES-046 and ES-041). Relevant plasma concentrations from previous phase
I and II trials (Table S8) were plotted to compare the viability curves.

2.10. UNC2025 Screen

OV-054 DSRCT cells, JN-DSRCT-1 cells, and control human small intestinal (huSI)
organoids were incubated with different concentrations of MERTK inhibitor UNC2025
(Selleckchem, #S7576, Houston, TX, USA): 25, 50, 100, 200, or 400 nM was added to the
culture medium. Seven days after the addition of UNC2025, representative pictures were
taken, and cells were treated with TryplE™ Express Enzyme (Gibco™, Thermo Fisher
Scientific, #12605010, Life Technologies, Merelbeke, Belgium) and counted. Viability of
huSI organoids were measured by organoid size using representative pictures and the area
measurement tool in ImageJ (National Institutes of Health and the Laboratory for Optical
and Comutational Instrumentation (LOCI, University of Wisconsin), Madison, WI, USA).

3. Results
3.1. Establishment and Characterization of a DSRCT In Vitro Preclinical Model

Surgically resected tissue was obtained from a DSRCT patient and successfully cul-
tured in vitro under various conditions, including as spheroids in 3D basement membrane
extract type 2 (BME) droplets, as a 2D layer in 0.1% BME, and in suspension without
BME (Figure 1A). The DSRCT in vitro cultures were established and maintained for over
two years in serum-free basal medium (AdDMEM/F12+), supplemented with the specific
growth factors EGF, FGF2, IGF1, RKI, and BMP4. While these growth factors were essential
for initial growth of DSRCT cells, the established OV-054 DSRCT cultures were able to
be maintained without the additional growth factors EGF, FGF2, IGF1, RKI, and BMP4
for over 10 passages. The addition of the growth factors independently did not affect
DSRCT cell expansion in vitro, compared to the control medium without the additional
growth factors (Figure S1), suggesting that these OV-054 DSRCT cells are able to adapt fast
and are able to propagate independently of their microenvironment. For consistency, all
further experiments were conducted using the complete medium, in which the OV-054
DSRCT model was established. H&E staining on OV-054 DSRCT cultures revealed nests of
small round cells with large nuclei (Figure 1A), which is typically seen in DSRCT tissue [4].
Generally, patient-derived tumor tissue grown in 3D BME droplets can form organized
structures, so-called organoids, that can capture disease heterogeneity [21]. To investigate
whether our 2D and 3D DSRCT in vitro models also consist of distinct cell populations,
single-cell RNA sequencing (scRNAseq) was performed. scRNAseq analysis of 2D and
3D OV-054 DSRCT cultures revealed a homogeneous, tight population of DSRCT cells
(Figure 1B,C). The slight difference between clustering of 2D versus 3D cultured cells was
likely due to sequencing depth variation (Figure 1D). Approximately 0–2 reads, per million
(RPM) of WT1, were picked up per cell in the scRNAseq analysis (Figure 1G), indicating
low EWSR1-WT1 expression. Importantly, the expression of EWSR1-WT1 was similar
between the 2D and 3D cultures (Figure 1E,G).
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Figure 1. Establishment of a patient-derived DSRCT model in vitro. (A) Pictures of OV-054 DSRCT cells in different growth 
conditions: 2D on 0.1% BME, 3D in BME droplets and in suspension without BME. H&E staining is performed on cells in 
suspension. Scale bar: 100 µm (3D) and 200 µm (2D, suspension, and H&E). (B) Heatmap depicting cell clustering, based 
on differentially expressed genes. (C) tSNE plot depicting clusters of OV-054 DSRCT cells. (D) tSNE plot depicting clus-
tering of 2D (blue) and 3D (red) cultured OV-054 DSRCT cells. (E) tSNE plot depicting EWSR1-WT1 expression in 2D and 
3D OV-054 DSRCT cells. (F) Box plot depicting the average RPM in 2D (blue) and 3D (red) cultured DSCRT cells for highly 
expressed and lowly expressed gene sets. (G) Box plot depicting the average WT1 RPM in 2D (blue) and 3D (red) cultured 
OV-054 DSRCT cells. (H) Picture depicting gel electrophoresis of PCR amplicons of the EWSR1-WT1 fusion breakpoint 
and different regions of WT1 from cDNA of OV-054 DSRCT cells and MRTK control cells. (I) Bar plot depicting relative 
expression of EWSR1-WT1 and different regions of WT1 by qPCR, normalized to GAPDH. 

The DSRCT patient, described in this study, was enrolled in the INFORM (individu-
alized therapy for relapsed malignancies in childhood) pilot study [17]. The INFORM reg-
istry applied comprehensive molecular profiling to provide information on actionable 
gene variants, which may be used for subsequent therapeutic approaches. Microarray 
data of the original tumor of this DSRCT patient were obtained from the INFORM study 
and used to create two gene sets from the gene expression list: high (Z-score > 1) and low 
genes (Z-score < −1). Average read counts of the two gene sets were collected from the 
scRNAseq data of the 2D and 3D cultured DSRCT cells, and a similar trend was found 
between expression of the gene sets in the in vitro cultures, compared to the original tu-
mor (Figure 1F). This indicated that both the 2D and 3D cultured DSRCT cells closely 
resemble features of the original tumor. For consistency, subsequent experiments were 

Figure 1. Establishment of a patient-derived DSRCT model in vitro. (A) Pictures of OV-054 DSRCT cells in different growth
conditions: 2D on 0.1% BME, 3D in BME droplets and in suspension without BME. H&E staining is performed on cells in
suspension. Scale bar: 100 µm (3D) and 200 µm (2D, suspension, and H&E). (B) Heatmap depicting cell clustering, based on
differentially expressed genes. (C) tSNE plot depicting clusters of OV-054 DSRCT cells. (D) tSNE plot depicting clustering
of 2D (blue) and 3D (red) cultured OV-054 DSRCT cells. (E) tSNE plot depicting EWSR1-WT1 expression in 2D and 3D
OV-054 DSRCT cells. (F) Box plot depicting the average RPM in 2D (blue) and 3D (red) cultured DSCRT cells for highly
expressed and lowly expressed gene sets. (G) Box plot depicting the average WT1 RPM in 2D (blue) and 3D (red) cultured
OV-054 DSRCT cells. (H) Picture depicting gel electrophoresis of PCR amplicons of the EWSR1-WT1 fusion breakpoint
and different regions of WT1 from cDNA of OV-054 DSRCT cells and MRTK control cells. (I) Bar plot depicting relative
expression of EWSR1-WT1 and different regions of WT1 by qPCR, normalized to GAPDH.
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The DSRCT patient, described in this study, was enrolled in the INFORM (individ-
ualized therapy for relapsed malignancies in childhood) pilot study [17]. The INFORM
registry applied comprehensive molecular profiling to provide information on actionable
gene variants, which may be used for subsequent therapeutic approaches. Microarray
data of the original tumor of this DSRCT patient were obtained from the INFORM study
and used to create two gene sets from the gene expression list: high (Z-score > 1) and low
genes (Z-score < −1). Average read counts of the two gene sets were collected from the
scRNAseq data of the 2D and 3D cultured DSRCT cells, and a similar trend was found
between expression of the gene sets in the in vitro cultures, compared to the original tumor
(Figure 1F). This indicated that both the 2D and 3D cultured DSRCT cells closely resemble
features of the original tumor. For consistency, subsequent experiments were conducted
with 2D cultured OV-054 DSRCT cells. To check whether wild-type WT1 is expressed in
OV-054 DSRCT cells, the EWSR1-WT1 fusion breakpoint from cDNA, as well as several
regions of WT1, were amplified. In our in vitro OV-054 DSRCT model, only the 3′-most
exons of WT1 were expressed (Figure 1H,I), while the expression of WT1 exon 4–7 was
absent. This indicated that exons 9–10 from WT1 were derived from the EWSR1-WT1 fusion
cDNA and that wild-type WT1 was not expressed in these cells (Figure 1H,I). As a control,
cDNA of a WT1-expressing malignant rhabdoid tumor of the kidney (MRTK) model was
taken along, which, indeed, showed expression of all regions of the WT1 gene (Figure 1H).

3.2. shRNAs Targeting the EWSR1-WT Breakpoint Create an Effective Knock-Down of the
Fusion mRNA

The OV-054 DSRCT in vitro model enabled us to study the molecular target genes
of the fusion driving DSRCT. By generating a knock-down model of the EWSR1-WT1
fusion mRNA, target genes could be identified that were affected by the expression level of
EWSR1-WT1. To this end, we sequenced the breakpoint of EWSR1-WT1 cDNA, in order to
identify the exact location of the gene-fusion and found that EWSR1 exon 7 was fused to
WT1 exon 8. This enabled us to design short hairpin RNAs (shRNAs), targeting the exact
EWSR1-WT1 breakpoint (shRNA 3, 5) or exon 8–10 of WT1 (shRNA 2, 4, 6). With these,
we created a DOX-inducible knock-down of the EWSR1-WT1 fusion mRNA (Figure 2A).
As a control, a non-targeting (NT), DOX-inducible scrambled shRNA sequence was taken
along. An effective knock-down of the EWSR1-WT1 fusion was observed with shRNA 2,
3, and 5 after 24 h of DOX induction (Figure 2B). When cells were harvested 8, 16, 24, 32,
and 40 h after DOX induction, a gradual decrease of EWSR1-WT1 transcripts was observed
(Figure 2C), where shRNA 3 resulted in the most efficient knock-down. To identify genes
that are affected upon EWSR1-WT1 knock-down, RNA sequencing was performed. RNA
sequencing reads were mapped to a reference transcriptome, in which EWSR1 and WT1
were split into a 3′end and a 5′end, in order to distinguish between the EWSR1-WT1
fusion and wild-type EWSR1 and WT1 transcripts. 5′WT1 was not expressed (Figure 2D),
again confirming that wild-type WT1 was not expressed in these DSRCT cells; 5′EWSR1
and 3′WT1 showed a gradual decrease upon DOX induction (Figure 2D), indicative of
efficient knock-down of the EWSR1-WT1 fusion transcripts. A slight decrease was seen
in 3′EWSR1 transcripts (Figure 2D), suggesting that shRNA 3 could also target wild-type
EWSR1. However, the RPKM did not drop below the 3′EWSR1 levels in the NT shRNA
control, indicating that this effect was minimal. Sequencing reads were picked-up from
both +KTS and −KTS isoforms, which were decreased to a similar extent after induction of
shRNA 3 (Figure 2E). Hence, knock-down of the EWSR1-WT1 fusion with shRNA 3 did not
result in an isoform bias. Together, these data showed that induction of shRNA 3 (targeting
the EWSR1-WT1 breakpoint in DSRCT cells) resulted in an efficient knock-down of the
fusion gene. Wild-type EWSR1 and WT1 were not affected, and no bias was observed for
the +KTS or −KTS isoform. This EWSR1-WT1 knock-down model was used to further
investigate genes affected by levels of EWSR1-WT1 expression.
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Figure 2. shRNA-mediated EWSR1-WT1 knock-down in the DSRCT in vitro model. (A) Animation depicting the design 
of shRNAs targeting the breakpoint of EWSR1-WT1, 3′WT1, and a non-targeting (NT) shRNA. shRNAs were cloned into 
a lentiviral Tet-On backbone. (B) Bar plot depicting relative EWSR1-WT1 expression levels 24 h post-DOX-induction of 
shRNAs normalized to GAPDH, as determined by qPCR. (C) Box plot depicting relative EWSR1-WT1 expression levels at 
8, 16, 24, 32, and 40 h post-DOX-induction of shRNA 2, 3, 5, and NT normalized to GAPDH, as determined by qPCR. (D) 
Bar plot depicting RPKM counts of 5′EWSR1, 3′EWSR1, 5′WT1, and 3′WT1 at 8, 24, and 32 h post-DOX-induction of shRNA 
3 and NT, as determined by mRNA paired-end sequencing. (E) Bar plot depicting number of +KTS (blue) and −KTS (gray) 
isoform reads, as determined by mRNA paired-end sequencing. 
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To investigate the phenotypic effects of EWSR1-WT1 in OV-054 DSRCT cells, time-

lapse imaging was performed. Knock-down of the EWSR1-WT1 fusion mRNA, in a time 
lapse between 24 h and 40 h after DOX induction, resulted in a decrease of cell–cell adhe-
sion and increase of cell-matrix adhesion (Figures 3A and S2). Additionally, after 4 days 
of DOX-induction of shRNA 3, OV-054 DSRCT cells appeared more stretched, creating 
more cell-matrix adhesion, while non-induced cells, as well as cells with DOX-induction 
of the NT shRNA control, remained in clusters of inter-adhesive cells (Figure 3B). Upon 
knock-down of EWSR1-WT1, the number of cells decreased (Figure 3C), while the area of 
the cells increased (Figure 3D), showing that decreased expression of EWSR1-WT1 quickly 
affects shape and expansion of DSRCT cells.  

Figure 2. shRNA-mediated EWSR1-WT1 knock-down in the DSRCT in vitro model. (A) Animation depicting the design
of shRNAs targeting the breakpoint of EWSR1-WT1, 3′WT1, and a non-targeting (NT) shRNA. shRNAs were cloned into
a lentiviral Tet-On backbone. (B) Bar plot depicting relative EWSR1-WT1 expression levels 24 h post-DOX-induction of
shRNAs normalized to GAPDH, as determined by qPCR. (C) Box plot depicting relative EWSR1-WT1 expression levels at 8,
16, 24, 32, and 40 h post-DOX-induction of shRNA 2, 3, 5, and NT normalized to GAPDH, as determined by qPCR. (D) Bar
plot depicting RPKM counts of 5′EWSR1, 3′EWSR1, 5′WT1, and 3′WT1 at 8, 24, and 32 h post-DOX-induction of shRNA 3
and NT, as determined by mRNA paired-end sequencing. (E) Bar plot depicting number of +KTS (blue) and −KTS (gray)
isoform reads, as determined by mRNA paired-end sequencing.

3.3. EWSR1-WT1 Expression Affects Cell Shape, Cell Propagation, and the Transcriptome

To investigate the phenotypic effects of EWSR1-WT1 in OV-054 DSRCT cells, time-
lapse imaging was performed. Knock-down of the EWSR1-WT1 fusion mRNA, in a time
lapse between 24 h and 40 h after DOX induction, resulted in a decrease of cell–cell adhesion
and increase of cell-matrix adhesion (Figures 3A and S2). Additionally, after 4 days of
DOX-induction of shRNA 3, OV-054 DSRCT cells appeared more stretched, creating more
cell-matrix adhesion, while non-induced cells, as well as cells with DOX-induction of the
NT shRNA control, remained in clusters of inter-adhesive cells (Figure 3B). Upon knock-
down of EWSR1-WT1, the number of cells decreased (Figure 3C), while the area of the cells
increased (Figure 3D), showing that decreased expression of EWSR1-WT1 quickly affects
shape and expansion of DSRCT cells.
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Figure 3. EWSR1-WT1 expression affects OV-054 DSRCT cell shape and propagation. (A) Time-lapse images of OV-054 
DSRCT cells upon EWSR1-WT1 knock-down 24 and 40 h post-DOX-induction; scale bar: 200 µm. (B) Representative pic-
tures taken 4 days post-DOX-induction of shRNA 3 and shRNA NT in DSRCT cells; scale bar: 200 µm. (C) Bar plot depict-
ing number of segments, representing OV-054 DSRCT cells 4 days post-DOX-induction of shRNA 3 and shRNA NT, using 
particle analysis in ImageJ. (D) Bar plot depicting segment area, representing OV-054 DSRCT cells found 4 days post-
DOX-induction of shRNA 3 and shRNA NT, using particle analysis in ImageJ. 

To investigate the effect of EWSR1-WT1 expression on the transcriptome, RNA se-
quencing was performed 8, 24, and 32 h after induction of shRNA 2, 3, and NT. To control 
for off-target effects, both shRNA 2 and shRNA 3 were used, which target WT1 exon 10 
and the EWSR1-WT1 breakpoint, respectively. For both shRNA 2 and shRNA 3, genes that 
were at least 25% up- or downregulated were selected, compared to the NT shRNA con-
trol. A cut-off was set at 5 RPKM, in order to extract truly expressed genes. Genes that 
were affected by both shRNA 2- and shRNA 3-mediated knock-down of the EWSR1-WT1 
fusion were called true target genes of EWSR1-WT1 (Figure 4A). After 32 h of DOX-in-
duction, we identified 75 genes that were downregulated upon EWSR1-WT1 knock-down 
and 174 genes that were upregulated, upon EWSR1-WT1 knock-down (Figure 4B). The 
expression levels of the 50 most upregulated genes and most downregulated genes, upon 
EWSR1-WT1 knock-down, are shown in heatmaps (Figure 4C,D). The phenotypic effects 
that we observed were accompanied by an increased expression of several cell migration 
and cell adhesion genes (Figure S3C). While phenotypically the DSRCT cells appeared 
more mesenchymal upon knock-down of the EWSR1-WT1 fusion, no evidence was found 
for epithelial to mesenchymal transition (EMT) (Figure S3D) [22]. Together, these data 
showed that cell migration and adhesion genes are upregulated upon knock-down of 
EWSR1-WT1, resulting in phenotypic changes, including a decreased cell expansion and 

Figure 3. EWSR1-WT1 expression affects OV-054 DSRCT cell shape and propagation. (A) Time-lapse images of OV-054
DSRCT cells upon EWSR1-WT1 knock-down 24 and 40 h post-DOX-induction; scale bar: 200 µm. (B) Representative
pictures taken 4 days post-DOX-induction of shRNA 3 and shRNA NT in DSRCT cells; scale bar: 200 µm. (C) Bar plot
depicting number of segments, representing OV-054 DSRCT cells 4 days post-DOX-induction of shRNA 3 and shRNA
NT, using particle analysis in ImageJ. (D) Bar plot depicting segment area, representing OV-054 DSRCT cells found 4 days
post-DOX-induction of shRNA 3 and shRNA NT, using particle analysis in ImageJ.

To investigate the effect of EWSR1-WT1 expression on the transcriptome, RNA se-
quencing was performed 8, 24, and 32 h after induction of shRNA 2, 3, and NT. To control
for off-target effects, both shRNA 2 and shRNA 3 were used, which target WT1 exon 10
and the EWSR1-WT1 breakpoint, respectively. For both shRNA 2 and shRNA 3, genes that
were at least 25% up- or downregulated were selected, compared to the NT shRNA control.
A cut-off was set at 5 RPKM, in order to extract truly expressed genes. Genes that were
affected by both shRNA 2- and shRNA 3-mediated knock-down of the EWSR1-WT1 fusion
were called true target genes of EWSR1-WT1 (Figure 4A). After 32 h of DOX-induction,
we identified 75 genes that were downregulated upon EWSR1-WT1 knock-down and
174 genes that were upregulated, upon EWSR1-WT1 knock-down (Figure 4B). The ex-
pression levels of the 50 most upregulated genes and most downregulated genes, upon
EWSR1-WT1 knock-down, are shown in heatmaps (Figure 4C,D). The phenotypic effects
that we observed were accompanied by an increased expression of several cell migration
and cell adhesion genes (Figure S3C). While phenotypically the DSRCT cells appeared more
mesenchymal upon knock-down of the EWSR1-WT1 fusion, no evidence was found for
epithelial to mesenchymal transition (EMT) (Figure S3D) [22]. Together, these data showed
that cell migration and adhesion genes are upregulated upon knock-down of EWSR1-WT1,
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resulting in phenotypic changes, including a decreased cell expansion and increase in cell
surface area. Subsequently, OV-054 DSRCT cells, with decreased EWSR1-WT1 levels, create
more cell-matrix interactions (Figure S3A,B).
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to a recent study, in which a siRNA-mediated knock-down of the EWSR1-WT1 fusion 
gene was performed in the JN-DSRCT-1 and BER cell lines [10]. From the 174 upregulated 
genes upon EWS-WT1 knock-down in our OV-054 DSRCT cells, 6% (11/174) showed an 
overlap with both the JN-DSRCT-1 and BER lines: CST1, FILIP1L, CHST1, ALCAM, 
EPHA4, KRT8, ELF3, KRT18, SLC1A1, PCP4, and ASS1 (Figure 5A). We found that 9% 
(7/75) of the downregulated genes, upon EWSR1-WT1 knock-down, in our OV-054 DSRCT 
cells were shared with the other two in vitro models: LOXL3, FOXL1, RRAD, ST6GAL-
NAC5, CCL25, IGFBP3, and C1QL4 (Figure 5B). ShRNA3 resulted in a more efficient 
knock-down of EWSR1-WT1, compared to shRNA 2-mediated knock-down. When only 

Figure 4. Target genes of EWSR1-WT1. (A) Animation of the approach to find EWSR1-WT1 target genes: select genes that are
at least 25% up- or downregulated and have an RPKM value >5 for both shRNA 2 and shRNA 3. (B) Venn diagram depicting
upregulated and downregulated genes, upon knock-down of EWSR1-WT1 with shRNA 2 and shRNA 3. (C) Heatmap
depicting the 50 highest upregulated genes, upon EWSR1-WT1 knock-down, colors represent log2FC, compared to shRNA
NT. (D) Heatmap depicting 50 most downregulated genes, upon EWSR1-WT1 knock-down, colors represent log2FC,
compared to shRNA NT.

The genes that were affected upon knock-down of EWSR1-WT1 were next compared
to a recent study, in which a siRNA-mediated knock-down of the EWSR1-WT1 fusion
gene was performed in the JN-DSRCT-1 and BER cell lines [10]. From the 174 upregulated
genes upon EWS-WT1 knock-down in our OV-054 DSRCT cells, 6% (11/174) showed an
overlap with both the JN-DSRCT-1 and BER lines: CST1, FILIP1L, CHST1, ALCAM, EPHA4,
KRT8, ELF3, KRT18, SLC1A1, PCP4, and ASS1 (Figure 5A). We found that 9% (7/75) of
the downregulated genes, upon EWSR1-WT1 knock-down, in our OV-054 DSRCT cells
were shared with the other two in vitro models: LOXL3, FOXL1, RRAD, ST6GALNAC5,
CCL25, IGFBP3, and C1QL4 (Figure 5B). ShRNA3 resulted in a more efficient knock-down of
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EWSR1-WT1, compared to shRNA 2-mediated knock-down. When only the genes affected
upon shRNA 3-mediated knock-down were compared with the JN-DSRCT-1 and BER cell
lines, we indeed discovered additional genes to overlap between the three in vitro models
(Figure S4). The overlap of the transcriptomic effects, upon knock-down of EWSR1-WT1 in
three independent DSRCT cell lines, confirmed that these genes are direct or indirect targets
of the EWSR1-WT1 fusion and potentially play an important role in tumor development
and progression.
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3.4. Drug Screen on OV-054 Cells Reveals Effective Compounds Targeting RTKs and
Downstream Pathways

The established preclinical OV-054 DSRCT in vitro model enabled us to perform a
medium-throughput drug screen for DSRCT. The screen involved a panel of 201 different
compounds. Several of these compounds affected DSRCT cell viability. The area under the
curve (AUC) Z-scores of OV-054 DSRCT cells were compared to the Z-scores of two Ewing
sarcoma in vitro models, ES-041 and ES-046, to unravel compounds that showed a higher
sensitivity in DSRCT cells (Figure 6A). As DSRCT is closely related to Ewing sarcoma,
the compounds showing AUC Z-score possibly present sarcoma specific sensitivity. From
these drugs, the compounds were selected that presented with an IC50 value, which was
below or around the relevant plasma concentrations (Figure 6B). Several of the compounds
that showed an effective response were targeting apoptosis regulators (such as XIAP
and BCL2L), including AZD5582, Birinapant, and Navitoclax (Figure 6B), suggesting
that the regulation of apoptosis is relevant in DSRCT cells. Interestingly, many other
compounds that showed an effective response, including regorafenib, lapatinib, entrectinib,
linsitinib, crizotinib, dovitinib, sorafenib, vandetanib, and brigatinib (Figure 6B), target
RTKs. Additionally, compounds targeting downstream targets of RTK signaling pathways
(Figure 6B), such as the PI3K-AKT and the mTOR signaling pathways, showed effective
cell killing, including AT7519 and AZD8055. Together, the drug screening data suggested
that the regulation of apoptosis- and RTK-driven signaling pathways are important for
DSRCT tumor cell survival.
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3.5. MERTK, Regulated by EWSR1-WT1, Is a Potential Therapeutic Target in DSRCT

Since RTKs and downstream pathways of RTKs appeared to be important for DSRCT
tumor progression, we looked for RTKs that are regulated by EWSR1-WT1 expression.
MERTK is one of the most downregulated genes, upon knock-down of EWSR1-WT1, in
OV-054 DSRCT cells (Figure 4C) and the JN-DSRCT-1 cell line (Figure 5B), suggesting
that high expression of MERTK (Figure 7A) is regulated by the EWSR1-WT1 fusion. Inter-
estingly, MERTK has been described as a therapeutic target in several cancers, including
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melanoma, leukemia, glioblastoma, and gastric cancer [34–36]. To investigate the function
of MERTK in DSRCT cells, different concentrations of a MERTK/FLT3 small-molecule
inhibitor UNC2025 were added to the culture medium, and live cells were counted after
4 and 7 days. Inhibition of MERTK resulted in reduced cell expansion of OV-054 DSRCT
cells in vitro in a dose dependent manner (Figure 7B,D), and a similar effect was found in
the JN-DSRCT-1 cell line (Figure 7B,D). In both DSRCT cell lines, the IC50 of UNC2025 was
around 104 nM (Figure 7C), in line with a previous study of UNC2025-mediated MERTK
inhibition in leukemia [34]. Normal human small intestinal (huSI) organoids were exposed
to UNC2025 as a control and were only affected by UNC2025 at the highest concentration
of 400 nM (Figure 7B,D). This shows that the effect of UNC2025, seen in both DSRCT
in vitro models, is a targeted effect, rather than a non-specific cytotoxic effect. Together,
this suggested that MERTK is an important driver for cell proliferation in DSRCT and a
potential therapeutic target.
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Figure 7. MERTK inhibitor UNC2025 affects DSRCT tumor expansion in vitro. (A) Barplot depicting
qPCR results of relative MERTK expression in OV-054, JN-DSRCT-1, and huSI organoids, normalized
to GAPDH. (B) Graph depicting cell viability of OV-054 DSRCT, JN-DSRCT-1, and huSI organoids,
upon administration of 0, 25, 50, 100, 200, and 400 nM UNC2025. (C) Graph depicting IC50 of
UNC2025 on both OV-054 DSRCT and JN-DSRCT-1 cells (D) Representative pictures of OV-054
DSRCT, JN-DSRCT-1, and huSI organoids in vitro, days 0 and 7, after administration of 0, 25, 50, 100,
200, and 400 nM UNC2025 (10× objective).
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4. Discussion

DSRCT is a highly aggressive and rare soft tissue sarcoma, characterized by a chromo-
somal translocation, resulting in the EWSR1-WT1 gene fusion. Expression of EWSR1-WT1
presumably regulates the genetic targets responsible for oncogenesis in DSRCT. The 5-year,
event-free survival rate is 18% [37], showing the urgence of novel therapies to improve the
outcomes for DSRCT patients.

OV-054 DSRCT cells in vitro grow as nests of small round cells with large nuclei, typi-
cally also seen in DSRCT tissue [4]. Both 2D and 3D culture conditions of OV-054 DSRCT
consist of a homogeneous cell population, exhibiting similarities to the transcriptional
profile of the original tumor. The EWSR1-WT1 fusion is expressed similarly under 2D
and 3D culture conditions. This novel DSRCT in vitro model can be used to investigate
molecular pathways driving this rare sarcoma type and further explore therapeutic options,
which is urgently needed to improve the poor prognosis of this sarcoma.

To explore the molecular mechanisms of EWSR1-WT1, we used an shRNA knock-
down approach on our primary DSRCT in vitro model. When the genes that were affected
upon shRNA-mediated knock-down of EWSR1-WT1 were compared with similar gene sets
previously described for the JN-DSRCT-1 and BER cell lines [10], we indeed found overlap
in up- and downregulated genes. Of note, ASCL1 was downregulated upon EWSR1-WT1
knock-down, which was previously described as a direct target of the gene fusion [7]. This
confirms that these genes are (in)direct targets of the EWSR1-WT1 fusion and likely play a
role in tumor development and progression.

Gedminas and colleagues show similarities between the molecular mechanisms of
EWSR1-FLI1 in Ewing sarcoma and EWSR1-WT1 in DSRCT, despite their different DNA-
binding domains [10]. These common features include the dysregulation of the DNA
damage response, an alteration in the E2F transcription factor family members and modu-
lation of other pathways, including TGFb and IGF/mTOR signaling. While the mechanism
behind these common features is not clear, DSRCT cells show a striking dependence on
ERG expression. This is a close family member of FLI1, and it is upregulated by EWSR1-
WT1 in DSRCT [10]. Interestingly, Franzetti and colleagues found that a knock-down of
EWSR1-FLI1 expression in Ewing sarcoma affected cell dynamics [38]. Major changes were
observed in the dynamics of the actin cytoskeleton and cell-to-cell adhesions shifted to
cell-matrix adhesion, associated with an increase of cell migration and invasion potential
in vivo. The dynamical changes of the actin cytoskeleton and a shift from cell–cell adhesion
to cell-matrix adhesion, shown in the Ewing sarcoma model, are similar to the observations
we found in DSRCT, upon knock-down of EWSR1-WT1 in vitro. In our study, knock-down
of EWSR1-WT1 in DSRCT cells affected cell shape and propagation. We found several cell
migration genes and cell–cell adhesion genes to be affected upon EWSR1-WT1 knock-down.
Thus, despite the differences in DNA binding motifs of EWSR1-FLI1 and EWSR1-WT1, the
underlying mechanisms driving Ewing sarcoma and DSRCT are possibly similar.

Because of the rarity of DSRCT, this sarcoma is often excluded from clinical trials.
Currently, there are 10 clinical trials ongoing or completed that involve DSRCT patients
and just one of these clinical trials included an RTK-targeting compound, i.e., sorafenib
(ClinicalTrials.gov identifier: NCT01946529). Unfortunately, the interim analysis of this
clinical trial determined that the therapy did not meet the anticipated response; therefore,
the trial was stopped. To discover novel therapeutic entities, we performed a medium-
throughput drug screen on the established preclinical OV-054 DSRCT in vitro model. A
total of 201 different compounds were included in the drug screen for DSRCT cell viability.
The compounds to which the OV-054 DSRCT cells were sensitive included several drugs
targeting the regulators of apoptosis and many drugs targeting RTKs and downstream
pathways of RTKs, including the PI3K-AKT and mTOR signaling pathways. Our data
suggests that the regulation of apoptosis is important in DSRCT cells and that RTK-driven
pathways are key players in DSRCT tumor progression. Therefore, other compounds that
target RTKs or downstream pathways of RTKs might show a more effective response, either
alone or in combination with current standard chemotherapy.
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MERTK levels in OV-054 DSRCT are decreased upon knock-down of EWSR1-WT1,
showing that this gene is likely regulated by the fusion protein. Interestingly, MERTK ex-
pression is higher in the OV-054 DSRCT cells, compared to the JN-DSRCT-1 cells. This incon-
sistency can be the result of the different fusion breakpoints of the EWSR1-WT1 fusion genes
in the OV-054 DSRCT and JN-DSRCT1 cells. However, we cannot exclude the possibility
that this effect is a result of differences in the culture media. Despite these different expres-
sion levels of MERTK in the different DSRCT in vitro models, the effect of small-molecule
inhibitor UNC2025 was similar between the OV-054 DSRCT model and the JN-DSRCT-1
cell line. MERTK has several downstream signaling pathways, including MAPK/ERK,
PI3K/AKT, and JAK/STAT, regulating multiple biological processes [35,39,40]. MERTK
is involved in multiple malignancies, including leukemia, glioma, melanoma, and rhab-
domyosarcoma [35,36], while it has been described as novel therapeutic target in several of
these malignancies [36]. Here, we show that MERTK inhibition, with small-molecule in-
hibitor UNC2025, affects propagation of OV-054 DSRCT cells in vitro, providing a rationale
for investigating MERTK as a therapeutic target in DSRCT by small molecule inhibitors,
such as UNC2025.

5. Conclusions

Using a primary DSRCT patient-derived 2D and 3D cell culture system, we were
able to characterize the molecular mechanisms that are driven by the DSRCT-specific
EWSR1-WT1 fusion protein. The preclinical DSRCT in vitro model also enables us to
perform a medium-throughput drug screen. This screen reveals compounds that affect
the cellular pathways that are important for DSRCT cell viability, including RTK-driven
signaling pathways. Interestingly, we show that expression the RTK family member
MERTK correlates with the expression of the EWSR1-WT1 fusion gene. To our knowledge,
this is the first study that reveals effective therapeutic compounds that likely target EWSR1-
WT1-driven mechanisms.
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Simple Summary: Brain tumors remain the most common childhood solid tumors, accounting
for approximately 25% of all pediatric cancers. They also represent the most common cause of
cancer-related illness and death in this age group. Recent years have witnessed an evolution in
our understanding of the biological underpinnings of many childhood brain tumors, potentially
improving survival through both improved risk group allocation for patients to provide appropriate
treatment intensity, and novel therapeutic breakthroughs. This review aims to summarize the
molecular landscape, current trial-based standards of care, novel treatments being explored and
future challenges for the three most common childhood malignant brain tumors—medulloblastomas,
high-grade gliomas and ependymomas.

Abstract: Brain tumors are the leading cause of childhood cancer deaths in developed countries.
They also represent the most common solid tumor in this age group, accounting for approximately
one-quarter of all pediatric cancers. Developments in neuro-imaging, neurosurgical techniques,
adjuvant therapy and supportive care have improved survival rates for certain tumors, allowing a
future focus on optimizing cure, whilst minimizing long-term adverse effects. Recent times have
witnessed a rapid evolution in the molecular characterization of several of the common pediatric
brain tumors, allowing unique clinical and biological patient subgroups to be identified. However, a
resulting paradigm shift in both translational therapy and subsequent survival for many of these
tumors remains elusive, while recurrence remains a great clinical challenge. This review will provide
an insight into the key molecular developments and global co-operative trial results for the most
common malignant pediatric brain tumors (medulloblastoma, high-grade gliomas and ependymoma),
highlighting potential future directions for management, including novel therapeutic options, and
critical challenges that remain unsolved.

Keywords: pediatric; brain; tumor; medulloblastoma; glioma; ependymoma

1. Introduction

Brain tumors are the most common solid tumors of childhood, accounting for approxi-
mately 25% of all pediatric malignancies, and represent the leading cause of cancer-induced
morbidity and mortality in this age group [1]. With an incidence of approximately 6 per
100,000 children in industrialized society [2], these tumors represent a spectrum of clinically,
pathologically and biologically diverse subtypes which can pose significant challenges in
conducting research and clinical trials, necessitating international collaboration.

Over recent decades, cure rates for selected pediatric brain tumors (most notably
medulloblastoma) have improved [3], predominantly as a consequence of advances in
multiparametric neuro-imaging, neurosurgical techniques, radiation therapy and multi-
agent chemotherapy, together with improved supportive care. However, such survival

Cancers 2021, 13, 6099. https://doi.org/10.3390/cancers13236099 https://www.mdpi.com/journal/cancers
253



Cancers 2021, 13, 6099

advances are typically offset by a therapy-induced toxicity burden for the patient, with
wide-reaching consequences for the child, their family and society. Moreover, for the
majority of brain tumors, prognosis has remained static for over 30 years despite these
technological improvements.

To overcome this impasse, the pediatric neuro-oncology community has shifted focus
to develop risk-stratified treatment protocols that aim to reduce iatrogenic morbidity
while maintaining outcomes for favorable-risk lesions, and improve cure rates for tumors
refractory to conventional therapy, either through intensification or novel agents. This
strategy has been supplemented by an evolution in our understanding of the molecular
pathogenesis of almost all pediatric brain tumors.

Such molecular advances have identified potential cells of origin, and led to the identi-
fication of multiple biologically distinct subgroups within most brain tumor entities, therein
allowing accurate risk stratification for affected children when incorporated with clinical,
histological and survival data. In addition, oncogenic biological pathways amenable to
manipulation using novel targeted agents have been identified.

This article will provide a summary of the most common malignant pediatric brain
tumors (medulloblastoma, high-grade gliomas and ependymoma) with particular focus
on inherent molecular advancements and potential future directions for management,
including novel therapeutic options.

2. Medulloblastoma
2.1. Background

Medulloblastoma (MB) represents the most common malignant brain tumor in chil-
dren, accounting for approximately 20% of all central nervous system (CNS) tumors [2,4].
It also comprises over 60% of intracranial embryonal tumors, a recently characterized
entity consisting of atypical teratoid rhabdoid tumors (ATRTs), embryonal tumors with
multilayer rosettes (ETMRs), CNS neuroblastoma with FOX2 alteration and malignant
neuroepithelial tumors with BCOR alteration [5].

Arising within the cerebellum, MBs are observed across all age categories but are
most frequently identified at a median age of five years [6]. Demographic, histologi-
cal and prognostic heterogeneity embody MB, while it represents the first brain tumor
where revolutionary global initiatives (such as the Medulloblastoma Advanced Genomics
International Consortium (MAGIC)) have transformed our understanding of the molec-
ular underpinnings of MB pathogenesis, enabling improved patient risk stratification to
potentially influence clinical outcome [7].

2.2. Histopathology

MBs share a primitive embryonal phenotype comprising malignant cells of stereotypic
histological patterns, dominated by neuronal antigen expression [8]. World Health Organi-
zation (WHO) pathological classification systems have historically divided MB into a classic
subtype accounting for 72% of all cases, a desmoplastic/nodular variant of which medul-
loblastoma with extensive nodularity (MBEN) is a subgroup and a large cell/anaplastic
variant which has historically been assigned an adverse prognostic association [5,9].

2.3. Molecular Classification

In the past decade, seminal transcriptomic MB analyses led to a global consensus
establishing the identification of four discrete molecular subgroups, likely arising from dis-
tinct cells of origin—wingless-activated (WNT), sonic hedgehog (SHH), Group 3 and Group
4 MB [10,11]. Further molecular scrutiny of these four groups has now identified somatic
mutations targeting chromatin modification as the leading driver for MB heterogeneity
via epigenetic dysregulation [12]; further subdivisions have now been established [13–16]
(Figure 1).
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2.3.1. WNT Activated (WNT)

WNT MBs account for approximately 10% of all MBs, and often arise in older children
with equal gender distribution [11]. Typically occurring in the midline, they frequently
invade the lateral recess of the brainstem through the foramen of Luschka, due to a lower
rhombic lip cell of origin [17,18]. They rarely metastasize and morphology is typically of
the classic variant [8].

Somatic activating mutations in exon 3 of CTTNB1, which encodes B-catenin, are
found in 80–90% of WNT MB, with 85–90% displaying monosomy 6 [19–23]. Mutations in
the adenomatous polyposis coli (APC) gene are common in WNT tumors lacking CTTNB1
mutations [15,24]. Less frequently occurring mutations include TP53, SMARCA4, KMT2D
and DDX3X [11,15,25,26]. TP53 mutation occurs only in a minority of WNT MB, and is not
prognostic, unlike the SHH subtype [27].

2.3.2. Sonic Hedgehog-Activated-Activated (SHH)

SHH MB represents approximately 30% of all cases, presenting predominantly in
a bimodal age distribution; below three years and in young adults [5,8,10]. Originating
from granule progenitor cells SHH MBs localize almost exclusively within cerebellar
hemispheres [17,28]. All nodular desmoplastic MBs belong to the SHH subgroup, although
other histologies can be observed [21,29]. They are most commonly localized at diagnosis
and morphology frequently correlates with underlying genetic abnormalities.

SHH MBs are characterized by activation of the SHH pathway as a result of somatic
or germline mutations in a number of genes including SMO, PTCH1 and SUFU [30]. While
PTCH1 mutations are seen across 30–50% of SHH MBs, SUFU and SMO mutations are
typically seen in infant and adult SHH MBs, respectively [30]. TP53 mutations typically
arise in childhood SHH MBs [27]. Recent epigenomic profiling has identified a further
four clinically distinct granular molecular subclasses of SHH MB, alpha, beta, gamma and
delta [13]. SHH-alpha MBs predominate in children, whereas infants are most commonly
associated with SHH-beta and SHH-gamma, and SHH-delta is typically observed in adult
patients [8].

2.3.3. Group 3

Group 3 tumors account for 25% of all MB cases, predominate in males and occur
most frequently in younger children between the ages of 2 and 5 years [8]. Thought to
arise from neural stem cell origin [31], Group 3 MBs have a short symptom interval and
are frequently metastatic at diagnosis with small primary tumors [11,28,32].

As with Group 4 MB, Group 3 tumors are not characterized by a signature oncogenic
pathway. Nevertheless, Group 3 MBs can be associated with activation of GABAergic and
photoreceptor pathways [33,34]. Broad genomic aberrations are a feature, while recur-
rent somatic nucleotide variants are infrequent [7,12,26]. MYC amplification is the most
common finding (in approximately 17% of cases) commonly occurring within a complex
chromosomal rearrangement at the 8q24 locus, resulting in MYC–PVT1 fusion [7,12,13,34].
The presence of isochromosome 17q, activation of growth factor proto-oncogenes GFI1 and
GFI1B, and amplification of transcription factor OTX2 are also observed [13,15,35].

2.3.4. Group 4

Group 4 tumors represent 35% of all MBs, have a male predisposition and are the
dominant molecular subgroup in children of 3 to 16 years of age [8,36]. Similarly to Group
3 MB, they arise in the fourth ventricle and are frequently metastatic at diagnosis, but have
a longer symptom interval [11,32].

Genetic abnormalities seen in Group 4 tumors include inactivating mutations of the
histone demethylase KDMS6A and histone modulator PRDM6, tandem duplications of
SNCAIP and amplifications of CDK6 and MYCN [7,12,25,26,33]. Chromosomal copy num-
ber variations include deletion of chromosome 8, 11 or 18p, gain of chromosome 1 or 17q
and isochromosome 17q, the most common cytogenetic abnormality in the subgroup [37].
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2.4. Prognostic Factors

Typical risk-stratification systems for MB incorporate age, extent of tumor resection,
and metastatic status to define standard and high-risk cohorts, in turn determining therapy
administered. Standard-risk patients are older than 3 years, have undergone gross or near
total excision (below 1.5 cm2 of residual tumor) with localized disease while remaining
patients are classified as high risk. However, these and historical prognostic markers (such
as anaplastic morphology) may indeed be surrogates for the underlying MB molecular
subgroup, suggesting future stratifications require further refinement.

Pediatric patients with standard-risk WNT-activated MB have an excellent prognosis
with a 5 year progression-free survival above 90% following standard therapy. SHH MB
demonstrates a range of outcomes. Infant SHH MBs beta and gamma have disparate
outcomes, with beta conferring a poor prognosis, and gamma good outcomes [38,39]. TP53
germline positive SHH MBs confer a poor prognosis with a post-therapy 5 year survival
of just 30–40%, particularly when associated with MYCN and GLI2 amplification [40],
whereas wildtype SHH MB are associated with a favorable outcome with a 5 year survival
of approximately 80% [8,27,30].

Group 3 and 4 MBs also demonstrate variable outcomes, influenced by inherent molec-
ular heterogeneity spanning both groups [14]. For example, Group 3 MB generally carry a
poor prognosis, particularly MYC amplified cases which are often refractory to conven-
tional therapy [41–43], while Group 4 MBs demonstrate a variable prognosis, incorporating
favorable-risk MBs harboring chromosome 11 loss or chromosome 17 gain [14]. Infantile
Group 4 MBs are infrequent but carry a poor prognosis [44].

2.5. Current Management/Clinical Trials

The sequential trial-based addition of adjuvant craniospinal radiotherapy and com-
bination chemotherapy to maximal safe tumor resection has improved survival rates for
standard-risk patients immeasurably over the last 50 years and is now the accepted stan-
dard of care (Table 1). However, such improved cure rates are achieved at a significant
burden to the survivor, with most experiencing chronic neurocognitive and neuroendocrine
morbidities [45,46]. While standard-risk patients have benefited from a trial-validated re-
duction in craniospinal radiotherapy intensity [47] (Table 1), high-risk patients continue to
require high-dose radiotherapy (36 Gy) and intensified chemotherapy regimens to maintain
a 5 year progression-free survival (PFS) of up to 70% [48,49] (Table 1).

Current trial designs utilize refined patient risk stratifications which incorporate the
additional knowledge of molecular MB subgroups. Open standard-risk studies including
the Children’s Oncology Group (COG) ACNS1422 (NCT02724579), the North American
SJMB12 (NCT01878617) and the European SIOP PNET5 trial (NCT02066220) are assessing
whether treatment intensity can be reduced without compromising survival rates for
favorable-risk MBs (particularly WNT-activated MBs).
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Caution regarding de-escalation of therapy for WNT-activated MBs is evident from
the premature termination of trial NCT02212574 which abandoned craniospinal irradi-
ation for these patients, and a recent retrospective analysis of 93 WNT-activated MBs
where relapse was associated with a reduction in the cumulative dosing of maintenance
chemotherapy [61].

The PNET5 trial is also assessing the radio-sensitizing effect of carboplatin for non-
WNT MB, while SJMB12 is the addition of targeted drug therapy in conjunction with
conventional agents for specific molecular subgroups (SHH and high-risk Group 3 and
4 MBs). A European biomarker-driven phase III trial for newly stratified high-risk MB
opened to recruitment in 2021. Of interest, post-operative residual tumor is not considered a
high-risk feature in this study. The trial incorporates a double-randomized design, compar-
ing the efficacy of hyper-fractionated radiotherapy and additional high-dose chemotherapy
against standard radiotherapy, followed by a comparison of multimodal continuation
chemotherapy versus single agent temozolomide (EudraCT Number: 2018-004250-17).

Infant MB represents a distinct, intensive chemotherapy-only treatment group [29].
Outcomes for infants with nodular desmoplastic SHH MB can be excellent, although it
appears that this requires the inclusion of intrathecal methotrexate in addition to sys-
temic therapy [38,39,62,63]. The COG ACNS0334 study of non-nodular desmoplastic MBs,
incorporating both induction and high-dose tandem consolidation cycles of chemother-
apy reported 100% survival for metastatic SHH MBs and a survival advantage for the
incorporation of methotrexate at induction in Group 3MBs [64].

2.6. Novel Therapies

Advances in molecular understanding of MB pathogenesis have also provided the
opportunity for the application of subgroup-specific novel targeted therapeutics, notably
for SHH MBs. Vismodegib and sonidegib are SMO inhibitors that have shown objective
responses in pediatric recurrent SHH MB [65–71]. For most patients, such responses
were not sustained, as a result of mutations downstream from SMO re-activating the
pathway [30]. Another important consideration of this therapy is the association with
premature growth plate fusions which has led to modification of the current SJMB12
study [70–72]. Agents such as silmitasertib, targeting SMO downstream mutations in the
SHH pathway, are under evaluation in relapsed SHH MB (NCT03904862). GLI inhibition by
arsenic trioxide is another area of drug development in SHH MB and early phase pediatric
tumor trial data are awaited (NCT00024258).

For non-SHH tumors, the aforementioned SJMB12 study is evaluating the addition
of pemetrexed and gemcitabine to conventional chemotherapeutic agents for high-risk
Group 3 and 4 MBs (large cell anaplastic histology, metastatic disease or MYC/MYCN
upregulation) after promising high throughput in vitro drug assay analysis [73]. The
CDK4/6-cyclin D-Rb pathway was identified as a potential therapeutic target in xenograft
models for non-WNT MB [74]. Other proposed approaches include HDAC inhibitors, PI3K
inhibition and BET-bromodomain inhibition to downregulate MYC expression in Group
3 MBs, and LSD1 inhibition of GFI1/GFI1B overexpression when present in Group 3 and
4 MBs [75–78].

Finally, despite the challenge posed by the lack of immunogenic targets in CNS tumors,
immunotherapy has been proposed as a potential treatment option in relapsed/refractory
MB [79]. Anti-EPHA2, HER2 and IL-13Rα2 chimeric antigen receptor T-cell (CAR-T)
therapy has been shown to successfully treat murine Group 3 MBs [80] and early phase
trials in children have commenced (NCT03500991, NCT04661384).

3. High-Grade Gliomas
3.1. Background

This group encapsulates all malignant lesions of glial origin. Alongside embryonal
tumors, pediatric high-grade gliomas (pHGGs) are one of the most common malignant
tumor groups of the childhood central nervous system, with a collective incidence of 1.1 per
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100,000 children [2]. Despite a paradigm shift in our understanding of pHGG molecular
subgrouping being distinct from adult counterparts, and some therapeutic successes for
particular entities (such as infant HGG), little progress has been made over recent decades
to improve the dismal prognosis; pHGGs account for over 40% of all childhood brain
tumor deaths [81]. As a result, they remain the focus of several experimental therapeutic
research teams.

3.2. Histopathology

The vast majority of pHGGs can be classified as anaplastic astrocytomas (WHO Grade
III), or glioblastoma (Grade IV). Historically, a minority of diffuse intrinsic pontine gliomas
(DIPGs) were morphologically consistent with diffuse astrocytoma (Grade II), likely re-
sulting from sampling bias. However, the identification of pathognomonic oncogenic
mutations in DIPG (particularly in histones 3.1 and 3.3), together with established malig-
nant clinical characteristics, resulted in an amendment to current WHO nomenclature, with
DIPGs now classified as diffuse midline gliomas with H3K27 mutation (Grade IV) [5].

3.3. Molecular Classification

Clear biological distinctions between pHGGs and adult counterparts are now estab-
lished [82,83], providing a rationale for the failure of many novel therapies derived from
adult tumor research. Molecular heterogeneity within pHGGs is also well described [84–91].
The largest molecular meta-analysis of pHGGs published to date, incorporating genomic,
epigenomic and transcriptomic profiling has now identified at least nine pHGG subgroups
with inherent biological and/or clinical characteristics such as age, tumor location and
prognosis [90]. These subgroups express recurrent signature aberrations, which may lead
to further refinement of subdivisions in the future (Figure 2).

The predominant pHGG subgroups express mutations of histones HIST1H3B (H3.1)
at position K27, H3.2 (rarely) and H3F3A (H3.3) at positions K27 and G34 [90,92]. H3K27M
pHGGs are characterized biologically by aberrant expression resulting from loss of trimethy-
lation at lysine 27 on Histone 3 [93,94], and clinically by their midline location (pons,
midbrain, thalamus, spina cord) and younger patient age [90,91]. H3.3 G34 subgroup
pHGGs are typically located in hemispheric locations, impacting adolescent and older
age groups [90,91,95]. The midline location may contribute to the significantly poorer
prognosis reported in K27 pHGGs versus G34 counterparts [85,90,91,95], although the
mutations alone have been reported as independent prognostic markers in multivariate
analysis [90]. Secondary aberrations within the pHGG histone subgroups have also been
identified. TOP3A, CCND2, PDGFRA, PPM1D, TP53 and FGFR1 mutations are more fre-
quently identified in H3.3K27 pHGGs, while H3.1K27 tumors often demonstrate PI3K and
ACVR1 mutations and H3.3 G34 pHGGs typically contain TP53 and ATRX mutations [90].

Other subgroups include the IDH mutant pHGGs, associated with a frontal location,
an adolescent age range and improved prognosis, hypermutant pHGGs as seen in DNA
replication repair deficiency disorders, infant HGGs characterized by NTRK mutations
and pleomorphic xanthoastrocytoma-like pHGGs and BRAF mutated pHGGs, which may
represent low-grade lesions that have undergone malignant transformation [90,91,95].
The latter two subgroups may be amenable to novel targeted inhibitor agents and often
demonstrate good responses to therapy and improved survival outcomes. A final ‘wild-
type’ subgroup comprises pHGGs harboring mutations in genes such as NF1, MYCN,
EGFR, and CDK6 [90].
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3.4. Prognostic Factors

Prior to the advent of molecular subclassification as described above, the two leading
clinical prognostic factors were the extent of surgical resection and tumor histological grade
with incomplete resection and Grade IV HGGs conferring a dismal prognosis [96,97]; this
continues to be the case today but is supplemented by molecular stratification also. Some
studies have also reported a prognostic influence of methylguanine-DNA-methyltransferase
(MGMT) expression in the efficacy of temozolomide therapy and patient outcome [54,98].

3.5. Current Management/Clinical Trials

The global standard of care for pHGG, the Stupp regimen, stems from adult glioblas-
toma trial work, which demonstrated that the addition of the alkylating agent temozolo-
mide alongside and after focal radiotherapy, improved progression-free and overall patient
survival [99]. Given the molecular disparity between adult HGG and their childhood coun-
terparts, it is therefore unsurprising that temozolomide in a Children’s Oncology Group
(COG) pHGG trial analysis (ACNS0126) did not improve outcome compared with previ-
ous trials using varied adjuvant chemotherapies [54] (Table 1). However, it remains the
standard of care because of the relatively low toxicity profile in comparison to alternative
regimens.

The COG ACNS0423 trial noted a marginal outcome benefit for the addition of lo-
mustine with temozolomide [55]; however, it was unclear if this was specific to certain
molecular subgroups, while the myelosuppressive toxicity of the regime often proved re-
strictive. The German Hirntumor (HIT) co-operative group have also reported an improved
survival rate for a subset of children with glioblastoma achieving gross total resection com-
pared to historical controls, using an intensified chemotherapy regime alongside and after
RT [100].

No definitive therapeutic breakthrough has been made in the treatment of DIPG
(now diffuse midline glioma, H3K27 mutant), such that the standard therapy remains
radiotherapy alone (Table 1). Modern, multinational collaborative trials, such as the
Innovative Therapies for Children with Cancer (ITCC) BIOMEDE study, are developing
a more nuanced approach alongside focal RT, utilizing novel inhibitor therapy to target
corresponding molecular aberrations present in the lesion (dasatanib, everolimus, and
erlotinib) (NCT02233049). Interim overall survival analysis of 193/250 randomized patients
concluded that a preferential agent was unlikely to be demonstrated, with survival rates
comparable with RT alone, albeit everolimus had the most favorable toxicity profile [58].

3.6. Novel Therapies

The paradigm shift in understanding of the molecular heterogeneity of pHGG, to-
gether with the failure of conventional therapeutics to significantly improve outcomes for
several years, has shifted focus towards developing novel agents that manipulate the epige-
netic and genomic aberrations inherent in pHGG molecular subgroups, immunotherapies,
and the development of alternative drug administration routes to penetrate the blood–
brain barrier such as convection enhanced delivery for diffuse midline glioma H3K27
mutant/DIPG [92,101–105].

Success of mutational target inhibition in specific pHGG subgroups gives credence to
this new therapeutic standpoint. For pHGGs with BRAF V600E mutations, BRAF inhibitor
(BRAFi) activity has been demonstrated as salvage therapy [106–109]; international co-
operative studies are recruiting (NCT03919071). Similar findings of efficacy have been
made with neurotrophic tyrosine receptor kinase inhibitor agents for infant HGGs [110,111]
and immune checkpoint inhibition in hypermutant pHGGs resulting from replication repair
deficiency disorders [112–115]. Follow-up co-operative early phase trials are now open
(NCT04267146, NCT04323046 and NCT04655404).

With respect to the other main subgroups, targeting histone modification is a ther-
apeutic research focus for the H3.1–3.3 pHGG subgroup. Histone deacetylase inhibitors
(HDACi) such as panobinostat, vorinostat and valproic acid have been postulated to im-
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prove the therapeutic landscape for this subgroup following successful HDACi in vitro
pHGG studies, but translational results to date have proved disappointing [116–119]. Other
agents being looked at for this subgroup include ACVR1/ALK inhibitors [120,121] and the
imipridones incorporating agents such as ONC201 [122–124].

For the IDH mutant pHGG subgroup, blood–brain barrier penetrant IDH inhibitors
have been developed for glioma trials (NCT02273739, NCT03343197, NCT02073994 and
NCT04056910). These may be specific to IDH-1 (ivosedinib), IDH-2 (enasidenib) or both (vo-
rasidenib). In addition, the use of PARP (poly-adenosine 50-diphosphate-ribose) inhibitors
alongside temozolomide as a radiosensitizer is being explored [125].

Immunotherapeutic strategies other than checkpoint blockade are also being
evaluated in pHGGs, including cancer peptide vaccine therapy with antigens such as
Ephrin A2 (EphA2), interleukin 13 receptor alpha 2 (IL13Ra2), survivin and HLA-A2
(NCT01130077) [126–128], autologous dendritic cell vaccine therapy [129], and chimeric
antigen receptor (CAR)-T therapy where studies are recruiting (anti-IL13aR2; NCT02208362,
anti-GD2; NCT04196413, anti-B7 H3; NCT04185038).

4. Ependymoma
4.1. Background

Ependymoma is the second most common malignant brain tumor entity in children,
after medulloblastoma, representing approximately 10% of all childhood CNS tumors [130].
Most cases present in patients aged below five years and have a male predominance (male:
female ratio 0.23: 0.17) [130,131]. Although able to arise anywhere in the neuraxis, over
90% of pediatric ependymomas are intracranial (IC) in origin. Of these, two-thirds occur
in the posterior fossa (PF), with the remaining one-third located in the supratentorial
(ST) compartment [132]. Leptomeningeal metastasis is uncommon, reported in 2–20% of
cases [133,134].

No inherited disorders are consistently reported to predispose to IC pediatric ependy-
momas. Neurofibromatosis type 2 appears to be associated with the development of spinal
ependymomas but typically in the adult population [135].

4.2. Histopathology

Current histological classification of ependymoma remains according to the current
WHO grading scheme, resulting in four main histological subgroups: subependymoma
and myxopapillary ependymoma (grade I), classic (grade II) and anaplastic (grade III) [120].
Subependymoma typically arise in the ventricles of adults, while myxopapillary ependy-
moma occur exclusively in the spine [5,136]. Consequently, classic and anaplastic variants
typically account for all pediatric IC ependymomas. Morphologically they are both charac-
terized by the tumor cell formation into true rosettes (around a canal) or pseudorosettes
(around a blood vessel) while anaplasia is signified by increased mitotic figures, necrosis,
microvascular proliferation, and an increased an increased cellular nucleus/cytoplasmic ra-
tio [5]. Common immunohistochemical findings include positive staining for glial fibrillary
acid protein (GFAP), expression of EMA, S100 and vimentin [5,137].

The utilization of histological grading as a prognostic marker has failed to consistently
be of value, in part due to the subjective nature of grade assignation and tumor heterogene-
ity. These factors, alongside improved understanding of the genomic landscape of pediatric
ependymoma, has led to the Consortium to Inform Molecular and Practical Approaches to
CNS Tumor Taxonomy (cIMPACT) to recommend that the WHO adopt a new, integrated
histological/biological classification system for ependymomas [138].

4.3. Molecular Classification

Genomic and methylomic profiling of ependymoma has revealed nine distinct molec-
ular subtypes, four of which account for most pediatric IC ependymoma across the PF
(PF-A and PF-B) and ST (ST-ZFTA and ST-YAP) compartments [139] (Figure 3).
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Figure 3. Predominant molecular subtypes of pediatric intracranial ependymoma. Posterior fossa
and supratentorial childhood ependymomas are shown, further categorized into four in-group
subtypes; PF-A, PF-B, ZFTA-fused and YAP1-fused. The clinical and biological characteristics of these
subtypes are shown, in accordance with [59,120,139–153]. Nine molecular subtypes of ependymoma
are reported but the remaining subtypes occur in either the spinal cord (spinal subependymoma,
spinal myxopapillary ependymoma, spinal ependymoma) or the adult brain (subependymoma:
PF and ST) so are not depicted in this figure. Age-related cartoons depict infant, young child
(2–5 years), child (5–12 years), adolescent/adult (12+ years). Key: WHO = World Health Organization,
CIN = chromosomal instability, GTR = gross total resection, IR = incomplete resection.

PF-A ependymomas are biologically characterized by epigenetic dysregulation of
DNA methylation and histone modification, often accompanying lack of H3K27 trimethy-
lation [147,149,150]. With the exception of some genomic imbalances, namely 1q gain
and 6q loss, they typically demonstrate a balanced genome [139,147,149]. They are most
common in infants and young children, have a tendency towards infiltration, dissemi-
nation and consequent poor prognosis [153]. Due to their predominant lateral location
and inherent invasiveness, gross total resection (GTR) is often difficult to achieve and
therefore relapse rates are high [154]. PF-B ependymomas are characteristically enriched
with numerous cytogenetic abnormalities and are more common in adolescents and young
adults [139,152,155]. They originate in the midline yet are often amenable to surgical
resection, have a low metastatic potential and therefore have a superior outcome to PF-A
tumors [139,152,155]. Recent methylation profiling work to further categories these two PF
subgroups have reported two major subgroups, nine minor PF-A subtypes and five PF-B
subgroups displaying variable clinical and genetic heterogeneity [140,156].
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Greater than 70% ST ependymomas contain a zinc finger translocation associated
(ZFTA, previously C11Orf95) gene fusion, most commonly RELA-ZFTA and are termed
ST-RELA or, more recently ST-ZFTA [139,143,151]. This subtype is found in children and
adults, but rarely infants and is often located in frontal or parietal lobes, often with intra-
tumoral hemorrhage, cysts or necrosis [157]. ST-YAP is the remaining molecular subgroup,
characterized by the fusion of the YAP1 oncogene with MAMLD1 [142]. ST-YAP tumors
typically arise in ventricular or periventricular locations among infants [142]. Up to 15% of
ST ependymoma may not harbor a RELA or YAP1 fusion [158].

4.4. Prognostic Factors

Interest remains in identifying prognostic markers to aid patient risk stratification for
future ependymoma trial design to improve upon the relative poor long-term outcomes
that exist. Akin to medulloblastoma, several clinical and histological putative markers
(location, age, tumor grade) have been rendered obsolete by the identification of molecular
subgrouping.

The most consistent clinical marker is the extent of surgical resection, with some
studies reporting a 60% difference in survival between cases of complete and incomplete
tumor resection [59,120,132,159–162]. The positive prognostic effect of complete excision is
maintained across molecular subgroups [120,139].

The infiltrative nature, localization and predisposition to metastasis suggests PF-A
ependymomas should exhibit a poorer prognosis when compared with PF-B counterparts,
an assumption supported by a retrospective analysis 820 patients with PF ependymoma
across four independent cohorts [161]. The recent prospective Children’s Oncology Group
(COG) ACN0121 clinical trial, however, found no difference between PF-A and PF-B patient
survival, although likely reflecting a paucity of PF-B cases [59]. The study did identify an
adverse association with 1q gain in PF-A cases, with survival as low as 30% despite tumor re-
section and radiotherapy administration [59]. As stated above, tumor gain of chromosome
1q and loss of chromosome 6q are the most commonly observed chromosomal imbalances
in ependymoma and appear adverse prognostic factors [59,120,139,141,144–146,148,152]. A
recent retrospective molecular profiling study of 212 primary PF-B ependymomas identified
loss of 13q as a potential novel adverse marker [140].

A retrospective cohort study of 122 ST ependymomas identified ZFTA/RELA fusion
as a poor prognostic marker, regardless of the attainment of resection status, with 10 year
PFS and overall survival (OS) of approximately 20% and 50%, respectively [139]. The same
study conversely identified excellent ST-YAP1 survival rates of 100% [139]. Nevertheless,
data from the ACNS0121 clinical trial failed to show any adverse prognostic implication for
ST molecular subgroups, again potentially influenced by the case numbers involved [59].

4.5. Current Management/Clinical Trials

The globally accepted standard for pediatric IC ependymomas is maximal, safe surgi-
cal resection followed by involved field adjuvant radiotherapy (RT), dosed at 54–59.4 Gy,
founded from a 2009 St Jude’s Children’s Research Hospital single-center study of 107 chil-
dren, demonstrating a 7 year PFS of 77% and OS of 85% [160]. Exceptions to this are in
metastatic cases where craniospinal radiotherapy is typically utilized for older children,
and infant IC ependymomas, where a chemotherapy only strategy is reserved in order to
avoid or delay radiotherapy to the developing brain, with eligibility thresholds of 12 to
18 months for PF tumors and up to 3 years for ST tumors.

Concerns regarding radiotherapy-induced neurotoxicity in young children have re-
sulted in IC ependymoma being the most common pediatric tumor treated with proton
beam radiotherapy. By reducing radiation exposure to healthy tissue while delivering
therapeutic doses, this modality delivers comparable disease control to modern photon
radiotherapy without unexpected toxicity [163–165]. Data continue to be collated on latent
toxicity [164].
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Recent, large international co-operative IC ependymoma trials have been designed
to validate the findings of the 2009 St. Jude’s study, evaluate the utility of an aggres-
sive surgical approach, and verify a therapeutic role for chemotherapy either pre or
post-radiotherapy (Table 1), since historical data have proven contradictory and incon-
clusive. The North American CCG-9924 study reported a PFS benefit from immediate
post-operative chemotherapy prior to radiotherapy in patients where over 90% of the
tumor has been resected [166]; however, this approach has been rebutted by other trial
groups [167]. Similarly, outcomes from chemotherapeutic, radiation-sparing strategies for
infants have been inconsistent and ultimately disappointing for the majority of children,
with only a minority ultimately sparing radiation [168–171].

The COG ACNS0121 trial confirmed the efficacy of an aggressive surgical approach
followed by immediate post-operative radiotherapy, even for children below 3 years of
age when compared to historical controls [59]. Long-term follow-up of these younger
patients is eagerly awaited. The impact of post-operative chemotherapy to facilitate second-
look surgery could not be determined. The COG ACNS0831 study followed on from
ACNS0121, with the randomized addition of continuation chemotherapy (vincristine,
cisplatin, cyclophosphamide and etoposide) for children treated with adjuvant focal RT
following a complete or near total resection [60]. An interim “as treated” analysis of patients
was undertaken due to significant non-compliance in patients randomized to receive
chemotherapy. This reported a survival advantage for patients receiving chemotherapy
(3 year EFS 80% vs. 71%; 1-sided p-value = 0.0121) [60].

The open phase II/III SIOP-Europe Ependymoma II trial (NCT02265770) has design
similarities with the COG studies, making compliance with post-irradiation chemotherapy
randomization imperative to validate the findings from ACNS 0831. Through patient
allocation to three strata, the trial also attempts to evaluate the value of pre-radiotherapy
chemotherapy and a 8 Gy radiotherapy boost in cases of incomplete resection, and the
addition of a of a histone de-acetylase (HDAC) inhibitor, sodium valproate, for infants
receiving one year of conventional multiagent chemotherapy.

4.6. Novel Therapies

Several biological models and patient derived xenografts have been developed to
recapitulate ependymoma subgroups in order to identify new therapeutic targets and test
novel therapies [172–174]. High throughput drug screening in murine models of ZFTA
fusion-negative supratentorial ependymoma, characterized by the Ephb2 oncogene identi-
fied 5-fluoracil (5-FU) as a potential active drug against this subtype [174,175]. Fibroblast
growth factor receptor inhibitors have also been shown to have activity against patient
derived ependymoma cell models and demonstrate efficacy in the clinic [176]. As detailed
above, the use of histone deacetylase inhibitors as differentiation therapy is currently
under evaluation in the current SIOP-Europe trial, following in vitro analyses [177,178].
Similarly, the phase I/Ib COZMOS trial is evaluating the DNA methyltransferase inhibitor
5′Azacitidine in combination with carboplatin, on the premise that inhibition of aberrant
DNA methylation will have therapeutic benefit (NCT03206021). Other novel therapies be-
ing explored include chimeric antigen receptor T-Cells (HER2; NCT03500991), based on en-
couraging pre-clinical murine work [80] and metronomic antiangiogenic therapy [179,180].

5. Conclusions

This review exposes the need for the pediatric neuro-oncology community to address
the disparity that has developed between advances at the bench compared to the bedside.
The potential for an era of biology driven patient care clearly exists yet, at present, interna-
tional clinical trials struggle to keep pace with the scientific progress made to date. Indeed,
many are being rendered outdated before they open to recruitment when evaluated against
current molecular advances. This challenge is not unsurmountable and indeed should be
embraced as recent years have demonstrated a paradigm shift in our understanding of the
molecular pathogenesis across principal malignant brain tumor groups, therein serving as
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the foundation for developing both risk stratification systems and novel agents as part of
the next generation of clinical trials. Nevertheless, results from the review highlight that
the statistical design, regulatory infrastructure and ultimately funding of such studies will
need urgent consideration to achieve these objectives.

5.1. Clinical Trials and Therapeutic Protocols

We have shown that for pediatric medulloblastoma, the four established intrinsic
molecular subgroups have now been superseded by the identification of up to 14 subtypes,
each demonstrating a disparate corresponding clinical profile. In contrast, most treatment
protocols over the past 20 years have continued to treat MBs with the historical backbone
of craniospinal radiotherapy and multiagent chemotherapy, only recently tailoring therapy
intensity according to WNT/non-WNT subgrouping, without particular focus on the
three other subgroups. Encouragingly, open international trials are now attempting to
stratify patients and adapt therapy according to molecular diversity. For example, the
SIOP-Europe PNET5 study is following a risk-adapted treatment stratification according to
low and high-risk WNT subgroups, the SHH-alpha MB subtype (which demonstrate TP53
mutations), standard-risk biological profiles (including MYCN amplified Group 4 MB)
and children with a germline mutational profile (NCT02066220). The SJMB12 trial, in
addition to evaluating treatment de-escalation for WNT-subgroup patients, is assessing
the addition of smoothened inhibitor Vismodegib for SHH MB, and the incorporation of
gemcitabine and pemetrexed for high-risk Group 3 and 4 MB patients (NCT01878617).
Finally, the SIOP-Europe high-risk medulloblastoma trial is using molecular screening
to identify appropriate cases for increased-intensity treatments, including MYC/MYCN
amplification (excluding MYCN amplified Group 4 MB) and SHH-alpha MB (EudraCT
Number: 2018-004250-17).

Attempts to integrate molecular pathogenesis to inform on therapeutic stratification
for most childhood high-grade gliomas or pediatric intracranial ependymoma unfortu-
nately lag significantly behind the progress observed with medulloblastoma. As shown
in this review, there is now compelling evidence that molecular subgrouping alone is an
independent survival marker for childhood ependymoma, while prognostic adversity
is further conferred by the presence of genomic aberrations including chromosome 1q
gain and 6q loss in PF-A ependymomas, and potentially 13q loss in PF-B ependymomas.
Despite this, international ependymoma clinical trials continue to risk stratify children
according to the clinical parameters of patient age and resection status alone; an omis-
sion that will require addressing in future clinical trial strategies. With the exception of
BIOMEDE 1, large-scale international pediatric HGG trials have also not incorporated
biologically derived therapeutic stratification systems, principally because the finding that
HGGs encompass an array of discrete subtypes is a relatively recent discovery.

As with medulloblastoma, the observation of up to 14 discrete molecular subtypes
of PF ependymoma, at least 3 subtypes of ST ependymoma and up to 10 pediatric HGG
subtypes clearly presents a challenge for future trial design. As can be seen from Table 1
of this article, the duration of an international pediatric brain tumor trial can take up
to 10 years to complete patient accrual, and even longer to publish data. In order to
tailor therapeutic intensity or introduce novel agents against the array of specific tumor
subtypes now published in this review, future trials will require novel statistical designs
that embrace truly global collaboration to generate timely, rigorous results as increasing
molecular subcategorization will lead to significantly smaller patient subpopulations from
which statistically sound conclusions must be drawn. Such collaborative efforts may also
support less affluent countries to provide equity in diagnostic and therapeutic approaches.
Duration of follow-up for specific patient populations will also need to be considered, as
evidenced by the high proportion of late relapses in Group 3/4, subtype VIII MB and some
non PF-A subgroups of ependymoma.
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5.2. Conventional and Novel Therapies

While advances in adjuvant therapy have undoubtedly improved the survival of
children with malignant brain tumors, the ‘one-therapy-fits-all’ paradigm fails to reflect
and tailor to the diverse molecular landscape now apparent. As highlighted by this review,
integrating clinical and biological data to generate risk-adapted treatment stratifications
can potentially modify conventional therapy intensity and enable the introduction of novel
agents.

De-escalation of radiotherapy dosing is being evaluated in several of the current
international medulloblastoma clinical trials highlighted in the review. However, such an
approach could also be considered for other molecularly-defined tumor entities including
Group 4 (often subtype IV) medulloblastomas with chromosome 11 loss, completely re-
sected ST-YAP1 ependymomas, completely resected PF-B ependymomas without 13q loss,
and ‘infant’ or ‘LGG-like’ pediatric HGGs. Clearly, any de-escalation of therapy must be
approached with extreme caution, as evidenced by the failure of trial NCT02212574 for
WNT-activated MB, where a post-operative chemotherapy only strategy led to unacceptable
relapse rates.

For some unfavorable-risk tumors, the option of increasing treatment intensity is a
possibility as evidenced by current high-risk medulloblastoma trial strategies; however,
any trial adopting this approach should consider incorporating disability or health status
outcome measures, as they will help determine the quality of potential survivorship
afforded [181]. The efficacy of chemotherapy in pediatric ependymoma remains contentious
but a potential option to explore for escalation of therapy in certain cases (for instance
PF-A tumors with chromosome 1q gain or 6q loss). The interim analysis results of the
COG ACNS0831 trial suggested a potential survival advantage for children receiving
continuation chemotherapy following tumor excision and post-operative irradiation, yet
this requires validation ideally by the open phase II/III SIOP-Europe Ependymoma II trial.
The administration of conventional chemotherapy agents and novel agents by alternative
means, such as convection enhanced delivery to overcome the blood–brain barrier in
diffuse midline glioma, H3K27M pediatric HGGs is also under consideration.

Parallel to modifying the intensity or administration of conventional therapies for
childhood malignant brain tumors, much hope rests on establishing novel agents to target
aberrant molecular aberrations underpinning tumorigenesis. This review highlights many
of the developments in this field across medulloblastoma, pediatric high-grade gliomas and
ependymomas. International trial outcomes are awaited for medulloblastoma subgroup-
targeted therapy in SJMB12 and combination HDACi therapy across infants in the SIOP
Ependymoma II study, while the success of BRAFi and NTRKi in certain pHGG subtypes
and the evolving array of targeted primary treatment options for pediatric low-grade
glioma give cause for optimism.

While encouraging, challenges nevertheless remain. As described in this review, novel
agents against malignant brain tumors are being evaluated in early-phase pediatric studies,
yet few successful candidates targeting the spectrum of molecular subtypes that now exist
have been identified. One explanation for this is that many early-phase neuro-oncology
trials in children assess novel agents in the relapse setting, rather than as primary therapy.
In turn, this could potentially generate misleading results on drug efficacy, as evidenced
by pre-clinical relapsed medulloblastoma work implicating clonal selection as a potential
cause for the disappearance of targetable aberrations between patient-matched primary and
relapsed tumors [182,183]. However, the paucity of effective novel agents also reflects the
ongoing need for improved pre-clinical models that accurately replicate the specific human
disease subtype interrogated, including appropriate immunocompetent murine models to
test potential immunotherapies. A further explanation is that many pediatric malignant
brain tumors appear driven by epigenetic dysregulation such that tumors rarely harbor
immediately actionable mutations, or display significant molecular heterogeneity making
resistance to single agent targeted therapy anticipated, as is described for SHH-activated
medulloblastoma [30]. Consequently, it is presumed that combination therapy, utilizing
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novel agents alongside conventional modalities, will better enable local and disseminated
disease control rather than a single agent approach in future studies.

5.3. Future Challenges

This review highlights the molecular heterogeneity across the most common pediatric
malignant brain tumors, together with its relevance to current diagnostic and therapeutic
protocols, and strategies to correct the consequent imbalance that arises from bench to
bedside. The tumor groups discussed in this review have key clinical challenges that now
warrant focus, including intensification or novel combination therapy for unfavorable-
risk tumors, de-escalation of intensity for favorable-risk lesions, the treatment of relapse,
and a reduction in morbidity, disability and late effects (Table 2). It is now incumbent
on the neuro-oncology community to meet and overcome these challenges; in an age of
digital technology and social media, where the latest global scientific breakthroughs are
acknowledged promptly in the public domain, the families of our patients are demanding
this of us.

Table 2. Future clinical challenges for pediatric malignant brain tumors.

Tumor Group Future Clinical Challenge

ALL

• Modernize trial risk stratification according to biology
• Improve trial design to allow timely conclusions across smaller patient populations
• Enable multinational trial collaboration, including less affluent countries
• Discovery of novel agents with rapid pre-clinical to clinical translation
• Improved understanding of, and therapies for, recurrence (need for repeat tissue analysis via surgery, etc.)
• Awareness of neuro-disability, quality of survival and protracted follow-up in trial designs

Medulloblastoma

WNT • Non-metastatic; de-escalation of therapy

SHH • Metastatic/MYCN amplified/TP53 mutant; therapy intensification or novel agent(s)

Group 3 • MYC amplified and/or metastatic; therapy intensification or novel agent(s)

Group 4 • Non-metastatic and chromosome 11 loss; de-escalation of therapy
• Metastatic; intensification or novel agent(s)

High-grade
gliomas

• Mandating tissue analysis of brainstem lesions for trial entry
• International collaborative efforts to test novel agents for specific molecular subgroups
• Consideration of alternative drug delivery methods, e.g., convection enhanced delivery

Ependymoma

PF-A • Chromosome 1q gain +/− 6q loss; novel agents(s) or techniques including increased radiosensitization

PF-B • Chromosome 13q balanced; de-escalation of therapy

ST-ZFTA • Stratification of therapy dependent on extent of surgical resection

ST-YAP1 • De-escalation of therapy
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Simple Summary: Ewing sarcoma is a cancer of the bone and soft tissues that affects children
and adolescents. Unfortunately, only 20–30% of patients with metastatic Ewing sarcoma survive,
necessitating the need to identify new, more effective therapies. We screened natural product extracts
from plants and fungal cultures to identify compounds with selective cytotoxic activity against
Ewing sarcoma cells, which led to the identification of altertoxin II as a compound with highly
selective activity against Ewing sarcoma cells. Mechanism of action studies showed that altertoxin II
selectively induces DNA damage in Ewing sarcoma cells, but does not bind to DNA. Additionally,
we found that altertoxin II has antitumor activity in a mouse model of Ewing sarcoma, suggesting it
will be useful as a lead compound to help identify new molecular targets for the development of new
Ewing-sarcoma-specific therapies.

Abstract: A screening program designed to identify natural products with selective cytotoxic
effects against cell lines representing different types of pediatric solid tumors led to the iden-
tification of altertoxin II as a highly potent and selective cytotoxin against Ewing sarcoma cell
lines. Altertoxin II, but not the related compounds altertoxin I and alteichin, was highly effective
against every Ewing sarcoma cell line tested, with an average 25-fold selectivity for these cells as
compared to cells representing other pediatric and adult cancers. Mechanism of action studies
revealed that altertoxin II causes DNA double-strand breaks, a rapid DNA damage response, and
cell cycle accumulation in the S phase. Our studies also demonstrate that the potent effects of
altertoxin II are partially dependent on the progression through the cell cycle, because the G1

arrest initiated by a CDK4/6 inhibitor decreased antiproliferative potency more than 10 times.
Importantly, the cell-type-selective DNA-damaging effects of altertoxin II in Ewing sarcoma cells
occur independently of its ability to bind directly to DNA. Ultimately, we found that altertoxin II
has a dose-dependent in vivo antitumor efficacy against a Ewing sarcoma xenograft, suggesting
that it has potential as a therapeutic drug lead and will be useful to identify novel targets for
Ewing-sarcoma-specific therapies.
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1. Introduction

Ewing sarcoma (ES) is an aggressive bone and soft tissue cancer affecting children,
adolescents, and young adults. This disease is most often caused by a chromosomal
translocation leading to the expression of an abnormal fusion protein that is commonly
designated as EWS-FLI1 [1,2]. While the prognosis for many patients is good, with 70–80%
survival for localized cancers, only 20–30% of patients with metastatic or recurrent ES
survive [2,3]. There is a clear need for new effective therapies to help treat these recalcitrant
cases of ES and provide disease-specific therapies that cause fewer acute and chronic
side effects. Based on the knowledge that ES tumors are caused by the expression of the
EWS-FLI1 fusion protein, the possibility exists for the identification of targeted fusion-
protein-dependent therapies that could achieve high levels of efficacy against ES tumors
while avoiding toxicity to other tissues that do not express the abnormal fusion protein.
To this end, a variety of EWS-FLI1-targeting approaches have been attempted, including
the inhibition of EWS-FLI1 expression, the inhibition of the transcriptional activity of
EWS-FLI1, and the repression of EWS-FLI1 downstream targets [3]. Unfortunately, the
identification of a selective inhibitor of EWS-FLI1 has not yet been successful, in part
because EWS-FLI1 is a highly disordered protein [4].

A screening program at the National Cancer Institute evaluated natural products
from the Molecular Targets Laboratory at NCI (Frederick) for small molecules that inhibit
EWS-FLI1 transcription. Their screen identified multiple natural products, including
mithramycin [5], trabectedin (E-743) [6], and englerin A [7]. Mithramycin advanced
to clinical trials in ES but failed because the serum levels necessary for the inhibition
of transcription were not obtainable [8]. While trabectedin had promising effects in a
Phase I clinical trial, the Phase II trial failed to show activity, with only one of 10 patients
responding [9]. A new clinical trial of trabectedin in combination with irinotecan (SARC037)
is currently enrolling patients (Clinicaltrials.gov (accessed on 1 December 2021)).

Based in part on the success of the NCI in identifying multiple natural products with
activity against ES, we investigated fungal-derived metabolites from the extensive natural
product library at the University of Oklahoma, which contains >76,000 samples prepared
from taxonomically diverse fungi, for compounds with selective cytotoxic activities against
pediatric cancer cell lines. This approach has been effective in identifying multiple leads
against subtypes of triple-negative breast cancer [10–15]. This unbiased, mechanism-blind
screening program also led to the identification of compounds with selective cytotoxic
activities against pediatric solid cancer cells lines, including ES [16,17]. Herein, we describe
the identification of altertoxin II (ATXII) as a highly potent and selective cytotoxin against
ES cells in vitro that also has antitumor activity in vivo against a murine xenograft model
of ES.

2. Materials and Methods
2.1. General Experimental Procedures

Sulforhodamine B salt, Trizma, Dulbecco’s phosphate-buffered saline (DPBS), phenyl-
methanesulfonyl fluoride (PMSF), dimethyl sulfoxide (DMSO), crystal violet, and Kolliphor®

EL were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetic acid was purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Abemaciclib-mesylate was provided
by Dr. Peter Houghton. The compounds used for in vitro cell treatments were dissolved in
DMSO and stored at−20 ◦C. ATXII for in vivo studies was diluted in 50:50 DMSO:Kolliphor®

EL, stored at−20 ◦C, and diluted 1:10 in DPBS immediately prior to use. LCMS analyses were
performed on a Shimadzu UFLC system with a quadrupole mass spectrometer using a Phe-
nomenex Kinetex C18 column (3.0 mm× 75 mm, 2.6 µm) and a CH3CN-H2O (0.1% HCOOH)
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gradient solvent system. NMR spectra were obtained on a Varian a spectrometer (500 MHz
for 1H and 125 MHz for 13C) using acetone-d6 (Aldrich) as the solvent. HPLC was performed
on a Waters System equipped with a 1525 binary HPLC pump coupled to a 2998 PDA detector
with a Phenomenex C18 column (21.2 × 250 mm or 10 × 250 mm, 5 µm).

2.2. Purification of Secondary Metabolites Altertoxin II, Altertoxin I, and Alteichin

The fungal isolate was identified as an Alternaria sp. (isolate code: SC5920 TV8-1)
based on its ribosomal internal transcribed spacer (ITS) sequence data (GenBank acces-
sion number MW013191). The soil sample from which it was derived was obtained from
South Carolina, USA, through the University of Oklahoma-s Citizen Science Soil Collection.
This isolate was grown in three large mycobags (Unicorn Bags, Plano, TX, USA) charged
with monolayers of Cheerios breakfast cereal supplemented with a 0.3% sucrose solution
with 0.005% chloramphenicol. After four weeks, the contents of the bags were combined,
homogenized, and extracted with EtOAc. The EtOAc extract (29.0 g) was subjected to
silica gel vacuum liquid chromatography with elution steps of 1:1 hexanes-DCM, DCM,
10:1 DCM-MeOH, and MeOH, yielding four fractions. The 10:1 DCM/MeOH fraction
(11.5 g) was then subjected to HP20SS vacuum liquid chromatography and elution per-
formed using a step gradient of MeOH (30%, 50%, 70%, 90%, 100%) in water followed by
1:1 DCM-MeOH, yielding a total of six fractions. The bioassay analysis of the resulting
fractions indicated that the selective cytotoxicity was limited to the 90% and 100% MeOH
fractions. These two fractions were subjected to further bioassay-guided purification using
preparative C18 HPLC (250 mm × 21.2 mm, 5 µm) with a MeOH-H2O gradient (30:70 to
100:0), followed by isocratic semi-preparative C18 HPLC (250 mm × 10 mm, 5 µm) with
MeCN-H2O (50:80) containing 0.1% formic acid to yield altertoxin II (84.0 mg) and its
structural analogues altertoxin I (8.0 mg) and alteichin (54.7 mg).

2.3. Phylogenetic Analysis of Citizen Science Alternaria

ITS sequences were generated from cell lysate using ITS1 (5′-TCCGTAGGTGAACCTG
CGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′). Amplification was performed
using a LightCycle 480 II (Roche) using the following conditions: 1 cycle of denaturation
at 94 ◦C for 2 min followed by 40 cycles of denaturation at 94 ◦C for 1 min, anneal-
ing at 50 ◦C for 1 min, and extension at 72 ◦C for 1 min. The samples were processed
with Sanger sequencing by GENEWIZ. A cohort of 198 Alternaria sequences were then
aligned using clustalW in Mega, and within group distances were generated using the
Kimura2+G algorithm. A neighbor joining tree was constructed with 500 bootstraps using
the same algorithm.

2.4. Preparation of Alternaria Isolates for Metabolomic Analysis

Isolates indicated as belonging to Alternaria (based on BLAST comparisons to ITS
data contained in the NCBI database) were cultured in duplicate on Cheerios breakfast
cereal supplemented with a 0.3% sucrose solution spiked with 0.005% chloramphenicol.
The cultures were extracted twice using a Tecan Freedom EVO® robot. For the extraction
process, a 3 mL aliquot of ethyl acetate was added to each culture tube followed by 3 mL of
water. After 4 h, the ethyl acetate layer was transferred to a deep-well 96 well-plate. To
increase the recovery rates of organic metabolites, a second 3 mL aliquot of ethyl acetate
was added to each culture tube, which was removed after 2 h, and the ethyl acetate samples
were combined. The organic solvent was removed under vacuum and the samples were
stored at −20 ◦C for analysis.

2.5. LCMS Detection of Altertoxin II

The ethyl acetate soluble material from each fungus was suspended in 135 µL of
90:10 methanol that had been spiked with 0.5 µM sulfadimethoxine (internal quality
control standard). LCMS analyses were conducted on a Thermo Fisher Scientific Vanquish
Flex Binary LC system fitted with a C18 column (Kinetex, 50 × 2.1 mm, 1.7 µM, 100 Å,
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Phenomenex, Torrance, CA, USA) as an interface to a Thermo Fisher Q Exactive Plus hybrid
quadrupole-orbitrap mass spectrometer. Sample elution was performed using a gradient
system with increasing amounts of acetonitrile in H2O (treated with 0.1% formic acid). For
the gradient, conditions were held at 5% acetonitrile/H2O for 1.0 min, increased to 100%
acetonitrile over 8.0 min, and held for 2.0 min. The autosampler was maintained at 10 ◦C,
while the column compartment was held at 40 ◦C. The samples were analyzed in random
order with injection volumes of 5.0 µL. Blanks and pooled quality control samples were
run after every 12 samples, alternating between a methanol blank and a media blank.

High resolution MS data were acquired in the positive ion mode using a scan range of
m/z 100–1500, with a resolution of 35,000 and 17,500 for MS1 and MS2, respectively. MS2
data were acquired in a data-dependent manner: 5 MS/MS scans were acquired of the
most abundant ion during each cycle. Both MS1 and MS2′s maximum injection time was
100 ms. The AGC target was 1E6 and 5E5 for MS1 and MS2, respectively. The isolation
window was m/z 2. The sheath gas and auxiliary gas flow rate was set at 35 L/min and
10 L/min, respectively, at 350 ◦C, whereas the sweep gas flow rate was 0 L/min. The
capillary temperature was maintained at 320 ◦C, and the spray voltage was 3.8 kV. The
S-lens RF level was set to 50 V. MS2 data were collected at the apex within a window of
2–8 s and used normalized collision energy that was increased from 20% to 30% to 40%.
Dynamic exclusion was used to avoid resampling ions within 10 s. Unassigned charges
were excluded from the analysis.

The peak corresponding to altertoxin II was identified by the comparison of the
retention time and the MS2 spectrum of the metabolite’s [M+H-H2O]+ ion to an authentic
sample of the metabolite. Intensity data for compound altertoxin II were plotted against
the isolate number in the R software package. Isolates were classified as either high or low
producers of altertoxin II based on the intensity of this ion. Isolates were characterized
as high altertoxin II producers when the intensity measurement was greater than 1 × 107.
This value was used, since it corresponded to roughly one order of magnitude less than the
intensity of the altertoxin II ion in the Alternaria sp. isolate SC5920 TV8-1 (≈4.30 × 108).

2.6. Cell Culture

RD-ES, SK-ES-1, A-673, D283, A204, SH-SY-5Y, SJCRH30, SK-OV-3, MDA-MB-453,
MDA-MB-231, HCC1806, and HCC1937 cell lines were purchased from the American
Type Culture Collection (Manassas, VA, USA). The CAL-51 cell line was purchased from
Creative Bioarray (Shirley, New York, NY, USA). The BT-549 cell line was obtained from
Lombardi Comprehensive Cancer Center, in Georgetown University (Washington, DC,
USA), and validated by Promega (Fitchburg, WI, USA). The TC32 cell line was provided
by Dr. Alexander Bishop (University of Texas’ Health Science Center at San Antonio
(UTHSCSA)). Cell line identities were confirmed by DNA short tandem repeat analyses
(Labcorp, Burlington, NC, USA). TC32-NR0B1 and TC32-CMV cell lines were provided
by Dr. Patrick Grohar (Van Andel Research Institute, Grand Rapids, MI, USA). The SK-N-
BE(2)-C cell line was provided by Dr. Alexander Pertsemlidis (UTHSCSA). The Hep293TT
cell line was provided by Dr. Gail Tomlinson (UTHSCSA). The SK-OV-3-MDR-1-6/6 is a
single-cell clone we isolated from the SK-OV-3/MDR-1 cell line provided by Dr. Susan
Kane (Division of Molecular Medicine, Beckman Research Institute of the City of Hope,
Duarte, CA, USA) and cultured as previously described [18,19]. SK-ES-1, SH-SY-5Y, MDA-
MB-453, MDA-MB-231, and SK-N-BE2 cells were cultured in Improved Minimum Essential
Medium (Gibco/Thermo Fisher Scientific, Waltham, MA, USA) containing 25 µg/mL
gentamicin (Gibco) and 10% fetal bovine serum (FBS; GE Healthcare, Little Chalfont, UK).
TC32-NR0B1, TC32-CMV, RD-ES, A-673, D283, A204, SJCRH30, Hep293TT, HCC1806,
BT-549, HCC1937, and Cal-51 cells were cultured in a RPMI-1640 medium (Sigma-Aldrich)
containing 50 µg/mL gentamicin and 10% FBS. SK-OV-3 and SK-OV-3-M6/6 cell lines
were cultured in Basal Medium Eagle (Sigma-Aldrich) containing 50 µg/mL gentamicin
and 10% FBS. The cells were maintained in humidified incubators at 37 ◦C with 5% CO2.
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All cell lines were initially expanded and frozen as stocks in liquid nitrogen. The cells were
passaged for less than 3 months after revival.

2.7. Sulforhodamine B Assay

The antiproliferative and cytotoxic activities of ATXII were evaluated using the sul-
forhodamine B (SRB) assay as previously described [20]. The cells were plated into 96-well
plates at predetermined densities ranging from 2500 to 6500 cells/well, depending on the
cell proliferation rate, and allowed to adhere overnight. The cells were treated with ATXII
for 48 h prior to assessing antiproliferative and cytotoxic activities. The cell density at
the time of treatment (T0) was measured to evaluate cytotoxicity. Concentration–response
curves were plotted, and the concentrations causing 50% inhibition of proliferation com-
pared to vehicle control (GI50), total growth inhibition (TGI), and 50% cell death compared
to T0 (LC50) were interpolated from nonlinear regressions of the data (Prism 6; GraphPad
Software, La Jolla, CA, USA).

2.8. Colony Formation Assays

A-673 ES cells were seeded at a density of 500 cells/60 mm tissue culture dish, allowed
to adhere overnight, then treated with DMSO (0.5%) or the indicated concentrations of
ATXII. After 4 h of treatment, the cells were washed with DPBS, and a fresh growth
medium added. After 14 days of colony formation, the cells were fixed and stained with
0.5% crystal violet in 10% methanol. The colonies were counted using the GeneSnap
software (PerkinElmer). The data were analyzed by one-way ANOVA with Tukey’s post
hoc test using Prism 6.

2.9. Whole-Cell Lysis and Immunoblotting

A-673, RD-ES, and SK-ES-1 cells were treated with DMSO (maximum 0.5%) or ATXII
for the indicated time periods, harvested by scraping, and lysed in a cell extraction buffer
(Thermo Fisher Scientific) containing a protease inhibitor cocktail, PMSF, and Na3VO4
(Sigma-Aldrich). The total protein concentrations were measured with a Pierce Coomassie
Plus assay kit (Life Technologies), and 10 µg of total protein was separated by SDS-PAGE
on NuPAGE Bis-Tris gels (Life Technologies). The proteins were transferred to PVDF
membranes (EMD Millipore, Billerica, MA, USA) and probed overnight with antibodies
for Phospho-S345-Chk1, Chk1, Phospho-T68-Chk2, Chk2, Phospho-S15-p53, p53 (Cell
Signaling Technology, Danvers, MA, USA), β-actin (Sigma), or FLI1 (Abcam, Cambridge,
MA, USA; ab15289) diluted in an Odyssey blocking buffer in TBST (LI-COR Biosciences,
Lincoln, NE, USA). The membranes were incubated with appropriate IRDye 680 or IRDye
800 secondary antibodies (LI-COR Biosciences) diluted in an Odyssey blocking buffer in
TBST + 0.01% SDS. Near-infrared fluorescence signals were captured on an Odyssey FC
(LI-COR Biosciences).

2.10. Flow Cytometry

The cell cycle distribution was evaluated by flow cytometry utilizing propidium
iodide staining. A-673, RD-ES, and SK-ES-1 cells were treated with DMSO or the indicated
concentrations of ATXII for 18 h. The cells were then harvested by scraping, washed in
DPBS, and stained with Krishan’s reagent [21]. The DNA content was measured using a
Muse Cell Analyzer (EMD Millipore). The data were analyzed with FlowJo 10 (FlowJo
LLC, Ashland, OR, USA).

2.11. RNA Sequencing

TC32 cells were treated in triplicate with 10 nM ATXII for the indicated amount of
time, and total RNA was isolated using an RNeasy mini kit (Qiagen, Germantown, MD,
USA). Approximately 500 ng of total RNA was used for the RNA-seq library preparation
by following the Illumina TruSeq stranded mRNA sample preparation guide (Illumina,
San Diego, CA, USA). RNA-seq libraries were subjected to quantification and a subse-
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quent 50 bp single-read sequencing module with the Illumina HiSeq 3000 platform. After
the sequencing run, demultiplexing with CASAVA (Illumina, San Diego, CA, USA) was
employed to generate the FastQ file for each sample. An average of ~35 M reads were
generated for each sample. All RNA-seq FastQ reads were aligned with the reference
genome (UCSC human genome build hg19) using TopHat2 [22] default settings. The
BAM files obtained after alignment were processed using HTSeq-count [23] to obtain the
counts per gene in all samples. The R package DESeq [24] was used to normalize gene
expression with the size factor method and to perform pairwise comparisons between
groups to identify differentially expressed genes (DEGs). Genes with an FDR-adjusted
p-value < 0.1 and at least a 2-fold change compared to control were considered signifi-
cantly differentially expressed. Upon obtaining the differentially expressed genes from
all pair-wise comparisons, we performed k-means clustering on the combined gene set
using MATLAB (MathWorks). An additional quality control statistical analysis of outliers,
intergroup variability, distribution levels, PCA, and hierarchical clustering analysis were
performed to validate the experimental data. A pathway analysis was performed with
Ingenuity Pathway Analysis (IPA, Qiagen). A gene set enrichment analysis (GSEA) was
performed with the software package distributed by the Broad Institute [25].

2.12. High-Content Immunofluorescence Imaging

A-673 and SJCRH30 cells were plated into black 96-well cell carrier plates (PerkinElmer)
at a density of 3500 cells/well and allowed to adhere overnight. The cells were treated
in triplicate with DMSO or the indicated concentrations of ATXII for 6 or 24 h, then fixed
with paraformaldehyde. After fixation, the cells were incubated in a blocking solution
of 10% bovine calf serum in DPBS for 20 min at room temperature. The cells were then
incubated in a primary antibody against γ-H2A.X (1:400; Cell Signaling Technology) di-
luted in 1% bovine serum albumin/0.3% Triton X-100 in DPBS, overnight, at 4 ◦C. The cells
were subsequently washed with DPBS and incubated with an Alexafluor-594-conjugated
secondary antibody (1:1000; Life Technologies) for 1 h at room temperature. The plates
were washed with DPBS, and the nuclei stained with NucBlue live cell stain (Life Tech-
nologies) diluted in DPBS. Images were collected using an Operetta high-content imaging
system (PerkinElmer) using a 20× long working distance objective and analyzed with the
Columbus Image Data Storage and Analysis System (PerkinElmer). A minimum of three
fields were collected per well, with all concentrations tested in triplicate.

2.13. Luciferase Reporter Assay

NR0B1 promoter activity was assessed using a luciferase reporter assay as previously
described by Grohar et al. [6]. TC32-NR0B1 and TC32-CMV cells were plated in white,
opaque-bottom 384-well plates (PerkinElmer) at a density of 5000 cells/well in 27 µL
growth medium and allowed to adhere overnight. The cells were then treated at the
indicated concentrations with ATXII diluted in 3 µL DMSO/growth medium for 6 h.
Luciferase reporter activity was measured by adding 30 µL of steadylite plus a reporter
gene assay reagent and measuring the luminescence on a Pherastar FS multimode plate
reader (BMG Labtech). The results represent n = 3 independent experiments, with all
concentrations tested in triplicate.

2.14. LLAMAS Assay

An aliquot (400 µL) of DNA solution (in the experimental group) or control buffer
(in the control group) and 200 µL MeOH were mixed first prior to the addition of 10 µL
alertoxin solution. The samples were passed through the ultrafiltration membrane (100 kDa
cutoff) by centrifugation at 5000× g at 10 ◦C after 30 min incubation at room temperature.
The resulting filtrates were collected for a LC-PDA-MS/MS analysis. In the dissociation
step, the retained DNA-ligand complex in the upper chambers of the microcentrifuge tubes
was washed with 30% MeOH in H2O and subjected to centrifugation at 5000× g, 10 ◦C.
After washing, the DNA-ligand complex was mixed with 600 µL of 95% MeOH in H2O
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with 1% formic acid in a new tube and then incubated with periodic vortexing at room
temperature for 20 min. The solubilized contents were then transferred to microcentrifuge
tubes outfitted with new ultrafiltration filters and centrifuged at 5000× g at 10 ◦C for
10 min. The filtrates were subjected to in vacuo solvent evaporation and suspended in
50 µL MeOH for the LC-MS/MS analysis.

2.15. BioLayer Interferometry

DNA binding events were detected and monitored in real time using a FortéBio Octet
Red 96 Biolayer Interferometer (Molecular Devices, now Sartorius) [26]. DNA sequences
d(5′-biotin-GATTTCAAGATATTAAGAAG-3′), d(5′-CTTCTTAATATCTTGAAATC-3′),
d(5′-biotin-GTGCCTGGACCGCCCGACCT-3′), and d(5′-AGGTCGGGCGGTCCAGGCAC-3′)
were purchased from Integrated DNA Technologies (IDT, Coralville, IA). Streptavidin biosen-
sors and Kinetics Buffer (1× PBS, pH 7.4, 0.02% Tween-20, 0.1% albumin, and 0.05% sodium
azide) were purchased directly from Molecular Devices (San Jose, CA, USA). Single-stranded
DNA oligomers were annealed for 2 min at 94◦C followed by cooling to room temperature
over 1 h. Duplex DNA was then stored at −20 ◦C as a 20 µM solution in a TE buffer (10 mM
Tris, 0.5 mM EDTA, 50 mM NaCl, pH 8) until use. Biotinylated, double-stranded DNA was
immobilized on streptavidin (SA) sensor tips for 1600 s at 25 nM in a 1× Kinetics buffer.
Compound testing was done sequentially at 125 µM in the 1× Kinetics buffer with 5% DMSO
using baseline, association, and dissociation steps for 60, 1600, and 1600 s, respectively. Double
reference subtraction was performed to eliminate the signal associated with atypical binding
events by subtracting data obtained using a separate set of blank sensors with DNA load and a
set of sensors without DNA load, both in buffer [27,28]. The data were aligned using baseline
signals and the curves fitted with a 1:1 best-fit model in FortéBio’s data analysis software.

2.16. Xenograft Studies in Nude Mice

Female athymic nude mice (Envigo, Indianapolis, IN) were injected s.c. with 2 × 106

A-673 cells and suspended in 100 µL DPBS and 100 µL Matrigel® (BD Biosciences, San
Jose, CA, USA), bilaterally into each flank. Once the tumors reached a minimum volume
of 150 mm3, the mice were assigned to three different groups (n = 8 or 10 tumors/group).
One group of mice received doses of 20 mg/kg on days 1, 3, 5, 8, 10, and 12, and another
group of mice received doses of 40 mg/kg on days 1, 3, and 5. The third group consisted
of untreated control animals. ATXII was administered by i.p. injection in a vehicle of 5%
DMSO + 5% Kolliphor EL in DPBS. The mice were weighed and examined daily for signs of
toxicity. The tumors were measured twice per week using calipers, and the tumor volume
(mm3) was calculated as length (mm) × width (mm) × height (mm). All mice were housed
in an AAALAC-approved facility at UTHSCSA and given food and water ad libitum. All
procedures were IACUC-approved.

3. Results
3.1. Bioassay-Guided Purification of Altertoxin II

Crude extracts and fractions prepared from fungi isolated from a combination of
Great-Lakes-derived sediments [29] and the University of Oklahoma Citizen Science Soil
Collection [30] were evaluated for selective cytotoxic activity in cell lines modeling five
different types of pediatric solid tumors: A-673 (Ewing sarcoma), SJCRH30 (rhabdomyosar-
coma), SK-N-BE(2)-C (neuroblastoma), D283 (medulloblastoma) and Hep293TT (hepato-
blastoma). A fraction obtained from a soil-derived Alternaria sp. isolate SC5920 TV8-1
exhibited selective cytotoxic effects against A-673 ES cells as compared to the other cell
lines. Bioassay-guided fractionation of the active fungal sample yielded the perylene
quinone-type metabolite altertoxin II (Figure 1). Concurrent with the bioassay-guided
fractionation, LC-MS analysis was performed on the biologically active fraction, alerting us
to the presence of two co-eluting metabolites. Based on their estimated molecular weights
and photodiode array data, the metabolites were suspected of being putative analogues of
ATXII. The purification and subsequent structure analysis of those compounds led to their
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identification as altertoxin I (ATXI) and alteichin (Figure 1). The dereplication of ATXII,
ATXI and alteichin was carried out by comparing experimentally-derived data to published
accounts of their mass spectrometry data and spectroscopic (i.e., 1D and 2D NMR, ECD,
and optical rotation) properties [31–35].
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Figure 1. Chemical structures of ATXII and its analogues ATXI and alteichin purified from Alternaria
sp. SC5920 TV8-1.

ATXII, ATXI and alteichin were further evaluated in eight cell lines from our pediatric
solid tumor panel representing ES (RD-ES, SK-ES-1, A-673) and non-ES (D283, A204, SK-
N-BE(2)-C, SH-SY-5Y, and SJCRH30) cell lines. These cell lines were chosen because they
represent four different types of pediatric solid tumors and demonstrated differential
sensitivity to the fraction from which ATXII was isolated. The potent, ES-specific effects of
ATXII were recognized to be a distinguishing feature of this metabolite, whereas ATXI and
alteichin did not exhibit selective cytotoxic activity in ES cells compared to other pediatric
cancer cell lines (Figure 2A–C). Considering that the only structural difference between the
compounds is the presence of a 1,2-oxirane system versus a C-2 hydroxy group in ATXII
and ATXI, respectively, we speculate that the epoxide group is critical for the ES-selective
activity of ATXII.
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damine B (SRB) concentration-response curves for the inhibition of cell growth by ATXII, (B) altertoxin I and (C) alteichin.
Results represent mean ± SE; n ≥ 3 independent experiments with each concentration tested in triplicate. (D) Comparison
of GI50 (concentration resulting in 50% inhibition of cell growth relative to vehicle-treated control) for ATXII in EWS and
non-EWS pediatric cancer cell lines. Results represent mean ± SD. Groups compared by two-tailed t-test.

ATXII was next evaluated for antiproliferative and cytotoxic activities in a larger
panel of six ES cell lines and 12 non-ES cell lines (four different pediatric solid tumor cell
lines; two ovarian cancer cell lines, including SK-OV-3-MDR-1-6/6 cells that expresses
P-glycoprotein; and six triple-negative breast cancer cell lines). ATXII showed a highly
selective antiproliferative and cytotoxic effects in all of the ES cell lines with lower potency
in each of the non-ES cells (Figure 2A; Table 1). The average concentration that caused a
50% inhibition of cell proliferation (GI50) was significantly different (p < 0.0001) between
ES and non-ES cells (Figure 2D). The mean GI50 for ATXII was 8 ± 3 nM in the six ES cell
lines and 200 ± 100 nM in non-ES pediatric cancer and adult cancer cell lines, indicating an
average 25-fold selectivity for ES cells compared to non-ES cancer cells. In contrast, the
GI50 values for ATXI and alteichin were 1.9 and 1.1-fold higher in ES cells compared to
non-ES cells, respectively, indicating no selectivity for ES versus non-ES cells (Figure 2B,C).
Similarly, the average concentration of ATXII that caused total growth inhibition (TGI) was
significantly different (p < 0.0001) for ES and non-ES cells (Table 1). The mean TGI for ATXII
was 20 ± 10 nM in the six ES cell lines and 600 ± 300 nM in non-ES cell lines, indicating
an average of 30-fold selectivity for ES cells. The concentration of ATXII resulting in 50%
cell death (LC50) was also significantly different (p = 0.0001) between ES and non-ES cells
(Table 1), with a mean LC50 of 100 ± 100 nM in the six ES cell lines and 2000 ± 1000 nM in
non-ES cell lines, demonstrating that ATXII has, on average, 20-fold cytotoxic selectivity for
ES cells. ATXI and alteichin were not evaluated in this larger panel of cell lines because these
compounds did not show any selectivity for ATXII when evaluated in the smaller panel of
eight cell lines. The activity of ATXII was further assessed in A-673 ES cells by measuring
its ability to inhibit colony formation. ATXII potently inhibited the colony formation of
A-673 cells after a short, 4-h treatment followed by drug washout (Figure 3A,B). These
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data indicate that the effects of ATXII are highly persistent because these relatively short
treatments with concentrations as low as 10 nM were sufficient to significantly inhibit the
A-673 colony formation.

Table 1. Sulforhodamine B assay potency measurements for ATXII. ES, Ewing sarcoma; RMS,
rhabdomyosarcoma; Med, medulloblastoma; NB, neuroblastoma; HB, hepatoblastoma; OV, ovarian,
BR, breast.

Cell Line Type GI50 (nM) TGI (nM) LC50 (nM)

RD-ES ES 7.8 32 380
SK-ES-1 ES 7.6 20 58
A-673 ES 11 37 150
TC32 ES 4.0 12 48

TC32-NR0B1 ES 10 23 57
TC32-CMV ES 5.0 10.0 20
SJCRH30 RMS 120 220 430

D283 Med 100 260 880
SK-N-BE(2)-C NB 270 570 1200

Hep293TT HB 240 540 1300
SK-OV-3 OV 250 550 1300

SK-OV-3-MDR1-6/6 OV 320 770 1900
MDA-MB-453 BR 230 790 2700
MDA-MB-231 BR 400 1200 3700

HCC1806 BR 80 220 650
BT-549 BR 100 380 1500

HCC1937 BR 200 680 2400
CAL-51 BR 230 810 2800
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Figure 3. Altertoxin II has persistent activity in ES cells. (A) Inhibition of colony formation by ATXII
after drug washout. A-673 cells were treated with ATXII for 4 h, the drug was washed out, and the
cells were allowed to form colonies for 14 days. (B) Quantification of colony number after treatment
with ATXII at the indicated concentration for 4 h followed by drug washout. n = 3; *** p ≤ 0.001,
**** p ≤ 0.0001 compared to vehicle; one-way ANOVA with Tukey’s post-hoc test.
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3.2. ATXII Does Not Inhibit EWS-FLI1 Protein Expression or Transcriptional Activity

Due to the high degree of selectivity for ES cells, we assessed whether ATXII affects
the abundance or transcriptional activity of EWS-FLI1, the oncogenic fusion protein that is
the primary driver of ES. A relatively short time point (8 h) after treatment was evaluated
to interrogate the early effects of ATXII on ES cells. The treatment of SK-ES-1 and RD-ES
cells with 100 nM ATXII did not alter the EWS-FLI1 protein abundance, as assessed by
immunoblotting (Figure 4A). Similarly, the treatment of A-673 cells with 10 nM–1 µM
ATXII for 24 h did not affect the protein levels of EWS-FLI1 (Figure 4B). Together, these
data indicate that ATXII does not alter the EWS-FLI1 protein abundance in ES cells and
suggest that the depletion of EWS-FLI1 is not responsible for the selective cytotoxic effects
of ATXII on ES cells.

EWS-FLI1 acts as a transcription factor to globally modulate gene expression and
drive an oncogenic phenotype in ES [1,36–38]. To determine if ATXII affects the transcrip-
tional activity of EWS-FLI1, we evaluated the effects of ATXII on the promoter activity of
NR0B1, a major downstream target of EWS-FLI1, using a luciferase reporter assay. TC32
ES cells stably expressing luciferase reporters under the control of either the NR0B1 or
cytomegalovirus (CMV) promoters were treated with ATXII for 6 h at concentrations rang-
ing from 1 nM to 1 µM before evaluating the promoter activity (Figure 4C). The 1 and
10 nM concentrations of ATXII, the latter of which is sufficient to inhibit ES growth and
colony formation (Figures 2A and 3), had no effects on either the CMV or the NR0B1 pro-
moter activity as compared to vehicle-treated controls (Figure 4C). A small but statistically
significant decrease in the NR0B1 promoter activity was observed after treatment with
higher concentrations, 100 nM or 1 µM ATXII, which was also accompanied by a decrease
in the CMV promoter activity (Figure 4C). These data suggest that the decreased EWS-FLI
transcriptional activity is not a major driver of ES growth inhibition and that the effects of
higher concentrations of ATXII on the NR0B1 promoter are more likely due to a generalized
downregulation of transcription.

3.3. ATXII Activates DNA Damage Response Pathways and Induces Double-Strand DNA Breaks
in ES Cells

ATXII has been isolated from other fungi of the Alternaria genus, which are plant
pathogens that cause the spoilage of food products, including grains and fruit [33,39,40].
Early studies showed that ATXII causes DNA damage in mammalian cells at concentrations
of 250–750 nM, significantly higher than those where we observe ES-selective cytotoxic-
ity [40,41]. Triggering such an effect would be highly relevant because previous studies
have shown that ES cells are very sensitive to DNA damaging agents and exhibit high
levels of DNA replication stress [42]. To determine if the induction of DNA damage is
involved in the mechanism of action of ATXII in ES cells, the phosphorylation of checkpoint
kinases 1 and 2 (Chk1 and Chk2) and p53 in A-673 and RD-ES ES cells was measured. The
phosphorylation of Chk1 at S345, Chk2 at T68, and p53 at S15 is indicative of a cellular
DNA damage response. The phosphorylation status of Chk1, Chk2, and p53 was assessed
in ES cells after treatment with concentrations of ATXII ranging from 10 to 300 nM for
6 h to capture the acute effects of ATXII rather than secondary effects due to cell death
(Figure 5A). In A-673 ES cells, the phosphorylation of Chk1 and Chk2 was observed at
6 h with 10 nM ATXII with a maximum phosphorylation of Chk1 occurring with 50 nM.
The phosphorylation of Chk1 and Chk2 was also observed in the RD-ES cells, with the
maximal phosphorylation obtained at 6 h with 50 nM ATXII (Figure 5A). An increased
Chk2 phosphorylation was observed with concentrations as low as 10 nM. Interestingly,
higher concentrations of ATXII (100 and 300 nM) resulted in lower levels of total Chk2
protein in RD-ES cells. A robust phosphorylation of p53 at S15 in RD-ES cells was observed
at all the concentrations tested. The total levels of p53 decreased after treatment with 100
and 300 nM, although these may be secondary effects due to cell death at these higher
concentrations. We did not detect total or P-S15-p53 in A-673 cells, which is consistent with
previous studies showing that this cell line is p53-null [43].
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Figure 4. Effects of ATXII on EWS-FLI1 protein levels and transcriptional activity. (A) Immunoblot-
ting for EWS-FLI1 (anti-FLI1) and β-actin in SK-ES-1 and RD-ES lysates following treatment with
100 nM ATXII for 8 h. (B) Immunoblotting for EWS-FLI1 (anti-FLI1) in A-673 lysates following
treatment with a range of concentrations for 24 h. (C) Effects of ATXII on the promoter activity of
the EWS-FLI1 target gene NR0B1. The cells were treated for 6 h with the indicated concentration of
ATXII, and the activity was measured by a luciferase reporter assay. n = 3 independent experiments,
with all concentrations tested in triplicate. ** p ≤ 0.01 compared to vehicle; one-way ANOVA with
Tukey’s post-hoc test.
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Figure 5. ATXII selectively induces DNA double-strand breaks, inhibits DNA synthesis, and is optimally potent in
proliferating cells. (A) Immunoblotting for P-S345-Chk1, P-T68-Chk2, and P-S15-p53 in ES cell lines A-673 and RD-ES after
a 6-h treatment with ATXII. (B) Indirect immunofluorescence microscopy of γ-H2A.X in A-673 cells after an 18-h treatment
with ATXII. (C) Representative heatmap and (D) concentration-response curves for ATXII-induced γ-H2A.X accumulation
in A-673 and Rh30 cells. The cells were treated in triplicate for 6 or 24 h with increasing concentrations of ATXII, and
γ-H2A.X was measured by automated immunofluorescence imaging. Results represent mean ± SE; n = 2. (E) Analysis of
cell cycle distribution by flow cytometry. A-673 cells were treated for 24 h with indicated concentrations of ATXII, and the
DNA content was determined by PI staining of permeabilized cells. (F) Concentration-response curves for ATXII in RD-ES
and (G) A-673 cells after pretreatment with the CDK4/6 inhibitor abemaciclib for 24 h. Results represent mean ± SE for
n = 3 (RD-ES) or n = 1 (A-673) independent experiment(s) with each concentration tested in triplicate.

ATXII and related compounds have been evaluated using the Ames assay, where
they were shown to be mutagenic in Salmonella typhimurium strains [39]. Our results
show that ATXII causes DNA damage in ES cells at concentrations much lower than those
previously shown to induce general toxicity in cancer cells [40,41]. Consistently with these
activities, other DNA-damaging drugs used to treat children with cancer were also positive
in the Ames assay [44]. We evaluated the ES-selectivity of a panel of other DNA damage-
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inducing agents. including gemcitabine, etoposide, SN38 (active metabolite of irinotecan),
melphalan, and the PARP1 inhibitor olaparib, but none of these agents show the degree of
selectivity for ES cells that we see with ATXII (Supplementary Figure S1). These results
suggest that ATXII induces DNA damage through a unique mechanism that cannot be
repaired by ES cells. ES cells are understood to be highly sensitive to genotoxic stress,
and they express low levels of key DNA repair genes, including ATM and BRCA1 [45].
However, our results demonstrate that ATXII has a much greater selectivity for ES cells
in vitro compared to other clinically relevant DNA-damaging agents.

EWS-FLI1 initiates DNA damage and transcriptional stress as measured by high levels
of H2A.X phosphorylation at S139 (γH2A.X) and a slow replication fork progression [46].
Given the effects of the fusion protein and our finding that ATXII activates DNA damage
response pathways in ES cells, studies were conducted to evaluate if ATXII induces the
phosphorylation of H2A.X at S-139 (γ-H2A.X), a marker of DNA double-strand breaks.
The ability of 100 nM ATXII to cause H2A.X phosphorylation was evaluated in A-673 cells
following an 18-h treatment. The cells were stained with a DNA marker (NucBlue) and for
γ-H2A.X with a phospho-specific antibody. The results show a robust increase in γ-H2A.X
in the nuclei of ATXII-treated ES cells (Figure 5B). High-content immunofluorescence
microscopy was performed in A-673 ES and SJCRH30 rhabdomyosarcoma (RMS) cells
treated with 1 nM–10 µM ATXII for 6 or 24 h and the γ-H2A.X intensity per nuclei quantified
for each condition. A heat map presentation of the results shows that γ-H2A.X was
detected in A-673 ES cells at concentrations as low as 100 nM after 6 h and 30 nM after
24 h of treatment with ATXII (Figure 5C). In contrast, γ-H2A.X phosphorylation could
only be detected in SJCRH30 RMS cells after treatment with 10 µM ATXII for 6 or 24 h.
After 6 h of treatment, the EC50 (half maximal effective concentration) for ATXII-induced
γ-H2A.X accumulation was 111 nM in A-673 cells and 5.3 µM in SJCRH30 cells, while
after 24 h of treatment the EC50 was 67 nM in A-673 cells and 8 µM in SJCRH30 cells
(Figure 5D). Interestingly, the concentration-response curves for ATXII-induced DNA
damage (Figure 5D) and ATXII cytotoxicity (Figure 2A) in A-673 cells show that DNA
damage and cell death occur over the same concentration range, with maximal effects
achieved at 1 µM, suggesting that DNA damage is the primary driver of ATXII-induced
cell death in ES cells.

A common consequence of DNA damage is cell cycle accumulation, either in the late
G1- or S-phase, and thus the effects of ATXII on cell cycle distribution were evaluated
in A-673 cells. The cells were treated with 50 or 100 nM ATXII for 24 h, resulting in a
concentration-dependent accumulation of cells in the S-phase of the cell cycle (Figure 5E),
suggesting that the ATXII-initiated DNA damage inhibits DNA synthesis, leading to a cell
cycle checkpoint response and cell cycle arrest. Similar effects on cell cycle distribution
were also observed in SK-ES-1 ES cells (Supplementary Figure S2).

Based on these results, we evaluated whether the potent cytotoxic effects of ATXII in
ES cells require cell proliferation. RD-ES and A-673 cells were treated with the CDK4/6
inhibitor abemaciclib-mesylate, which caused the accumulation of cells in G1 at concentra-
tions as low as 100 nM. Abemaciclib-mesylate did not initiate cytotoxicity at concentrations
as high as 1 µM (Supplementary Figure S3). RD-ES and A-673 cells were first arrested in G1
by treatment with abemaciclib-mesylate for 24 h at 100 nM, a concentration that modestly
inhibited growth but did not promote cytotoxicity on its own, followed by treatment with
ATXII for 48 h. A pretreatment of RD-ES and A-673 cells with 100 nM abemaciclib-mesylate
resulted in a rightward shift in the ATXII concentration-response curves (Figure 5F,G),
increasing the GI50 22.3-fold and 12.4-fold in RD-ES and A-673 cells, respectively, which
were essentially equal to the potency in some non-ES cell lines. These data demonstrate
that ES cells must be actively proliferating for ATXII to have maximal potency and further
support the hypothesis that the potent cytotoxic effects of ATXII in ES cells are due to its
ability to cause a selective induction of DNA damage in these cells at low concentrations.

To further probe the mechanisms of action of ATXII in ES cells, RNA sequencing
(RNA-seq) was performed to assess changes in global gene expression in TC32 ES cells
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after 4, 8, and 12 h of treatment with 10 nM ATXII. TC32 cells were utilized for these
studies in order to determine if ATXII has similar effects in multiple ES cell lines. We
identified 43 genes that exhibit significant differences in expression (fold change > 2;
adjusted p-value < 0.1) in ATXII-treated cells as compared to vehicle-treated cells (Supple-
mentary Figure S4). Gene set enrichment analysis (GSEA) indicated significantly enriched
gene sets related to DNA damage, including those that occur in response to ionizing
radiation and cisplatin, as early as 4 h after ATXII treatment (Supplementary Figure S5).
Collectively, these data strongly suggest that ATXII induces DNA damage in ES cells at con-
centrations as low as 10 nM. Interestingly, GSEA and gene ontology (GO) also indicate an
enrichment in pathways related to type I interferon signaling and inflammatory response
(Supplementary Figure S4), suggesting that these pathways might also play a role in the
cytotoxic effects of ATXII. Induction of type I interferons can occur as a consequence of
DNA damage due to ionizing radiation [47], and so the activation of these pathways is
consistent with the induction of DNA damage by ATXII.

3.4. ATXII Does Not Directly Bind to DNA

Based on our observations that ATXII induces DNA damage and activates DNA
damage response pathways, we sought to determine if these effects were the result of the
direct binding of ATXII to DNA. We recently developed a technique for identifying DNA-
binding molecules in complex mixtures called lickety-split ligand-affinity-based molecular
angling system (LLAMAS) [48]. Using this assay, no binding of ATXII to purified DNA was
observed, suggesting that ATXII-induced DNA damage is not due to direct DNA binding
(Figure 6A,B). To confirm these results, we performed biolayer interferometry assays to
assess the binding of ATXII to GC and AT-rich DNA sequences. Whereas cisplatin showed
detectable binding to DNA, we did not observe any binding of ATXII to the streptavidin-
bound double-stranded DNA (Figure 6C). Collectively, these results indicate that ATXII
does not directly bind to DNA and suggest that the ATXII-induced DNA damage is likely a
consequence of the inhibition of a protein target, potentially one involved in DNA synthesis
or damage repair.

3.5. In Vivo Antitumor Efficacy of ATXII

Our studies show that ATXII exhibits a highly selective cytotoxic activity against
ES cells in vitro. To determine if ATXII has in vivo antitumor efficacy, we evaluated the
effects of ATXII in an A-673 ES murine xenograft model. Mice bearing subcutaneous A-673
xenograft tumors of ~250 mm3 were treated with 20 mg/kg ATXII on days 1, 3, 5, 8, 10,
and 12 or with 40 mg/kg ATXII on days 1, 3, and 5 for a total dose of 120 mg/kg in both
cohorts. We observed a modest inhibition of tumor growth and minimal weight loss in the
mice treated with the 20 mg/kg ATXII dose/schedule over the course of the 17-day trial
(Figure 7A,B; Supplementary Figure S6). On day 17, the tumor volume was significantly
smaller (p < 0.05) in this group compared to the control mice (Figure 7B). A less frequent
dosing with 40 mg/kg ATXII on days 1, 3, and 5 resulted in a greater inhibition of tumor
growth over the 17-day trial (Figure 7A,B). On day 17, tumors in mice in the 40 mg/kg
ATXII group were significantly smaller than control tumors (p < 0.0001; Figure 7B). This
dose and schedule caused more weight loss, although the mice recovered by the end of
the trial (Supplementary Figure S6). Interestingly, the 40 mg/kg dose of ATXII produced
long-lasting antitumor effects after the final dose was administered on day 5 of the trial,
indicating a highly persistent antitumor activity. These results demonstrate that ATXII has
antitumor efficacy against ES xenografts with an acceptable therapeutic window, and that
ATXII is a possible lead molecule for the development of ES-specific therapies.
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Figure 6. Altertoxin II does not directly bind to DNA. (A,B) DNA binding assay results of ATXII using
LLAMAS. The UV chromatograms (λ 254 nm) and the extracted ion chromatogram (EIC) analysis
revealed that ATXII does not show a recognizable DNA binding activity. (C) BioLayer interferometry
binding sensorgrams for ATXII and cisplatin against GC- and AT-rich DNA (association step 0–1600 s
and buffer dissociation step 1600–3200 s). Compounds evaluated at 125 µM against biotinylated,
double-stranded DNA immobilized on streptavidin.
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Figure 7. ATXII shows dose-dependent antitumor efficacy against an A-673 xenograft model. (A) Tumor growth curves for
untreated control and ATXII-treated mice. The mice were injected i.p. with 20 mg/kg ATXII on days 1, 3, 5, 8, 10, and 12 or
40 mg/kg on days 1, 3, and 5. n = 8–10 tumors per group. (B) Comparison of final tumor volumes on day 17. * p ≤ 0.05,
**** p ≤ 0.0001 compared to untreated control; one-way ANOVA with Tukey’s post-hoc test.

4. Discussion

Unlike most adult cancers, that are caused by a lifetime of accumulated genetic
changes, ES is caused by the expression of an aberrant transcription factor, EWS-FLI1,
initiated most commonly by a t(11;22) (q24;q12) chromosomal translocation. Current
therapies are effective for most children but are accompanied with long-term treatment-
inducted morbidities [49,50]. New therapies that can improve survivors’ quality of life
and the efficacy for patients with metastatic or recurrent disease are needed. The potential
to target the unique vulnerabilities of ES caused by fusion protein expression suggest
that targeted therapies for ES can be identified. Significant challenges remain, however,
because EWS-FLI1 is a highly disordered transcription factor, making direct targeting
unlikely. Additionally, the chimeric fusion protein causes both transcriptional activation
and repression, which will be difficult to differentially regulate using a single therapeutic
strategy to inhibit EWS-FLI1 transcription [2,51]. While ES is characterized as having
a “quiet” mutational landscape, recent studies on the genetic vulnerabilities of ES cell
lines show that they have complex dependencies, rivaling those of adult cancers [52].
Interestingly, these genetic dependences are different from the common vulnerabilities
seen in adult cancers, highlighting the need to discover ES-specific therapies.

Natural products have a long history of use as pharmaceuticals, and several natural
products, including mithramycin, englarin A, and trabectedin were identified in a screen
for inhibitors of EWS-FLI1 transcription [5–7]. The success of this screen suggests that the
investigation of additional natural sources could be fruitful. We embarked on a discovery
project using a high-throughput phenotypic screen of natural product extracts and fractions
that is based on identifying mixtures containing constituents with selective cytotoxic
activities against ES cells. A mechanism-blind phenotypic screen has the advantage of being
unbiased towards the target and provides the opportunity to identify new unanticipated
targets. The initial detection of an active fungal fraction, followed by bioassay-guided
fractionation, identified ATXII as a highly selective cytotoxin in ES models. Our results
confirm the continuing value of screening natural product libraries for compounds with
selective activities against ES.
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The advantage of a differential sensitivity screen is that compounds with high selec-
tivity can be identified from complex mixtures. This was held to be true in that ATXII has
exquisite potency against every ES cell line that we tested as compared to all other child-
hood and adult solid tumor cell lines. In our decades of experience, this highly consistent
degree of ES selectivity, greater than 20-fold, is noteworthy. While the cytotoxic effects of
ATXII in cancer cell lines have been previously described, the potencies reported are in the
range of the non-ES cell lines in our study, reinforcing that ES lines are uniquely sensitive
to ATXII [40,41]. Mutagenic effects of ATXII in the Ames assay have been reported, but
the mutagenic effects in mammalian cells also occur at concentrations higher than those
that inhibit the proliferation and promote cytotoxicity in ES cell lines [39–41]. There is
good reason to be cautious about the use of a mutagen in children and young adults, but
it should be noted that the drugs used for the treatment of ES, including doxorubicin,
cyclophosphamide, and melphalan [2], are also mutagenic in the Ames assay [44].

The structure–activity relationships among ATXII, ATXI, and alteichin demonstrate the
critical importance of the epoxide moiety in the potency and ES selectivity of ATXII. Con-
sidering the bias that epoxide groups are indiscriminately reactive, we were nevertheless
surprised when our studies showed that ATXII does not bind directly to DNA. Yet while
ATXII does not bind to DNA, it causes a rapid DNA damage response at concentrations as
low as 10 nM, specifically in ES cells. Interestingly, previous studies have demonstrated
that ES cells exhibit high levels of DNA replication stress and are particularly susceptible
to DNA damaging agents [42]. Our results are consistent with these findings. However,
we demonstrate that many clinically relevant agents that induce DNA damage, including
topoisomerase inhibitors and the poly (ADP-ribose) polymerase (PARP) inhibitor olaparib,
do not show the same degree of selectivity for ES that we observe with ATXII, suggesting
that ATXII induces a unique type of damage that is particularly difficult for ES cells to
repair. Our findings also indicate that the cytotoxic effects of ATXII are partially dependent
on cellular proliferation, suggesting the ability of ATXII to interfere with DNA replication.

The high levels of DNA replication stress are a defining feature of ES, although the
direct molecular causes of this replication stress are not clear. This phenotype of elevated
replication stress induces genomic instability and is thought to confer sensitivity to DNA
damaging agents. Replication stress can be caused by a variety of factors, including the
deregulation of nucleotide synthesis, the inhibition of DNA polymerase/helicase, and the
accumulation of DNA–RNA hybrids(R-loops), among others [53,54]. Indeed, ES shows
elevated levels of R-loops compared to other cancer types, and it is thought that these
R-loops induce genomic instability and a sensitivity to DNA damaging agents [42]. Our
results suggest that the high sensitivity of ES cells to ATXII results from an undefined yet
selective induction of DNA damage. However, our data additionally demonstrate that
ATXII does not directly bind to DNA, suggesting that it induces DNA damage through
an indirect mechanism. ATXII might inhibit DNA repair through the direct inhibition of a
protein involved in the cellular DNA damage response or inhibition of DNA replication,
leading to an accumulation of stalled replication forks. Interestingly, we observed the
accumulation of ES cells in the S phase after treatment with low concentrations of ATXII,
and the effects of ATXII are at least partially dependent on cellular proliferation. These data
are consistent with ATXII inhibiting DNA replication, which could increase the replication
stress and lead to an accumulation of DNA damage. In the future, we plan to conduct
additional binding studies with radiolabeled ATXII, which will be used to identify its direct
molecular target(s). Additionally, a CRISPR-Cas9-mediated gene knockout screen will be
employed to further define the mechanism of ATXII-induced DNA damage in ES cells [55].
Lastly, the development of an ATXII-resistant ES cell line, followed by whole-exome and
RNA sequencing, would be useful in identifying both genetic and epigenetic mechanisms
of ATXII resistance, and may provide further insight into its mechanisms of action.

We demonstrate that altertoxin II has in vivo antitumor efficacy against an A-673
xenograft model of ES. It is likely that an increased antitumor efficacy will be observed
by combining ATXII with other agents that act through a different mechanism of action.
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Specifically, ES is known to exhibit a “BRCAness” phenotype with deficiencies in homolo-
gous recombination [42], making these tumors particularly sensitive to PARP inhibitors. It
is possible that ATXII will show increased efficacy in the combination with PARP inhibitors,
or that a lower dose of ATXII may be utilized to minimize the general toxicity. Our future
studies will be aimed at identifying optimal drug combinations with ATXII both in vitro
and in vivo to treat ES tumors.

5. Conclusions

We identified the fungal metabolite ATXII as a compound with highly selective cyto-
toxic activity against ES cells. Mechanism of action studies indicate that ATXII selectively
induces DNA double-strand breaks and S-phase accumulation but does not directly bind to
DNA. The high degree of selectivity for ES cells suggests that ATXII acts through a unique
mechanism of action compared to other clinically relevant DNA-damaging agents. Overall,
the efficacy of ATXII in an ES xenograft model, combined with its unique mechanistic ef-
fects, demonstrates that ATXII will be a valuable chemical probe for identifying ES-specific
vulnerabilities and new drug targets for ES and as a potential therapeutic lead for this
pediatric cancer.
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Simple Summary: Rhabdomyosarcoma is the most common soft tissue tumor in children. Its two
major subtypes show epigenetic alterations that are associated with poor prognosis. Therefore, target-
ing these epigenetic alterations by pharmacological intervention could be a therapeutic approach. We
investigated two different types of substances that interfere with the epigenetic process of histone
methylation. We performed studies in two cell lines that carry characteristics of the major rhab-
domyosarcoma subtypes. The aim of this study was to find out if the substances differ in their effect
on tumor-related cellular functions and to find out if the tumor subtypes differ in their response to the
substances. These findings may contribute to a better assessment of the feasibility of pharmacological
intervention directed against histone methylation in subtypes of rhabdomyosarcoma.

Abstract: Enhancer of Zeste homolog 2 (EZH2) is involved in epigenetic regulation of gene transcrip-
tion by catalyzing trimethylation of histone 3 at lysine 27. In rhabdomyosarcoma (RMS), increased
EZH2 protein levels are associated with poor prognosis and increased metastatic potential, sug-
gesting EZH2 as a therapeutic target. The inhibition of EZH2 can be achieved by direct inhibition
which targets only the enzyme activity or by indirect inhibition which also affects activities of other
methyltransferases and reduces EZH2 protein abundance. We assessed the direct inhibition of EZH2
by EPZ005687 and the indirect inhibition by 3-deazaneplanocin (DZNep) and adenosine dialdehyde
(AdOx) in the embryonal RD and the alveolar RH30 RMS cell line. EPZ005687 was more effective in
reducing the cell viability and colony formation, in promoting apoptosis induction, and in arresting
cells in the G1 phase of the cell cycle than the indirect inhibitors. DZNep was more effective in
decreasing spheroid viability and size in both cell lines than EPZ005687 and AdOx. Both types of
inhibitors reduced cell migration of RH30 cells but not of RD cells. The results show that direct and
indirect inhibition of EZH2 affect cellular functions differently. The alveolar cell line RH30 is more
sensitive to epigenetic intervention than the embryonal cell line RD.

Keywords: rhabdomyosarcoma; RH30; RD; EZH2; epigenetic; EPZ005687; DZNep; AdOx

1. Introduction

Epigenetic dysregulation may be involved in the development, growth, and metas-
tasis of a variety of tumors [1,2]. Rhabdomyosarcoma (RMS) show increased abundance
of Enhancer of Zeste Homologue 2 protein (EZH2) [3–6], a catalytic subunit of the poly-
comb repressive complex 2 (PCR2), and altered epigenetic markers compared to skeletal
muscle [7,8].
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RMS is the most common soft tissue tumor in children originating from mesenchymal
precursors and expressing features of early myogenic differentiation [9]. Based on histology
and genetics different subtypes can be distinguished [10–12]. The most common histological
subtypes are the embryonal and alveolar subtype which account for approximately 60%
and 20% of RMS [13,14]. More important for prognosis than histology is the translocations
t(2;13)(q35;q14) and t(1;13)(p36;q14), which occur in 55% and 22% of alveolar RMS [15].
They result in the expression of PAX3:FOXO1 and PAX7:FOXO1 fusion proteins and are
associated with poor prognosis [15,16]. The embryonal RMS is characterized by the loss of
heterozygosity at the 11p15.5 locus, different chromosomal gains and losses, and somatic
mutations [17,18]. Fusion-negative alveolar RMS share cellular features such as the loss of
heterozygosity and clinical characteristics including good prognosis with the embryonal
RMS [19]. The cell lines RH30 and RD are developed from a metastasized alveolar RMS
and a recurrent embryonal RMS, respectively [20,21]. Although substantial achievements
in the therapy of RMS have been made in the past decades, the overall survival rate of
patients with high-risk and metastasized RMS amounts only to about 30% [22,23].

The abundance of EZH2 protein in RMS and its association with poor prognosis,
increased metastasis and lymph node involvement make EZH2 an interesting therapeutic
target [24–26]. Different approaches to affect EZH2 have been investigated [27]. Direct
inhibitors of the methyltransferase activity of EZH2 such as EPZ005687 bind to the catalytic
S-adenosylmethionine (SAM) pocket of the SET (Su(var)3-9, Enhancer of Zeste, Tritho-
rax) domain of EZH2 [28,29]. Indirect inhibitors such as 3-deazaneplanocin (DZNep) and
adenosine dialdehyde (AdOx) inhibit the S-adenosyl-L-homocysteine (SAH) hydrolase,
which leads to increased SAH levels and a feedback inhibition of methyltransferase activ-
ity [30–32]. Indirect inhibitors reduce not only the methyltransferase activity of EZH2 but
also globally of enzymes that use S-adenosyl-L-methionine (SAM) as a methyl donor [32,33].
In addition, they decrease EZH2 protein levels [31,32] and thus may affect the canonical
activity of methylating H3K27 and also multiple noncanonical activities of EZH2 such
as activating or inhibiting transcription factors [34,35]. Therefore, the cellular effects of
indirect and direct inhibitors may differ.

It was shown that the direct inhibitor MC1945 and DZNep reduce the proliferation
and xenograft growth of RD and RH30 cells but differ in inducing apoptosis [4,5]. We
investigated and compared the effect of the direct inhibitor EPZ005687 and the indirect
inhibitors DZNep and AdOx on a variety of cellular functions which characterize tumor
behavior such as cell viability, colony formation, migration, apoptosis, cell cycle, and
spheroid size and viability. The aim of this study was to characterize the two types of
inhibitors in more detail to better assess the feasibility of this therapeutic approach by these
types of inhibitors in the two major RMS subtypes.

2. Materials and Methods
2.1. Cell Lines and Reagents

The embryonal RMS cell line RD (ATCC, Manassas, VA, USA) and the alveolar RMS
cell line RH30 (DSMZ, Braunschweig, Germany) as well as the primary human skeletal mus-
cle cells (SkMC) (PromoCell, Heidelberg, Germany) were cultured in DMEM high glucose
4.5 g/L medium (Sigma Aldrich Chemie GmbH, Taufkirchen, Germany) supplemented
with 1% L-glutamine (Biochrom, Berlin, Germany), 10% heat-inactivated fetal bovine serum
(Biochrom, Berlin, Germany), and 1% penicillin/streptomycin (Biochrom, Berlin, Germany)
in a humidified atmosphere containing 5% CO2 at 37 ◦C. Only early passages (after pur-
chase or authentication) which were tested to be negative for mycoplasma contamination
(MycoAlert; Lonza, Cologne, Germany) were used for the current study. EZH2 inhibitors
EPZ005687 (Cayman Chemical Company, Ann Arbor, MI, USA), DZNep (Cayman Chemi-
cal Company, MI, USA), and AdOx (Sigma Aldrich Chemie GmbH, Taufkirchen, Germany)
were used as indicated.
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2.2. Western Blotting

EZH2 protein abundance in RMS cell lines, treated with EPZ005687, DZNep, and
AdOx for 24 h was detected by Western blotting as previously described [36]. The mem-
branes were incubated with primary rabbit EZH2 antibody (1:1000, Cell Signaling Tech-
nology, Inc. (Danvers, MA, USA), New England Biolabs (Ipswich, MA, USA), 98 kDa)
overnight at 4 ◦C. Incubation with rabbit monoclonal GAPDH antibody (1:1000, Cell
Signaling Technology, Inc., New England Biolabs) served as a loading control.

2.3. Cell Viability Assay

In a humidified atmosphere containing 5% CO2 at 37 ◦C, 8 × 103 (RH30) or 1.5 × 104

(RD and SkMC) cells were seeded in 96-well plates in a final volume of 100 µL culture
medium per well. After overnight adherence of the cells, 72 h treatment with EPZ005687,
DZNep, and AdOx was started. Every 24 h, the medium and treatment drug was renewed.
The viability assays were performed as previously described [37].

2.4. Clonogenic Assay

RMS cancer cell lines were plated in 6-well plates at 750 cells per well. After incubation
with or without EPZ005687, DZNep, and AdOx for 72 h, cells were washed twice with
PBS and fresh medium was added. The colonies grew for 7–10 days before being fixed
with 99.9% methanol for 5 min and stained with 1% (w/v) crystal violet for 30 min for
RD cells, and 20 min for RH30 cells at room temperature. Images were captured using a
phase-contrast microscope Zeiss Axiovert 135 microscope (original magnification, ×5; Carl
Zeiss Microscopy GmbH, Jena, Germany). The number of colonies (>50 cells) was counted
microscopically [38]. Dividing the number of colonies by the number of plated cells and
multiplying by 100 yielded the colony formation rate according to Franken et al. [39].

2.5. Wound Healing Assay

For would healing assay, 6 × 105 cells per well were plated onto 12-well dishes.
A single scratch wound was inflicted using a sterile micropipette tip in each confluent
monolayer. Cells were washed with PBS to remove cell debris and incubated with or
without EPZ005687, DZNep, and AdOx for 72 h (every 24 h medium and treatment
substance were renewed) and monitored by photographs directly after the scratch was
performed and 24 h later. Images (three per well) were captured using a Zeiss inverted
microscope (Axiovert 135) with a 10× objective lens and Canon EOS 550D digital camera.
The wound width was measured using Axio-Vision 3.1 Software and expressed as a
percentage of the initial wound width.

2.6. Flow Cytometry

Apoptosis assays of RD and RH30 cancer cell lines were analyzed using flow cytometry
with Annexin V staining with allophycocyanin (APC) conjugation (BD Biosciences, Franklin
Lakes, NJ, USA) and propidium iodide (PI) staining after incubation in the presence or
absence of EPZ005687, DZNep, and AdOx for 72 h with a renewal of medium and treatment
substance every 24 h.

After incubation, the adherent cells were collected and stained with Annexin V (BioLe-
gend, Koblenz, Germany)/Propidium Iodide (Sigma Aldrich Chemie GmbH, Taufkirchen,
Germany) in Annexin Binding Buffer according to the manufacturer’s recommendations.
Acquisition and analysis of data were conducted with a BD FACS CANTO II flow cytometer
and FACS Diva Software Version 8.0 (Becton Dickinson, Heidelberg, Germany).

2.7. Spheroids

For the spheroids, 2 × 105 RD and RH30 cells per well in 100 µL previously fil-
tered (EasytrainerTM 40 µm, Greiner Bio-One GmbH, Kremsmünster, Austria) cell culture
medium were pipetted onto a low-attachment round bottom 96-well plate (Thermo Fisher
Scientific, Waltham, MA, USA). Centrifugation at 200× g, 5 min at room temperature and
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incubation for 72 h allow the cells to form spherical aggregates. The cancer cells were
treated in the presence or absence of EPZ005687, DZNep, and AdOx for 72 h. Every 24 h, a
change in treatment was performed, during which only 50 µL of the cell culture medium
was aspirated. The growth behavior of the spheroids was documented photographically
every 24 h. With the AxioVision 3.1 software, the change in the spheroid size was analyzed.
Finally, the spheroids were incubated with 25 µL methylene blue per well for 24 h and
measured on the Multiple Plate Reader (Victor X, PerkinElmer Inc., Waltham, MA, USA)
with the wavelengths 486 nm and 535 nm (fluorescein). The analysis of the data was
performed with GraphPad Prism.

2.8. Cell Cycle

For cell cycle, 4 × 106 cells (RD) and 3 × 106 cells (RH30) per well were plated onto
6-well dishes. After attachment, cells were incubated over night with a temperature of
37 ◦C, 95% humidity, and 5% CO2. Cancer cells then were treated with EPZ005687, DZNep,
and AdOx for 72 h. Every 24 h, a change in treatment was performed (during which only
50 µL of the cell culture medium was aspirated). After resuspension, cells were transferred
into a Neubauer chamber and were counted. The lowest cell number was noted. For
staining, for all cells, this number was used, and the corresponding volume was transferred
into a FACS tube. All tubes were filled with medium to the same volume. Centrifugation
at was performed at 1.500 U/min, 5 min at room temperature, with a tilt overhang. Cells
were washed twice with 2 mL of cold BPS and then centrifuged. After the second wash,
the supernatant was removed, and the tubes were placed on ice. Then, the tubes were
carefully resuspended and fixed with 1 mL of ice-cold 80% ethanol for 30 min on ice. Again,
cells were washed twice with cold PBS and separated by centrifugation. Finally, cells were
incubated with 500 µL FXCycle PI/Rnase staining solution (Invitrogen, Waltham, MA,
USA) per tube at room temperature for 20 min. The acquisition of data was conducted
with a BD FACS CANTO II flow cytometer (Becton Dickinson, Heidelberg, Germany) and
analysis was performed with FlowJo software.

2.9. Statistical Analysis

GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA) was used for statistical
analyses. All data were tested for significance using ANOVA (Dunnett correction). Only
results with p ≤ 0.05 were considered statistically significant. Data are presented as means
± standard error of the mean (SEM) unless otherwise specified. All data are representative
of at least three experiments.

3. Results
3.1. EZH2 Protein Abundance Is More Reduced by Indirect Inhibitors Than by the Direct Inhibitor

The Western blots revealed significantly higher EZH2 protein abundance in the RD
and RH30 cell line than in the primary skeletal muscle cells (SkMC). The indirect inhibitors
DZNep and AdOx significantly reduced the EZH2 protein abundance in both cell lines at
all concentrations tested, more in the RH30 cell line than in the RD cell line. DZNep was
more effective in both cell lines than AdOx. A significant decrease in EZH2 abundance in
the range of 20–27% by EPZ005687 was detected in RD cells after 72 h of treatment. Only at
a high concentration of 15 µM was a non-significant decrease in EH2 abundance observed
in RH30 cells (Figure 1). The uncropped Western blots of EZH2 abundance in RMS cell
lines in the presence or absence of EZH2 inhibitors can be found in the Supplementary
Materials S1.

In summary, the indirect inhibitors (DZNep and AdOx) have a stronger impact on
EZH2 protein abundance in RMS cell lines than the direct inhibitor EPZ005687.
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EPZ005687 (B,C), DZNep (D,E), and AdOx (F,G) on RD (upper row) and RH30 cells (lower row) on 
EZH2 abundance. Relative ratio of EZH2/GAPDH density was normalized to ratio obtained in 
untreated control cultures. GAPDH was used as loading control. Error bars represent mean +/− SEM 
(n = 3). p * ≤ 0.05, p ** ≤ 0.01, p *** ≤ 0.001, p **** ≤ 0.0001 indicates statistical significance. 
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The reduction of cell viability by EPZ005687 reached significance at a concentration 

of 20.5 μM and 20 μM in the RD and RH30 cell line, respectively. It was 86% in the RD cell 
line and 76% in the RH30 cell line at the highest concentration of 21 μM EPZ005687. The 
reduction of cell viability by DZNep and AdOx was significant at 5 μM in both cell lines 
(range 22–43%). It increased slightly with increasing concentration but not as strongly as 
when treated with EPZ005687. At 25 μM, the reduction by DZNep was 37% in the RD and 
56% in the RH30 cell line, and by AdOx 45% and 42%, respectively (Figure 2). From these 
results, it can be concluded that much lower concentrations of the two indirect inhibitors 
(DZNep and AdOx) can affect the viability of RD and RH30 cells than of EPZ005687. 

Figure 1. EZH2 abundance in RMS cell lines in the presence or absence of EZH2 inhibitors. (A) Rep-
resentative Western blot of EZH2 and densitometric quantification of SkMC, RD, and RH30 cells. Rel-
ative ratio of EZH2/GAPDH density was normalized to ratio obtained in SkMC. Effect of EPZ005687
(B,C), DZNep (D,E), and AdOx (F,G) on RD (upper row) and RH30 cells (lower row) on EZH2
abundance. Relative ratio of EZH2/GAPDH density was normalized to ratio obtained in untreated
control cultures. GAPDH was used as loading control. Error bars represent mean +/− SEM (n = 3).
p * ≤ 0.05, p ** ≤ 0.01, p *** ≤ 0.001, p **** ≤ 0.0001 indicates statistical significance.

3.2. Both Types of Inhibitors Reduced RMS Cell Viability in Both Cell Lines

The reduction of cell viability by EPZ005687 reached significance at a concentration of
20.5 µM and 20 µM in the RD and RH30 cell line, respectively. It was 86% in the RD cell
line and 76% in the RH30 cell line at the highest concentration of 21 µM EPZ005687. The
reduction of cell viability by DZNep and AdOx was significant at 5 µM in both cell lines
(range 22–43%). It increased slightly with increasing concentration but not as strongly as
when treated with EPZ005687. At 25 µM, the reduction by DZNep was 37% in the RD and
56% in the RH30 cell line, and by AdOx 45% and 42%, respectively (Figure 2). From these
results, it can be concluded that much lower concentrations of the two indirect inhibitors
(DZNep and AdOx) can affect the viability of RD and RH30 cells than of EPZ005687.

3.3. Migration Was Inhibited by Both Types of Inhibitors in the RH30 Cells but Not in the RD Cells

The migration of cells may indicate their potential to spread and metastasize. We
investigated the effect of the inhibitors on migration using the wound healing assay. In
the RH30 cell line, 20 µM EPZ005687 decreased the migration significantly by 26%, and
10 µM and 25 µM AdOx significantly by 16% and 14%, respectively. The inhibition of
13% achieved by DZNep did not reach statistical significance. Neither of the substances
impaired cell migration of RD cells (Figure 3). The data indicate that both types of inhibitors
can inhibit migration in RH30 cells but not in RD cells.
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Figure 2. Effect of the EZH2 inhibitors on cell viability in RMS cell lines. Relative numbers of viable
RD (upper row) and RH30 (lower row) cells following a 72 h incubation in the absence (white bars)
and presence (black bars) of increasing concentrations of EPZ005687 (A,B), DZNep (C,D), and AdOx
(E,F). The untreated control was set as 100%. Error bars represent mean +/− SEM (n ≥ 3). p * ≤ 0.05,
p ** ≤ 0.01, p *** ≤ 0.001, p **** ≤ 0.0001 indicates statistical significance.
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formation. All three inhibitors reduced the colony formation concentration-dependently. 
In both cell lines, the inhibition was stronger by EPZ005687 than by DZNep or AdOx and 
stronger in RD cells than in RH30 cells (Figure 4). In comparison to cell viability (Figure 
2), colony formation was in general more impaired, e.g., for 10 μM EPZ005687, which had 
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concentration in both cell lines. DZNep and AdOx also had a more pronounced effect on 
colony formation than on cell viability. Obviously, colony formation is more sensitive to 
EZH2 inhibition than cell viability. 

Figure 3. Migration behavior of RMS cells in response to EZH2 inhibitors. A wound healing assay was
performed to assess migration. Relative numbers of migrated RD (upper row) and RH30 (lower row)
cells following a 72 h incubation in the absence (white bars) and presence (black bars) of increasing
concentrations of EPZ005687 (A,B), DZNep (C,D), and AdOx (E,F). The untreated control was set
as 100%. Error bars represent mean +/− SEM (n = 4). p * ≤ 0.05 indicates statistical significance. A
representative image of the wound healing assay is shown for each concentration of the inhibitors.
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3.4. Both Types of Inhibitors Reduced Colony Formation of RD and RH30 Cells

A further characteristic of cells which is linked to the ability to metastasize is colony
formation. All three inhibitors reduced the colony formation concentration-dependently.
In both cell lines, the inhibition was stronger by EPZ005687 than by DZNep or AdOx
and stronger in RD cells than in RH30 cells (Figure 4). In comparison to cell viability
(Figure 2), colony formation was in general more impaired, e.g., for 10 µM EPZ005687,
which had no effect on cell viability but showed a significant effect on colony formation at
this concentration in both cell lines. DZNep and AdOx also had a more pronounced effect
on colony formation than on cell viability. Obviously, colony formation is more sensitive to
EZH2 inhibition than cell viability.
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In the apoptosis assay, a significant dose-dependent increase in apoptosis was 
detected in RH30 cells after 72 h of treatment with the inhibitors. In the RH30 cell line, 20 
μM EPZ005687 increased apoptosis significantly to 85%, 25 μM DZNep and AdOx 
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Figure 4. Effect of the EZH2 inhibitors on colony formation. Arithmetic means ± SEM (n = 3) of
the percentage of evolving clones of RD (upper row) and RH30 (lower row) cells following a 72 h
incubation in the presence (black bars) of EZH2 inhibitors EPZ005687 (A,B), DZNep (C,D), and AdOx
(E,F) relative to the clones in the absence of the inhibitors (white bars). The untreated control was set
as 100%. p * ≤ 0.05, p ** ≤ 0.01, p *** ≤ 0.001, p **** ≤ 0.0001 indicates statistical significance.

3.5. Apoptosis Was More Induced by the Inhibitors in the RH30 Cell Line Than in the RD Cell Line

In the apoptosis assay, a significant dose-dependent increase in apoptosis was detected
in RH30 cells after 72 h of treatment with the inhibitors. In the RH30 cell line, 20 µM
EPZ005687 increased apoptosis significantly to 85%, 25 µM DZNep and AdOx significantly
to 9% and 10% of total cells, respectively. In RD cells, 20 µM EPZ005687 increased apoptosis
significantly to 59% of total cells. DZNep and AdOx showed a small increase which,
however, did not reach statistical significance (Figure 5).
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We further investigated the effect of 72 h of treatment with the inhibitors on the 
distribution of cells within the cell cycle. The proportion of cells in the G1 phase in 
untreated RD cells and untreated RH30 cells was 42% and 52%, respectively. This 
proportion did not change significantly under treatment with DZNep or AdOx in either 
the RD cell line or the RH30 cell line. However, EPZ005687 had a significant concentration-
dependent effect in both cell lines. At 15 μM EPZ005687, a further 20% of the cell 
population of RD cells and 13% of the cell population of RH30 cells were arrested in the 
G1 phase (Figure 6).  

Figure 5. Flow cytometric analysis of apoptosis in RMS cells after treatment with EZH2 inhibitors.
Arithmetic means ± SEM (n = 3) of the number of Annexin V-positive cells after 72 h incubation
with EPZ005687 (A,B), DZNep (C,D), and AdOx (E,F) in RD cells (upper row) and in RH30 (lower
row) cells. The untreated control was set as 100%. p ** ≤ 0.01, p *** ≤ 0.001, p **** ≤ 0.0001 indicates
statistical significance.

3.6. The Direct Inhibitor but Not the Indirect Inhibitors Arrested RD and RH30 Cells in the G1 Phase

We further investigated the effect of 72 h of treatment with the inhibitors on the
distribution of cells within the cell cycle. The proportion of cells in the G1 phase in untreated
RD cells and untreated RH30 cells was 42% and 52%, respectively. This proportion did not
change significantly under treatment with DZNep or AdOx in either the RD cell line or the
RH30 cell line. However, EPZ005687 had a significant concentration-dependent effect in
both cell lines. At 15 µM EPZ005687, a further 20% of the cell population of RD cells and
13% of the cell population of RH30 cells were arrested in the G1 phase (Figure 6).
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the reduction of 25% was significant. AdOx had no effect on the spheroid circumference 
in any cell line. EPZ005687 reduced the circumference at the concentration of 20 μM by 
19% (Figure 8). 

In the studies on cell viability in two-dimensional cell cultures (Figure 2), EPZ005687 
and DZNep showed a comparable inhibition pattern as in the studies on spheroid 
viability: EPZ005687 exerted no effect in RD cells up to 20 μM and RH30 cells up to 15 
μM, and DZNep had an effect even at low concentrations in both cell lines. Contrary to 
the similarity in the effect of EPZ and DZNep on cell viability and spheroid viability in 
both cell lines, AdOx had no effect on the spheroid viability, although it impaired the cell 
viability at all concentrations tested.  

Figure 6. Flow cytometric analysis of cell cycle in RMS cell lines. Effect on cell cycle arrest following
a 72 h incubation in the presence (black bars) or absence (white bars) of EPZ005687 (A,B), DZNep
(C,D), and AdOx (E,F) on RD (upper row) and RH30 cells (lower row). Error bars represent mean
+/− SEM (n = 4). p * ≤ 0.05, p *** ≤ 0.001, p **** ≤ 0.0001 indicates statistical significance.

3.7. DZNep Decreased Spheroid Viability and Reduced Spheroid Circumference

Spheroids more closely resemble the three-dimensional situation in tumors than two-
dimensional cell cultures. As cell–cell interactions and the microenvironment may modulate
cellular functions, spheroids can provide additional information on the susceptibility of
cells to pharmacological intervention. We therefore investigated the effect of the inhibitors
of EZH2 on spheroid viability and circumference.

DZNep reduced the spheroid viability significantly in the RD cell line by 18% and in
the RH30 cell line by 38%. In contrast, neither EPZ005687 nor AdOx impaired the spheroid
viability in any cell line (Figure 7). In RD cells, the reduction of spheroid circumference at
different DZNep concentrations was about 8% but not significant, whereas in RH30 cells,
the reduction of 25% was significant. AdOx had no effect on the spheroid circumference in
any cell line. EPZ005687 reduced the circumference at the concentration of 20 µM by 19%
(Figure 8).
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bars represent mean +/− SEM (n = 3). p * ≤ 0.05, p **** ≤ 0.0001 indicates statistical significance. 

  

Figure 7. Modulation of EZH2 inhibitors on spheroid viability. Relative numbers of viable RD (upper
row) and RH30 (lower row) cells following a 72 h incubation with increasing concentrations of
EPZ005687 (A,B), DZNep (C,D), and AdOx (E,F). The untreated control was set as 100%. Error bars
represent mean +/− SEM (n = 3). p * ≤ 0.05, p **** ≤ 0.0001 indicates statistical significance.
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of EPZ005687 (A,B), DZNep (C,D), and AdOx (E,F) on RD (upper row) and RH30 (lower row) cells 
on spheroid circumference. The untreated control was set as 100%. Error bars represent mean +/− 
SEM (n = 3.) p * ≤ 0.05, p ** ≤ 0.01 indicates statistical significance. 

4. Discussion 
In the present study, we investigated and compared direct and indirect inhibitors of 

the catalytic activity of EZH2 in the embryonal RMS cell line RD and the alveolar RMS 
cell line RH30. The results demonstrate that the two types of inhibitors differ in the extent 
to which they affect cellular functions, and the two cell lines differ in their response to the 
inhibitors. 

The effect of the two types of inhibitors may be related to their mode of action. Both 
types inhibit the methyltransferase of EZH2. However, indirect inhibitors additionally 
inhibit SAM-dependent methyltransferases which methylate DNA, lysine residues other 
than H3K27, and arginine residues in histones [32,33]. Additionally, they reduce the EZH2 
abundance and affect other non-canonical activities of EZH2, which include the 
methylation of nonhistone substrates, protein and microRNA binding, and interactions 
with transcription factors [34,35]. The significance of methyltransferases other than H3K27 
methyltransferase of EZH2 has been shown in chondrosarcoma cell lines. In these cells, 
DZNep effects were correlated to SAH hydrolase inhibition but not to EZH2 expression 
or reduced H3K27me3 methylation. The authors conclude that other methyltransferases 
than EZH2 are involved in the DZNep effect [40]. The significance of non-canonical 
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In various cell lines, inhibition of the EZH2 methyltransferase did not copy the 
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fusion negative RMS subtype, respectively. The subtypes differ in DNA and histone 
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Figure 8. Effect of the EZH2 inhibitors on spheroid circumference in RMS cell lines. Inhibitory effect
of EPZ005687 (A,B), DZNep (C,D), and AdOx (E,F) on RD (upper row) and RH30 (lower row) cells
on spheroid circumference. The untreated control was set as 100%. Error bars represent mean +/−
SEM (n = 3.) p * ≤ 0.05, p ** ≤ 0.01 indicates statistical significance.

In the studies on cell viability in two-dimensional cell cultures (Figure 2), EPZ005687
and DZNep showed a comparable inhibition pattern as in the studies on spheroid viability:
EPZ005687 exerted no effect in RD cells up to 20 µM and RH30 cells up to 15 µM, and
DZNep had an effect even at low concentrations in both cell lines. Contrary to the similarity
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in the effect of EPZ and DZNep on cell viability and spheroid viability in both cell lines,
AdOx had no effect on the spheroid viability, although it impaired the cell viability at all
concentrations tested.

4. Discussion

In the present study, we investigated and compared direct and indirect inhibitors of
the catalytic activity of EZH2 in the embryonal RMS cell line RD and the alveolar RMS cell
line RH30. The results demonstrate that the two types of inhibitors differ in the extent to
which they affect cellular functions, and the two cell lines differ in their response to the
inhibitors.

The effect of the two types of inhibitors may be related to their mode of action. Both
types inhibit the methyltransferase of EZH2. However, indirect inhibitors additionally
inhibit SAM-dependent methyltransferases which methylate DNA, lysine residues other
than H3K27, and arginine residues in histones [32,33]. Additionally, they reduce the
EZH2 abundance and affect other non-canonical activities of EZH2, which include the
methylation of nonhistone substrates, protein and microRNA binding, and interactions
with transcription factors [34,35]. The significance of methyltransferases other than H3K27
methyltransferase of EZH2 has been shown in chondrosarcoma cell lines. In these cells,
DZNep effects were correlated to SAH hydrolase inhibition but not to EZH2 expression or
reduced H3K27me3 methylation. The authors conclude that other methyltransferases than
EZH2 are involved in the DZNep effect [40]. The significance of non-canonical activities
of EZH2 is further demonstrated for castration-resistant prostate cancer cells in which the
oncogenicity of EZH2 is related to its role as transcription factor [41,42].

In various cell lines, inhibition of the EZH2 methyltransferase did not copy the re-
duction in EZH2 abundance [43–46]. Selective EZH2 degraders have been developed to
reduce EZH2 protein. In EZH2-dependent triple-negative breast cancer cells, the newly de-
veloped EZH2 specific degrader MS1943 reduced cell proliferation and induced apoptosis
effectively in contrast to selective inhibitors of the enzymatic activity of EZH2 [46].

The RH30 cell line and RD cell line carry characteristics of the fusion positive and
fusion negative RMS subtype, respectively. The subtypes differ in DNA and histone
methylation [47], micro-RNA expression, and gene expression [48–51], including genes
of signaling pathways which are involved in complex cellular functions such as motility,
invasion, and metastasis [52,53]. Any difference in response of the cell lines to interference
with EZH2 function may be attributed to the differing signal network established in the
cells.

In our experiments, migration was inhibited in the RH30 cell line but not in the
RD cell line. Regulation of invasion and metastasis involves various signaling pathways
and is subject to epigenetic regulation [53]. PAX3-FOXO1 fusion protein available in
RH30 cells affects different downstream targets which are involved in cell motility and
invasion [54], and it interacts with epigenetic modifiers to regulate transcriptional activities
which affect multiple cellular processes including motility [55,56]. The promoter of the
GEFT gene is hypomethylated in RH30 cells, leading to an increased activity of the GEFT-
Rho-GTPase signaling pathway, which is involved in the regulation of cell motility [57].
Genes regulating cell motility such as the gene of the transcription factor F0XF1 and
LMO4 [52], cell motility gene 1 (ELMO1) and NEL-like 1 gene (NELL1) are overexpressed
in the RH30 cell line compared to the RD cell line [52,58]. Silencing the genes had a
greater effect on migration in the RH30 cell line than in RD cells. The MET receptor
is overexpressed in RH30 cells [59–61] and may activate the ERK/MAPK pathway [61]
which is involved in regulating cell migration. Activating the MET/ERK2 pathway by the
hepatocyte growth factor stimulated cell motility of alveolar RMS but not embryonal RMS
cells [60]. The SNAIL transcription factor is overexpressed in RH30 cells compared to RD
cells [62]. SNAIL is regulating cellular processes including migration by interacting with
the PI3K/AKT signaling pathway and micro-RNA [63]. In summary, the RH30 cell line
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showed marked changes in the network controlling motility compared to RD cells, which
may explain their response to the inhibitors.

The spheroid size and viability showed a better response to DZNep, which was
not to be expected considering the results of the studies on two-dimensional cell culture.
This indicates the limitations of the study. Obviously, epigenetic mechanisms are par-
ticularly influenced by cellular interactions so that data of models more complex than
two-dimensional models may provide more reliable results. The specific inhibitor MC1945
reduced the growth of xenografts of RD cells, and MC1945 and DZNep reduced the growth
of xenografts of RH30 cells in mice [4,5]. Data on more cellular function in complex models
and in vivo studies could be helpful to better assess whether a therapeutic application of
EZH2 inhibitors could be reasonable.

Ciarapica et al. investigated the direct inhibitor MC1945 and the indirect inhibitor
DZNep. She showed that at the concentration of 5 µM of both substances, MC1945 had
no effect on EZH2 protein abundance except DZNep, that both types of inhibitors inhibit
migration in RH30 cells but not in RD cells and induce apoptosis in RH30 cells but not in
RD cells [4,5]. A strict comparison of these findings with our findings faces some limitations
as the direct inhibitors EPZ005687 and MC1945 have differing properties such as inhibition
constants, as the incubation period in the reported apoptosis experiments was 24 h longer
than in our experiments, and as we used higher concentrations of the substances for the
apoptosis experiment. Despite these limitations for comparison, it may be concluded that
the results of the two studies are in good agreement. Our results also do not indicate an
effect on migration and apoptosis at a concentration of 5 µM in RD cells but do in the RH30
cells. The EZH2 protein abundance of RD cells and RH30 cells is reduced by DZNep in
both studies. However, whereas both studies show no effect of MC1945 or EPZ005687 on
EZH2 protein abundance in RH30 cells, EPZ005687 but not MC1945 decreased it by a small
amount in RD cells. It has been shown in cell lines of various tumors that direct inhibitors
did not reduce EPZ protein abundance. So, the use of EPZ005687 in our experiments
instead of MC1945 seems rather not to explain the different result we observed.

5. Conclusions

In RMS, direct and indirect inhibitors of EZH2 differ in the effects they exert on cellular
functions, which may be due to multiple effects by indirect inhibitors. Differences also exist
between the embryonal RD cell line and the alveolar RH30 cell line in their response to the
inhibitors due to divergence in epigenetic features, gene expression and signaling pathways
which are involved in the regulation of cellular functions. It may be concluded that the
alveolar and embryonal RMS subtypes are different entities regarding EZH2 inhibition.
Cellular interactions seem to influence epigenetic processes as different results of two- and
three-dimensional culture systems indicate. Therefore, data of two-dimensional models
should be supported by data from more complex models and in vivo studies.

Supplementary Materials: The following is available online at https://www.mdpi.com/article/10
.3390/cancers14010041/s1, Material S1: Uncropped Western blots of EZH2 abundance in RMS cell
lines in the presence or absence of EZH2 inhibitors. Addition to Figure 1.
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Simple Summary: Malignant rhabdoid tumors of the liver are very rare pediatric liver tumors with
a devastating prognosis. It is currently unclear which histological subtypes of pediatric liver tumors
belong to this entity and how these tumors should be treated. In this systematic review with meta-
analysis, we analyzed all reports on pediatric patients with malignant rhabdoid liver tumors, but
also with so-called small cell undifferentiated liver tumors. This is another rare liver tumor subtype
that has recently been regarded to belong to the entity of rhabdoid tumors by some authors. The
main result of this study is that these two tumor subtypes show large overlap on several levels and
even mixtures of both histological patterns have been documented. Our meta-analysis provides an
evidence base for the recommendation to classify these two tumor subtypes as one entity. We showed
that treatment of these tumors with hepatoblastoma directed chemotherapy is ineffective and that a
therapy with chemotherapy regimens initially applied for soft tissue sarcoma is associated with a
significantly better survival. This study represents the highest level of evidence available for these
rare liver tumors.

Abstract: Background: Rhabdoid liver tumors in children are rare and have a devastating prognosis.
Reliable diagnosis and targeted treatment approaches are urgently needed. Immunohistochemical
and genetic studies suggest that tumors formerly classified as small cell undifferentiated hepatoblas-
toma (SCUD) belong to the entity of malignant rhabdoid tumors of the liver (MRTL), in contrast to
hepatoblastomas with focal small cell histology (F-SCHB). This may have relevant implications on
therapeutic approaches. However, studies with larger cohorts investigating the clinical relevance of
the histological and genetic similarities for patients are lacking. Purpose: To analyze possible simi-
larities and differences in patient characteristics, tumor biology, response to treatment, and clinical
course of patients with MRTL, SCUD and F-SCHB. Applied therapeutic regimens and prognostic
factors are investigated. Methods: A systematic literature search of MEDLINE, Web of Science, and
CENTRAL was performed for this PRISMA-compliant systematic review. All studies of patients
with MRTL, SCUD and F-SCHB that provided individual patient data were included. Demographic,
histological, and clinical characteristics of the three subgroups were compared. Overall survival (OS)
was estimated with the Kaplan–Meier method and prognostic factors investigated in a multivariable
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Cox regression model. Protocol registered: PROSPERO 2021 CRD42021258760. Results: Fifty-six
studies with a total of 118 patients were included. The two subgroups MRTL and SCUD did not differ
significantly in baseline patient characteristics. However, heterogenous diagnostic and therapeutic
algorithms were applied. Large histological and clinical overlap between SCUD and MRTL could
be shown. Two-year OS was 22% for MRTL and 13% for SCUD, while it was significantly better in
F-SCHD (86%). Chemotherapeutic regimens for hepatoblastoma proved to be ineffective for both
SCUD and MRTL, but successful in F-SCHB. Soft tissue sarcoma chemotherapy was associated with
significantly better survival for MRTL and SCUD, but was rarely applied in SCUD. Patients who did
not undergo surgical tumor resection had a significantly higher risk of death. Conclusions: While
F-SCHB is a subtype of HB, SCUD should be classified and treated as a type of MRTL. Surgical tumor
resection in combination with intensive, multi-agent chemotherapy is the only chance for cure of
these tumors. Targeted therapies are highly needed to improve prognosis. Currently, aggressive
regimens including soft tissue sarcoma chemotherapy, extensive resection, radiotherapy or even liver
transplantation are the only option for affected children.

Keywords: malignant rhabdoid tumor; hepatoblastoma; small cell undifferentiated (SCUD) hepato-
blastoma; SMARCB1; INI1; pediatric liver tumors

1. Introduction

Article titles like “Small Cell Undifferentiated (SCUD) Hepatoblastomas: All Malig-
nant Rhabdoid Tumors?” [1] or “Malignant Rhabdoid Tumor, an Aggressive Tumor Often
Misclassified as Small Cell Variant of Hepatoblastoma” [2] highlight a recent and pressing
question in the research field of pediatric liver tumors: should malignant rhabdoid liver
tumors (MRTL) and small cell undifferentiated hepatoblastomas be classified and treated
as two different entities, or do they share vital features that justify merging into one entity?

Both tumors are rare primary liver neoplasms in children and show highly aggressive
behavior. MRTL account for about 3% of all primary liver malignancies of childhood [1,2].
First described as a distinct liver tumor by Gonzalez-Crussi et al. in 1982 [3], the prognosis
of affected children remains poor [4,5]. Historically, the diagnosis of MRTL was based on
typical histological appearance of the tumor cells, with a so-called rhabdoid morphology.
Genetic analyses of MRTL cells revealed typical mutations of the SMARCB1 gene on
chromosome band 22q11.2. This causes loss of function of a chromatin remodeling complex,
which acts as an important tumor suppressor. By immunohistochemistry, mutations in this
gene can be detected as a loss of INI1 protein expression [2]. In contrast, hepatoblastomas
(HB) are typically positive for INI1.

In contrast to the devastating survival rates of MRTL, the prognosis of pediatric
patients with HB has dramatically improved within the last 40 years, and long-term OS of
over 80% has been achieved [6]. However, a certain group of patients with tumors showing
small cell histology is still associated with poor prognosis: Historically subsumed under
the entity of “anaplastic HB”, the term small cell undifferentiated HB (SCUD) was later
introduced for this specific tumor. This term refers to the histological appearance of the
predominant cells [7]. In historical studies, SCUD accounted for about 2% of all pediatric
liver tumors classified as HB [8,9].

Recently, expert liver pathologists re-analyzed small patient cohorts or tissue biobanks
and showed that SCUD share the important loss of INI1 with MRTL [1,2,10,11]. Further-
more, they found a vast predominance of small undifferentiated cells and absence of typical
HB histology. Thus, some authors suggested that SCUD are in fact MRTL of the liver
with a non-rhabdoid morphology. Based on these findings, they proposed to abandon the
classification of SCUD as a HB subtype [1,2]. The question of whether SCUD belongs to the
entity of MRTL is clinically highly relevant, as tumors classified as SCUD are still treated
under regimens conceptualized for HB with inadequately low response rates. In contrast,
progress in the treatment of MRTL has been made by applying aggressive treatment reg-
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imens different from those for HB, including chemotherapy regimens initially targeted
against soft tissue sarcoma, radiation, and extensive surgery.

Recently, most experts came to the opinion that tumors formerly classified as SCUD
should be regarded as subtype of MRTL, when INI1-staining is negative [12]. However, in
the current Children’s Oncology Group (COG) classification of pediatric liver tumors [13]
as well as in the most recent one by the American College of Pathologists [14], SCUD are
continuously classified as a HB subtype. While new case reports have shown that not only
MRTL, but also most SCUD have a loss of INI1, the clinical relevance and consequences
have not been investigated yet. The current unclear situation leads to unstandardized
diagnoses and therapies of these tumors. For example, some authors classify tumors with
non-rhabdoid morphology but negative INI1-staining as MRTL, whereas others still adhere
to the classification as SCUD [5,10,13,14]. Overall, there is an evident lack of clinical data
on both MRTL and SCUD.

In this context, HB with focal small cell histology must also be addressed (F-SCHB).
Since the methods of histological analysis have improved over the years, it was found
that a subset of predominantly typical HB contain areas or nests with small cell histology.
Moreover, for those F-SCHB where testing for INI1-expression is available, INI1 positivity
even in the small tumor cells was documented [15]. Depending on whether neoadjuvant
chemotherapy is applied, or upfront resection is performed, the percentage of F-SCHB
differs between 1% and 12% [1,9]. This difference can be explained by the generally
favorable response of HB to chemotherapy, resulting in partial tumor necrosis. This in
turn may hide potential nests of small tumor cells in the specimen at the time of resection.
Clinically, patients with F-SCHB usually respond to standard HB chemotherapy and tend to
have a substantially better prognosis than those with MRTL or SCUD [9,15]. First evidence
suggests that F-SCHB are a distinct subgroup of HB and do not belong to the entity of
MRTL or SCUD. However, clinical data comparing these tumors is completely lacking.

In this systematic review with meta-analysis, we summarize all reports on pediatric
patients with MRTL, SCUD and F-SCHB, analyze and compare patient characteristics,
immunohistological features, applied therapies, and outcomes of these subgroups. The
main research question is whether MRTL and SCUD should be classified and treated as one
entity. In addition, prognostic factors are investigated, including analyses of the applied
chemotherapy, surgery, and radiotherapy.

2. Materials and Methods
2.1. Review Structure and Search Strategy

This systematic review (SR) is based on a structured methodology that had been
conceptualized previously by the authors, with the specific aim of generating evidence
for rare diseases. It is part of the RELIVE research initiative (Generating evidence for
RarE LIVEr Disease). The methods are in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses for Individual Patient Data (PRISMA-IPD) guidelines.
Before starting the analysis, the SR was registered with the International Prospective Register
of Systematic Review (PROSPERO 2021 CRD42021258760).

The following free text and medical subject heading (MeSH) terms were used for a
systematic literature search of three different databases (MEDLINE via PubMed, Web of
Science, and CENTRAL): Rhabdoid Tumor, rhabdoid, small cell undifferentiated, small cell
variant, small cell tumor, SCU, SCUD, liver, hepatic, hepatoblastoma, liver neoplasms. The
detailed search algorithm is provided in the Supplementary Material (File S1). Moreover,
references of the relevant studies were screened for eligible articles. The last search was
performed on 11th October 2021.

2.2. Study Selection Criteria and Selection Process

All study types were eligible for this systematic review. The following inclusion
criteria were applied:
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Patient age < 18 years;
Primary liver tumor;
Histological diagnosis of malignant rhabdoid tumor or small cell undifferentiated

hepatoblastoma or focal small cell histology in hepatoblastoma;
Individual patient data on age, therapy, and outcome available.
Historic reports of patients with, at the time, so-called “anaplastic hepatoblastoma”

were only included if the information of histological tumor characteristics allowed for a
reliable classification as SCUD. Moreover, studies with only aggregated data accessible,
and no report of subgroup outcomes of patients with MRTL, SCUD or F-SCHB, were not
suitable for this analysis and thus excluded.

The list of studies retrieved by the systematic search was screened for eligible studies
by two reviewers independently (JF and AML). After a first selection based on the abstracts,
the two reviewers worked through the full texts of all eligible studies and decision on in-
or exclusion was made. Dissent between the two reviewers was resolved after consulting
with a third reviewer (KH).

2.3. Data Extraction and Investigated Variables

Data was extracted by means of a standardized form, that had been validated with
data extraction of the first five studies. The collected data items were compiled after
reviewing the relevant literature on pediatric liver tumors. Independently from each other,
the two reviewers extracted the data based on the predefined form.

2.4. Risk of Bias Assessment

Given the rarity of the investigated tumors, no randomized trials were expected to be
found. For observational studies, the validated MINORS tool was applied for the risk of
bias (RoB) assessment [16]. As case reports/series were included in our analysis, a RoB
tool specifically designed for this methodology was used [17].

2.5. Statistical Analyses and Certainty of Evidence

R (version 3.6.2, Vienna, Austria) [18] was used for all statistical analyses, with the
the survminer [19] and survival [20] packages for survival curves and the forestmodel [21]
package for forest plots. Patient data were entered individually into a database. Patient
data were pooled, and patients were divided into three subgroups according to diagnosis
made in the studies: MRTL, SCUD, or F-SCHB. For descriptive statistics of continuous data,
means, medians, standard deviations (SD) or interquartile ranges (IQR) were calculated.
For categorial data, numbers with percentages are given. Chi-squared tests (without
Yate’s correction) or Mann–Whitney U tests were used for univariate analyses, at a level
of significance of 5%. Overall survival (OS) and progression free survival (PFS) were
calculated with the Kaplan–Meier method. Univariate significance of variables for OS/PFS
was tested with the log rank test (level of significance 5%). Factors that showed univariate
significance were included in multivariable cox regression models for calculating the
independent hazard ratios (HR) of predictive variables.

The GRADE criteria were applied for determining the certainty of evidence and
strength of recommendations [22].

2.6. Applied Terms and Definitions

Staging. The widely applied and validated PRETEXT system for pediatric liver tumors
was used for staging the local extent of disease [23].

Histology. Liver tumors were considered to have rhabdoid morphology when large,
polygonal tumor cells with pronounced eosinophilic cytoplasm, and large eccentric nuclei
with centrally visible nucleoli were found. Intracellular inclusions with positivity for
vimentin or other intermediate filament proteins are typically found in a subset of rhabdoid
tumor cells. The term small cell undifferentiated was used for liver tumors with round or
oval cells with sparse cytoplasm, faint nuclei with unremarkable nucleoli. These cells may
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express vimentin or different types of cytokeratin and are negative for alpha-feto protein.
F-SCHB was defined as liver tumor with focal small cell histology mixed with other
hepatoblastoma-typical tumor cells, and less than 50% of areas with small undifferentiated
cells in the specimen.

Surgery. Upfront surgery was defined as operation with intent of primary tumor
resection before starting a chemotherapy. R0 was defined as microscopically tumor-free
resection margins. R1 as macroscopic tumor resection but microscopically positive margins.
R2 was defined as macroscopic tumor residual.

Chemotherapy. Chemotherapy with neoadjuvant intent was defined as treatment
before a planned surgical tumor resection. In many cases, the intended surgery was not
performed due to rapid disease progression during neoadjuvant chemotherapy. The term
Hepatoblastoma chemotherapy (HB CT) was defined as regimens used in HB trials or protocols.
Soft tissue sarcoma chemotherapy (STS CT) was defined as regimens that had been first
conceptualized or applied in trials or protocols for soft tissue sarcoma. No response was
defined as no reduction or increase in tumor size during chemotherapy. Partial response
was defined as reduction of tumor size of 20–50%. Good response was defined as reduction
of tumor size >50% and/or disappearance of synchronous metastatic lesions on imaging.

Outcome. Disease related death (DRD) was defined as death of a patient either caused
by progressive disease and consecutive complications or by complications of the treatment
(e.g., postoperative death, toxicity of chemotherapy). Complete remission was defined
as no evidence of disease after the end of treatment. Partial remission was defined as
reduction of tumor size that changed the staging (e.g., change of unresectable to resectable,
complete resection of primary tumor with persisting distant disease). Overall survival (OS)
was defined as time from diagnosis to the last follow-up or death of a patient. Progression
free survival (PFS) was defined as time from diagnosis to increase of tumor size (primary
or metastatic), occurrence of new metastatic lesions or serious complications directly
associated with the disease, or treatment side effects.

3. Results
3.1. Literature Search and Study Selection

The study selection process is depicted in the PRISMA flow diagram (Figure 1). The
444 records found by the systematic literature search were screened for eligibility, and
another 13 studies were found by going through the reference lists of relevant studies.
Fifty-six studies were eventually included in our analysis, of which seven studies were
retrospective observational studies and 49 case reports or series. These studies provided
information for 118 patients, of which 55 were diagnosed with MRTL, 41 with SCUD and 22
with F-SCHB. The full list of all included studies is provided in the Supplementary Material
(File S2).

3.2. Critical Appraisal of Included Studies and Risk of Bias

In light of the rarity of the investigated liver tumors, conduct of prospective or large
studies is challenging, demands extensive organization and international coordination.
Therefore, no randomized controlled trials and no prospective studies that specifically
investigated MRTL, SCUD or F-SCHB have been conducted yet. Moreover, no study was
found that investigated clinical similarities or differences of patients with MRTL and SCUD.
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The certainty concerning the diagnosis of either MRTL, SCUD or F-SCHB was high
throughout all included studies. For the majority of the patients, inclusion in an oncologic
trial registry was explicitly reported (55%). This implied that the therapeutic regimens
were administered after consultation with a coordinating study center or patients received
predefined therapies according to a study protocol. Nevertheless, a large variety of ther-
apeutic approaches was found in the included studies, mirroring a lack of standardized
interventions for MRTL and SCUD. In contrast, all patients with F-SCHB received standard
regimens according to HB trials. Most of the included studies are case reports or small
series of pediatric patients. Case reports inevitably introduced selection bias. However,
the high percentage of reports with fatal outcome suggests that reporting bias for positive
results was limited. The quality of the case reports differed substantially. Five case series
had a low RoB. Detailed description of cases with complete data on patient characteristics,
therapy and outcome was provided. Most case reports had a moderate RoB (27/49), with
high selection bias, but detailed data on patient characteristics and outcome, with varying
quality concerning information of the applied therapies as well as follow-up data. Seven
studies were retrospective observational studies. One of them was a subgroup analysis
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of patients treated in the SIOPEL studies 1, 2 and 3 [24] with a low overall risk of bias
(13/16 points in MINORS). Despite the low number of patients (six cases), the studies by
Cornet et al. and Fazlollahi et al. provided interesting insights with detailed and com-
prehensive data on staging, histology, applied therapy and outcome [2,5]. The studies
by Haas et al. and Zhou et al. were important concerning the differentiation of F-SCHB
from SCUD and MRTL and had an acceptable RoB [9,15]. The studies by Lautz et al. and
Bajpai et al. had not been specifically designed to investigate MRTL or SCUD; however,
they provided adequate data for individual patients with MRTL/SCUD within their se-
ries [25,26]. Overall, most studies provided detailed descriptions of cases and an acceptable
to good level of data integrity. However, a lack of studies with higher caseloads is obvious,
as well as the absence of studies investigating the best suited classification and treatment
of SCUD and MRTL. The tables with RoB for all included studies are provided in the
Supplementary Material (Files S3 and S4). The Prisma IPD-checklist can be found in the
Supplementary Material (File S5).

3.3. Composition of Subgroups and Patient Characteristics

Of the 118 patients included in this analysis, 55 were diagnosed with MRTL, 41 with
SCUD and 22 with F-SCHB. The median age at diagnosis did not differ significantly between
patients with MRTL and those with SCUD (7 vs. 10 months, z-score −1.86, p = 0.061). The
median age of patients with F-SCHB was significantly higher than this of patients with
MRTL and SCUD (14 months, z-score −1.97, p = 0.049). In all three subgroups, there
was a predominance of male gender. Initial misdiagnosis, mostly as hepatoblastoma, was
frequently reported for patients who were diagnosed in the final pathology report with
MRTL (20 cases, 36%). Elevated alpha-feto protein (AFP) was typical for patients with
F-SCHB (73%) in contrast to patients with MRTL and SCUD (9% and 5%).

The vast majority of MRTL and SCUD patients presented with large and locally
advanced tumors (≥PRETEXT III in 71% and 78%, respectively). Salient is the high number
of patients with tumor rupture (before start of any treatment) in the MRTL subgroup
(9 cases, 16%). An overview of the patients characteristics is given in Table 1.

Table 1. Patient baseline characteristics.

MRTL n = 55 SCUD n = 41 F-SCHB n = 22

Median age [months] 7 (IQR 4–15, range 0–180) 10 (IQR 7–24, range 0–138) 14 (IQR 6–20, range 4–48)
Congenital tumor 3 (5%) 1 (2%) 0

Gender 33 males (60%) 31 males (76%) 15 males (71%)
Comorbidity 0 2 (5%) 3 (14%)

Initial misdiagnosis 20 (36%) 3 (7%) 1 (5%)
Elevated AFP 4 (7%) 2 (5%) 16 (73%)

Histology
Rhabdoid morphology 47 (85%) 4 (10%) 0

No rhabdoid morphology 8 (15%) 37 (90%) 22 (100%)
INI1-staining

Negative 30 (55%) 11 (27%) 0
Positive 0 1 (2%) 7 (32%)

Not available 25 (45%) 29 (71%) 15 (68%)
Staging

PRETEXT I 1 (2%) 0 1 (5%)
PRETEXT II 4 (7%) 5 (12%) 6 (27%)
PRETEXT III 20 (36%) 14 (34%) 0
PRETEXT IV 19 (35%) 18 (44%) 0
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Table 1. Cont.

MRTL n = 55 SCUD n = 41 F-SCHB n = 22

PREXTEXT not available 13 (24%) 4 (10%) 15 (71%)
Multifocal tumor 8 (15%) 4 (10%) 1 (5%)

Tumor rupture (before treatment) 9 (16%) 1 (2%) 0
Mean tumor size (largest diameter) 12 cm 9 cm 8 cm

Metastasis at diagnosis 22 (40%) 16 (39%) 1 (5%)
Invasion of major hepatic

veins/portal vein (reported) 9 (16%) 2 (5%) 1 (5%)

3.4. Differentiation of MRTL/SCUD from F-SCHB

While the analysis showed large overlap concerning patient characteristics, tumor
biology, and outcomes between MRTL and SCUD (see the following paragraphs), sev-
eral results showed clear distinction of F-SCHB from the other two. The median age of
14 months of patients with F-SCHB in our analysis is within the range of the typical age of
onset for hepatoblastoma that is described in the literature [27]. Patients with F-SCHB had
significantly less often metastasis at diagnosis compared to those with MRTL and SCUD
(MRTL vs. F-SCHB: OR 14.0, 95% CI 1.8–303.6, p = 0.002; SCUD vs. F-SCHB: OR 13.4,
95% CI 1.6–298.8, p = 0.003). In all F-SCHB with INI1 status available, INI1-staining was
positive for all tumor cells. In contrast, 100% of MRTL and 92% of SCUD with available
data on INI1 status were negative for INI1. While almost all F-SCHB showed response to
standard HB chemotherapy, most patients with MRTL and SCUD had disease progression
during chemotherapy (Response rate of MRTL vs. F-SCHB: 27% vs. 86%, OR 0.1, 95% CI
0.0–0.3, p < 0.001; SCUD vs. F-SCHB: 24% vs. 86%, OR 0.1, 95% CI 0.0–0.24, p < 0.001). The
survival rate of patients with F-SCHB differed significantly from the outcome of patients
with MRTL and SCUD. The mortality was 14% in the F-SCHB subgroup, versus 76% in
the MRTL, and 93% in the SCUD subgroup (MRTL vs. F-SCHB: OR 20.5, 95% CI 4.6–104.5,
p < 0.001; SCUD vs. F-SCHB: OR 80.2, 95% CI 12.1–709.5, p < 0.001, see Table 2 for details).
Two-year OS was significantly higher for F-SCHB compared to MRTL and SCUD (F-SCHB:
86%, MRTL: 22%, SCUD: 13%, p < 0.001, Figure 2). Given these significant differences
between F-SCHB on one side, and MRTL/SCUD on the other, F-SCHB was regarded as
a subtype of hepatoblastoma and as a distinct entity different from MRTL/SCUD in our
study. Consequently, the analysis focused on the investigation of possible similarities and
differences of MRTL and SCUD, with the main question of whether these tumors should
be classified as one entity.

Table 2. F-SCHB vs. MRTL/SCUD.

Synchronous Metastasis Response to Chemotherapy DRD

F-SCHB 1 (5%) 19 (86%) 3 (14%)
MRTL 22 (40%) OR 14.0, p = 0.002 15 (27%) OR 0.1, p < 0.001 42 (76%) OR 20.5, p < 0.001
SCUD 16 (39%) OR 13.4, p = 0.003 10 (24%) OR 0.03, p < 0.001 38 (93%) OR 80.2, p < 0.001

3.5. Comparison of MRTL and SCUD

Baseline patient data. The median age at diagnosis did not differ significantly between
the two subgroups of MRTL and SCUD (z-score = −1.87, p = 0.061). The rates of male
gender, non-elevated AFP, PRETEXT III or IV tumors, multifocal tumors, and metastasis at
diagnosis were all similar among the two subgroups, without any significant differences
(See Figure 3 for details).
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Histology. The vast majority of tumor diagnosed as MRTL had rhabdoid morphology.
However, eight patients (15%) were diagnosed with MRTL despite the absence of typical
rhabdoid tumor cells. Interestingly, there were four tumors with rhabdoid cells that were
classified as SCUD. All MRTL with available INI1 status were negative. Similarly, all but
one SCUD with available INI1 staining were negative. Important to note is that tumors
with a mixture of both, typical rhabdoid and small undifferentiated cells were reported.

Classification as MRTL or SCUD. The diagnostic criteria for MRTL and SCUD differed
across the included studies and case reports. In studies conducted before the identification
of SMARCB1 mutations with consecutive loss of INI1-positivity in immunohistochemistry,
the classification of liver tumors as MRTL were solely based on cytomorphology (i.e., pre-
dominance of rhabdoid tumor cells). With INI1 staining available and the discovery of loss
of INI1 in liver tumors without rhabdoid morphology, some centers and authors changed
their classification algorithm. In recent studies, some authors defined MRTL as liver tumors
with loss of INI1 independent of the presence of rhabdoid or small undifferentiated tumor
cells [2,5]. Others still adhered to the classification of small cell undifferentiated HB for tu-
mors without rhabdoid tumor cells, but INI1-negativity of undifferentiated cells [10,28,29].

Chemotherapy regimens. Many different chemotherapy regimens were applied in pa-
tients with MRTL and SCUD. Regimens that had been conceptualized, tested, or applied
mostly for soft tissue sarcoma were significantly more often applied in patients with tumors
diagnosed as MRTL compared to those with SCUD (20 vs. 4, OR 5.3, 95% CI 1.3–25.3,
p = 0.007, Figure 2). Most patients diagnosed with SCUD received hepatoblastoma-targeted
chemotherapy (26 patients, 65%. PLADO in 21 patients, 53%). A variety of different regi-
men were applied in both subgroups and many patients were treated with unstandardized
combinations of chemotherapeutic agents. See Table 3, Figures 4 and 5.

Table 3. Applied chemotherapy regimens.

MRTL n = 55 SCUD n = 41

Hepatoblastoma-targeted regimens
PLADO 3 21
CDDP 2 0
C5V 0 2

C5VD 2 3
CarboDV 2 0

Soft-tissue sarcoma-derived regimens
CEVAIE (+Cyclo) 5 0

ICE 5 0
VAC-IE 5 0

Other sarcoma regimens 5 4
Other regimens

DV5Cyclo 1 1
DVCyclo 2 0

EAP 3 0
Other (non-standardized) 18 9

Surgery. Upfront surgery was performed in 18% and 20% of the patient with MRTL
and SCUD, respectively. Overall, 29% (MRTL) and 27% (SCUD) underwent surgery after
neoadjuvant chemotherapy. In addition, 53% (MRTL) and 54% (SCUD) did not undergo
any kind of surgical tumor resection. In one patient with MRTL and in two patients with
SCUD, total hepatectomy with liver transplantation was performed. All other surgeries
were major liver resections. R0 resection was achieved in 46% of the operations in MRTL,
and in 68% of the operations in SCUD patients. Patients with MRTL and SCUD that did
not undergo surgical tumor resection had a significantly worse OS than those with upfront
resection or surgery after neoadjuvant chemotherapy (Table 4, Figures 6 and 7).
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Table 4. Therapy and details of surgery.

MRTL n = 55 SCUD n = 41 F-SCHB n = 22

Treated as HB 6 (11%) 40 (98%) 22 (100%)
Treated as MRTL 47 (85%) 0 0
Chemotherapy

No oncological treatment 2 (4%) 1 (2%) 0
CHT with neoadjuvant intent 43 (78%) 33 (80%) 3 (14%)

Adjuvant chemotherapy 24 (44%) 20 (49%) 21 (95%)
PLADO regime (only) 1 (2%) 20 (49%) 15 (68%)

Soft tissue sarcoma regime
No response 35 (64%) 29 (71%) 2 (9%)

Partial response 8 (15%) 9 (22%) 3 (14%)
Good response 7 (13%) 1 (2%) 16 (73%)

Data on response not available 5 (9%) 2 (5%) 1 (5%)
Surgery

Upfront surgery 10 (18%) 8 (20%) 19 (86%)
Surgery after chemotherapy 16 (29%) 11 (27%) 2 (9%)
No surgical tumor resection 29 (%53) 22 (54%) 1 (5%)

Reoperations 2 (4%) 3 (7%) 2 (9%)
Liver resection 25 (45%) 18 (44%) 20 (91%)

Liver transplantation 1 (2%) 2 (5%) 1 (5%)
R-status (Biopsies excluded)

R0 12 (22% of all, 46% of those
with surgery)

13 (32% of all, 68% of those
with surgery)

21 (95% of all, 100% of those
with surgery)

R1 10 (18% of all, 38% of those
with surgery)

5 (12% of all, 26% of those
with surgery) 0

R2 4 (7% of all, 15% of those
with surgery)

1 (2% of all, 5% of those
with surgery) 0

Radiotherapy
Adjuvant radiotherapy 3 (5%) 3 (7%) 0
Definitive radiotherapy 1 (2%) 0 0
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Figure 7. Multivariable Cox regression analysis with hazard ratios.

Outcome. Mean follow-up was 35 and 37 months for patients with MRTL and SCUD,
respectively (median 24 and 18 months, SD 34 and 41). Overall, 76% succumbed to the
disease in the MRTL subgroup (42 patient with DRD), and 93% died in the SCUD subgroup
(38 patients with DRD). Kaplan–Meier estimates for 2-year OS were 22% for MRTL (95%
CI 13–37) and 13% for SCUD (95% CI 5–31). This difference was not significant (p = 0.750).
Two-year OS for the two groups pooled was 16% (95% CI 10–27). Disease progression
during the initially therapy was observed in 56% of MRTL and 61% of SCUD patients.
Relapse occurred in 11 patients in the MRTL subgroup (20%) and in 16 patients in the
SCUD subgroup (39%). Mean time from (partial) remission to relapse was 5 months in the
MRTL and 4 months in the SCUD subgroup. See Table 5 for details on the outcome.

Table 5. Outcome.

MRTL n = 55 SCUD n = 41 F-SCHB n = 22

Mean/median Follow-up 35/24 months (SD 34) 37/18 months (SD 41) 85/84 months (SD 47)
Complete remission 14 (25%) 2 (5%) 21

Partial remission 10 (18%) 14 (34%) 0
Disease progression during

initial therapy 31 (56%) 25 (61%) 1 (5%)

Relapse 11 (20%) 16 (39%) 10 (45%)
Local relapse 9 (16%) 7 (17%) 0

Distant relapse 5 (9%) 9 (22%) 10 (45%)
Mean time to relapse 5 months 4 months 10 months

DRD 42 (76%) 38 (93%) 3 (14%)
Alive with disease 2 (4%) 1 (2%) 0

Disease free at last follow-up 11 (20%) 2 (5%) 19 (86%)
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Prognostic factors. Given the large overlap of patient characteristics, histopathologic
features, and tumor behavior of MRTL and SCUD shown in the previous section of this
study, the analysis of prognostic factors was performed under the hypothesis that MRTL
and SCUD are subtypes of one tumor entity. The classification of tumors as either MRTL
or SCUD was included in a multivariable cox regression analysis as a control variable, as
well as PRETEXT staging. The following factors were significant predictors of survival in
univariate analysis and thus included in the multivariable cox regression model (Figure 7):
Age (≤12 months/>12 months), Treatment period (1980–1995/1996–2005/After 2005), M-
status (no metastasis/metastasis present), Chemotherapy regimen (Hepatoblastoma/Soft
tissue sarcoma/Other), Timing of surgery (Upfront/After neoadjuvant Chemotherapy/No
surgery), R0 resection status (achieved/not achieved), Local radiotherapy (Yes/No). Age
≤ 12 months and absence of surgical tumor resection were significantly associated with a
higher risk of death. Patients who were treated with STS CT had a significantly reduced
risk of death (HR 0.14, 95% CI 0.05–0.40, p < 0.001). The classification as either MRTL or
SCUD was not an independent predictor of death.

In both subgroups, all patients that survived (disease free at last follow-up) underwent
surgical tumor resection with chemotherapy (mostly neoadjuvant and adjuvant). While
in both subgroups (total 96 patients) only seven patients received radiotherapy (RT) (7%),
three patients among the 11 disease free survivors were treated with adjuvant RT (27%).

4. Discussion

This is the first systematic review on MRTL and SCUD and the first study with clinical
comparison of those two very rare and highly aggressive liver tumors in children. The
largest number of cases with MRTL and SCUD hitherto reported in the literature was
analyzed. Both tumors have a devastating prognosis with mortality rates of 76% for MRTL
and 93% for SCUD. Our study demonstrates large overlap in onset and course of the
disease, demographic patient characteristics, response to therapy, and outcomes between
both tumor subtypes. In combination with the biological and genetic similarities between
MRTL and SCUD, that have been shown previously by expert pathologists [1,2,11,30], our
results support the hypothesis that SCUD belong the group of rhabdoid tumors rather
than being a subtype of hepatoblastoma. However, it must be acknowledged that further
genetical analyses of the two histological tumor types are necessary to gain further certainty
concerning the possible classification as one entity. While some improvement in the
management of MRTL has been achieved by applying chemotherapeutic regimens that
are specific for soft tissue sarcoma, classical hepatoblastoma chemotherapy proved to be
ineffective for both MRTL and SCUD. Moreover, surgical tumor resection is essential for
preserving a chance of cure for the affected patients.

4.1. Importance of INI1-Status and Its Clinical Relevance

The diagnosis of MRTL is difficult, which is mirrored by more than one third of
patients that were initially misdiagnosed as HB. INI1-status emerged as an important
diagnostic tool to corroborate a suspected diagnosis of MRTL, which otherwise relied on
cytomorphology [31]. Pathology reviews and analysis of tumor biobanks have repeatedly
described the histopathological overlap of MRTL and SCUD, and in particular the loss of the
INI1 also in tumors classified as SCUD [1,2,32]. These findings are confirmed by our meta-
analyses. Our study showed that some centers concluded that SCUD are in fact rhabdoid
tumors and have already changed classification and treatment algorithm accordingly,
while others stuck to the classification as “small cell undifferentiated hepatoblastoma” [10]. As
mentioned above, current classifications of pediatric liver tumors do not yet recommend
classifying and treating SCUD as MRTL, even when loss of INI1 is demonstrated [12–14].
Furthermore, our results show that HB with focal small cell histology have preserved
INI1 expression within the small cell areas and are associated with a significantly better
prognosis than those liver tumors with loss of INI1. F-SCHB typically respond to HB
chemotherapy and must be strictly distinguished from MRTL or SCUD. F-SCHB should be
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classified as a subtype of HB and be treated within HB trials. The clinical relevance and
prognostic value of small cell areas needs to be further investigated.

4.2. Why SCUD Should Be Classified as MRTL

Several studies on large cohorts of HB patients confirmed the significantly worse
prognosis for patients with SCUD treated in HB-trials compared to all other histological
subtypes [8,33]. Similarities between SCUD and MRTL haven been mentioned for already
over 10 years. In 2009, Trobaugh-Lotrario et al. presented a review of historical cases
of SCUD together with selected cases from personal communication [34]. The authors
did not separately analyze F-SCHB and SCUD, however, they suggested that at least a
subset of patients with liver tumors presenting small cell undifferentiated histology, might
be more similar to rhabdoid tumors than to HB. Other authors supported these findings,
albeit mainly based on histological investigations rather than analyses of clinical and
therapeutical relevance [1,11,30]. For rhabdoid tumors of the central nervous system, it has
long been recognized that rhabdoid morphology is only present in a subset of all rhabdoid
tumors and small cell types are also encountered [35]. However, the classifications of
pediatric liver tumors has not been changed concerning SCUD so far [13]. Our study
demonstrated not only (immuno)histological, but also large clinical overlap between MRTL
and SCUD. Several insights of our analyses substantiate the hypothesis that MRTL and
SCUD belong to the same tumor entity and that SCUD may not be treated as a subtype of
HB. Detailed histological examinations of tumors showed that mixed forms with typical
rhabdoid morphology and small undifferentiated cells exist within one tumor [1,36]. We
showed that the two patient groups do not differ significantly in relevant categories, such
as patient age, elevation of AFP, INI1 status, and tumor stage at diagnosis. Significant
differences were only found in the applied treatments: most patients with tumors classified
as SCUD were treated with HB chemotherapy, while MRTL has increasingly been treated
with STS CT in recent years. It is important to note that some tumors without rhabdoid
morphology, but loss of INI1 were classified and treated as MRTL by some authors. At the
same time, others classified and treated such tumors as SCUD [10]. These unstandardized
classifications and treatments emphasize the need for recommendations concerning the
best suited classification and therapy for these rare tumors. Our results clearly prove that
classical HB chemotherapy is not only unsuited for MRTL, but also largely ineffective
in SCUD. Less than 10% of patients with SCUD and therapy with HB chemotherapy
showed treatment response. The rate of patients treated with HB chemotherapy was
significantly higher in the SCUD than in the MRTL subgroup. Based on the hypothesis that
HB chemotherapy is not a suited treatment in SCUD, the even worse outcome in the SCUD
subgroup compared to patients with tumors classified as MRTL (mortality 93% vs. 76%)
might be explained to some extent. In the MRTL subgroup, a significant higher number
of patients were treated with STS CT, which proved to significantly reduce the risk of
death. 50% of the MRTL patients who were treated with STS CT survived the disease.
Notably, two of three patients with tumors missing typical rhabdoid morphology but
showing INI1 negativity, survived disease free after therapy with STS CT. These findings
strongly reinforce the recommendation of classifying and treating tumors with small cell
undifferentiated histology and loss of INI1 as malignant rhabdoid liver tumors.

4.3. Predictive Factors and Recommendations for Therapy

Age at diagnosis. Early onset of the disease was associated with poorer outcome in our
analyses. While this significant result is described for malignant rhabdoid tumor of the liver
for the first time, younger age has already been identified as a negative predictor of survival
in previous studies on rhabdoid tumors at various primary sites [4]. To some extent, this
can be explained by a subset of cases with congenital or neonatal tumors in children with
germline mutations of the SMARCB1 gene and consecutive rhabdoid tumor syndrome.
Moreover, aggressive therapies are less likely to be administered in neonatal or very young
patients, which might further decrease the chances for survival of these children.
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PRETEXT staging. Interestingly, PRETEXT staging was not predictive for survival of
patients with MRTL and SCUD. However, given the rapid progression of these tumors,
the vast majority of patients are diagnosed with large and locally advanced tumors of
PRETEXT III or IV. This weakens the validity of this staging method that has been validated
for HB. Only 10% of MRTL and SCUD were staged as PRETEXT I or II.

The role of surgery. A disease-free survival was only observed in 13 patients with MRTL
or SCUD, all of which were treated with chemotherapy and surgical tumor resection. Three
of them received additional radiotherapy. To date, a chance of cure for these aggressive
liver neoplasms is only preserved if multimodal therapeutic regimens are applied, in which
surgical tumor resection is an integral part. This finding was further emphasized by the
fact that patients without any surgical tumor resection had a significantly increased risk of
death in the multivariable cox regression analysis. The role of radiotherapy in the treatment
of MRTL and SCUD has to be further investigated. Initial evidence presented by our study
suggests that there is in fact an important role for radiation in the treatment of these tumors.

Soft tissue sarcoma chemotherapy. Patients with MRTL and SCUD who were treated
with STS CT had a significantly reduced risk of death. The majority of the disease-free
survivors were treated with STS CT. Our results show that these regimens are to date the
best suited chemotherapeutic treatments available for MRTL. Our study strongly suggests
that also for patients with small cell undifferentiated, INI1 negative liver tumors should
be treated with these protocols. However, further studies are highly needed given the
small number of these cases treated with STS CT. The most applied STS CT regimens
were CEVAIE, ICE and VAC-IE. CEVAIE and VAC-IE achieved better results than ICE.
However, this can only be regarded as initial evidence and further investigations of the
best suited regimens are required. Within the European Paediatric Soft Tissue Sarcoma
Study Group Non-Rhabdomyosarcoma Soft Tissue Sarcoma 2005 Study (EpSSG NRSTS
2005, Padua, Italy), the largest number of patients with extra-cranial rhabdoid tumors
hitherto reported (100 patients) were treated according to a soft tissue sarcoma protocol, of
which 43 completed the treatment protocol [4]. Three-year OS was 38% among the whole
cohort, who were treated with a regimen consisting of vincristine, cyclophosphamide,
doxorubicin, carboplatin, and etoposide. Surgery and radiotherapy were not performed
in a standardized algorithm, which limited the possible conclusions from this study, that
only provide aggregated patient data [4]. Moreover, given the very different primary
tumor sites included in this study, particularities of the manifestation in certain locations,
such as the liver, were not investigated. Currently, many patients with rhabdoid tumors
in Europe are treated according to the protocol of the European Rhabdoid Registry (EU-
RHAB). Rhabdoid liver tumors are subsumed under the category “Rhabdoid Tumors of
Soft Tissue”. The standard chemotherapy regimen for these tumors in EU-RHAB consists of
Doxorubicin plus Ifosfamide-Carboplatinum-Etoposide (ICE) plus Vincristine-Actinomycin
D-Cyclophosphamide (VAC) [37]. Subgroup outcomes of patients with MRTL with the
treatments prescribed by EU-RHAB have not been investigated or published yet.

The role of radiotherapy. While the importance of radiation has been shown to atypical
teratoid/rhabdoid tumors of the CNS [38,39], the potential harms or benefits of radio-
therapy have not been clearly demonstrated for extracranial, and in particular rhabdoid
tumors of the liver. Results of comparatively large series of patients with extracranial
rhabdoid tumors of various primary sites suggest that local radiotherapy improves the
prognosis [40,41], albeit the results being heterogenous and optimal timing, dosage and
modalities remain unclear [42]. Local radiotherapy was only applied in 7 of 96 patients
with MRTL/SCUD in our analysis (7%), which limited the possible conclusions concern-
ing the impact of radiotherapy on the outcome of children with rhabdoid tumors of the
liver. Among the 11 disease free survivors, three patients received adjuvant radiotherapy
(27%). Further studies are needed to elucidate the role of radiation in the treatment of
these tumors.
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4.4. Status Quo and Prospect for Therapeutic Approaches

MRTL and SCUD are very rare liver tumors in children with a grim prognosis until
the present. Initial misdiagnosis and unstandardized therapies slow down progress in the
treatment of these challenging cases. Based on the hypothesis that MRTL and SCUD belong
to the same entity, they account for about 5% of all primary liver tumors in children. At
present, no treatment protocol or trial specifically designed for MRTL or SCUD, is being
conducted. The classification, diagnostic algorithm, and therapy for these tumors has not
been standardized internationally.

The European Rhabdoid Registry (EU-RHAB) has been founded in 2007 with the aim
of establishing a central database for all cases of rhabdoid tumors in Europe in order to
develop structured diagnostic and therapeutic protocols [37]. Remarkable insights have
been yielded by this initiative, that formed the basis for improvement of the prognosis of
patients with rhabdoid tumors. However, oncological registries that include tumors with
various primary sites run the risk of missing details and important characteristics of certain
primary locations. Concerning the case of rhabdoid liver tumors, this is exemplified by the
fact that the important question of whether INI1-negative SCUD should be classified and
treated as MRTL has not been specifically addressed and investigated in EU-RHAB so far.
Similar concerns apply to the EpSSG NRSTS 2005 study. We strongly encourage clinicians
and researcher that future trials investigating MRTL should include patients with tumors
formerly classified as SCUD.

While improvement in the prognosis has been achieved by multimodal therapy includ-
ing STS CT or high-dose chemotherapy, extensive surgery and radiotherapy, there is still a
large part of patients with rhabdoid tumors that do not respond to conventional multimodal
therapy [43]. Thus, new approaches are desperately needed. The molecular biology of
rhabdoid tumors is comparatively well described and understood. There is a substantial
number of potential molecular targets and possible inhibitors, mostly focusing on the
SMARCB1-related pathways, that have even been investigated in in vitro studies [43,44].
This promised dramatic improvements in the therapy and prognosis of patients suffering
from rhabdoid tumors. However, breakthrough therapeutical innovations have failed to
materialize so far [43]. The reasons for this shortcoming are manifold and complex, among
them being the rarity of the disease and the additional constraints of conducting clinical
trials in pediatric populations. Clinical data with promising results is lacking or studies did
not meet efficacy endpoints and were terminated early [43,45]. For the time being, expert
opinion strongly recommends treating pediatric patients with rhabdoid tumor according to
existing multimodal treatments regimens, given that a part of these patient will respond
well to this therapy [43]. For those with primary or secondary resistance to standard
regimens, well designed studies with new agents are highly needed.

4.5. Certainty of Evidence and Strength of Recommendations

The certainty of evidence produced by this systematic review must be evaluated in
the context of an extremely rare disease and the low level of existing evidence. All existing
and included studies were non-comparative, thus limiting the evidence to a low level and
the strength of recommendations based on this study is conditional. However, our study
provides a comprehensive overview of all reported cases of MRTL and SCUD and thus
an evidence base for several recommendations and future trials. In particular, a uniform
classification of MRTL and SCUD with consecutive standardized treatment can be based
on our results. Our study represents the highest level of evidence existing for these rare
pediatric liver tumors.

5. Key Insights and Messages

â Results of this meta-analysis strongly suggest that SCUD should be treated with the
same therapeutic strategies as MRTL;

â The term small cell undifferentiated hepatoblastoma is misleading and should
be abandoned;
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â SCUD and MRTL are associated with alarming mortality rates;
â Hepatoblastoma regimens are unsuited for both SCUD and MRTL;
â Soft tissue sarcoma chemotherapy is the best suited therapy to date for MRTL;
â Surgical resection is vital to maintain a chance of cure for children with MRTL

and SCUD.
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Abbreviations

AFP Alfa-fetoprotein
C5V Chemotherapy regimen consisting of Carboplatin, 5-flururacil and Vincristine

C5VD
Chemotherapy regimen consisting of Carboplatin, 5-flururacil, Vincristine and
Doxorubicin

CarboDV Chemotherapy regimen consisting of Carboplatin, Doxorubicin and Vincristine
CDDP Chemotherapy regimen consisting of Carboplatin

CEVAIE
Chemotherapy regimen consisting of Carboplatin, Epirubicine, Vincristine,
Ifosfamide (with Mesna), Actinomycin D and Etoposide.

CNS Central nervous system
COG Children’s Oncology Group
CT Chemotherapy
DRD Disease related death

DV5Cyclo
Chemotherapy regimen consisting of Doxorubicin, Vincristine, 5-flururacil and
Cyclophosphamid

DVCyclo
Chemotherapy regimen consisting of Doxorubicin, Vincristine and
Cyclophosphamid
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EAP Chemotherapy regimen consisting of Etoposide, Doxorubicin and Cisplatin
EPSSG European Paediatric Soft Tissue Sarcoma Study Group
EU-RHAB European Rhabdoid Registry
F-SCHB Hepatoblastoma with focal small cell histology
HB Hepatoblastoma
HB CT Hepatoblastoma chemotherapy
HR Hazard ratio
ICE Chemotherapy regimen consisting of Ifosfamide-Carboplatinum-Etoposide
IQR Interquartile range
MRTL Malignant rhabdoid liver tumor
OS Overall survival
PFS Progression free survival
PLADO Chemotherapy regimen consisting of Cisplatin and Doxorubicin
PRETEXT Pretreatment extent of disease
RoB Risk of bias
SCUD Small cell undifferentiated liver tumor
SD Standard deviation
SR Systematic review
STS CT Soft tissue sarcoma chemotherapy

VAC
Chemotherapy regimen consisting of Vincristine, Actinomycin-D and
Cyclophosphamide

VAC-IE
Chemotherapy regimen consisting of Vincristine, Doxorubicin,
Cyclophosphamide, Ifosfamide and Etoposid
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Simple Summary: The tumor metastasis in the bone marrow or other organs in high-risk neuroblas-
toma patients is a serious problem to tackle and strongly impairs the survival of patients. Novel and
effective targets for the treatment of neuroblastoma, especially tumor metastasis, need to be explored.
Using multiple databases and analysis methods, LPAR1 was screened out through our comprehen-
sive bioinformatics analysis and found to be positively associated with survival of neuroblastoma
patients. LPAR1 was proved to be reduced in neuroblastoma cells compared with non-mailgant cells.
LPA-LPAR1 axis showed migration-inhibitory effects on neuroblastoma cells, suggesting that LPAR1
may be a potential target for future treatment of neuroblastoma.

Abstract: Neuroblastoma is the most common extracranial solid tumor in children. Tumor metastasis
in high-risk NB patients is an essential problem that impairs the survival of patients. In this study,
we aimed to use a comprehensive bioinformatics analysis to identify differentially expressed genes
between NB and control cells, and to explore novel prognostic markers or treatment targets in tumors.
In this way, FN1, PIK3R5, LPAR6 and LPAR1 were screened out via KEGG, GO and PPI network
analysis, and we verified the expression and function of LPAR1 experimentally. Our research verified
the decreased expression of LPAR1 in NB cells, and the tumor migration inhibitory effects of LPA on
NB cells via LPAR1. Moreover, knockdown of LPAR1 promoted NB cell migration and abolished
the migration-inhibitory effects mediated by LPA-LPAR1. The tumor-suppressing effects of the
LPA-LPAR1 axis suggest that LPAR1 might be a potential target for future treatment of NB.

Keywords: LPAR1; neuroblastoma; LPA; tumor metastasis; bioinformatics analysis

1. Introduction

Neuroblastoma (NB), an embryonic tumor of the sympathetic nervous system that
arises in the fetus or early after birth from sympathetic cells produced by the neural crest, is a
significant cause of childhood death [1]. Although some NBs automatically degenerate and
have a good prognosis, tumor metastasis in the bone marrow or other organs in high-risk
NB patients is still an essential problem to tackle [2,3]. It is necessary to find novel, effective
targets for the treatment of NB, especially tumor metastasis. Microarray technology and
bioinformatics analysis are increasingly used to explore the significant genetic or epigenetic
variations in tumors and determine cancer diagnoses and prognoses, as well as determine
treatment targets [4]. In this study, we aimed to identify novel diagnostic biomarkers or
therapeutic targets and determine the pathogenesis in NB using bioinformatics analysis
and experimental verification.
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The Gene Expression Omnibus (GEO) is an international public knowledge base for
archiving and distributing microarrays, next-generation sequences and other forms of
high-throughput functional genomic data free of charge [5]. We accessed publicly available
data on NB cells and non-malignant control cells and screened differentially expressed
genes (DEGs) subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) analyses. The Protein-Protein Interaction (PPI) network and Molecular
Complex Detection (MCODE) plug-in were further employed to boil down the critical DEGs
including FN1, PIK3R5, LPAR6 and LPAR1. Through an investigation into the expression
patterns and potential regulating functions of the screened genes in NB cells, our research
mainly focused on exploring the expression and function of LPAR1.

LPAR1 is a member of the G protein-coupled receptor family of lysophosphatidic acid
(LPA) receptors (LPARs), including LPAR1 to LPAR6 [6]. LPA is a small phospholipid
generally found in serum, ascitic effusions and inflammatory fluids [7]. LPA acts as
an extracellular signaling molecule by binding to and activating its receptors LPARs,
thereby exerting regulating functions in cellular proliferation/migration/survival, vascular
homeostasis, stromal remodeling, lymphocyte trafficking and immune regulation [8–10].
Aberrant LPAR1 expression was evident in a variety of cancer cell lines and primary
tumors [6]. LPAR1 was significantly downregulated in prostate cancer, and high LPAR1
expression was correlated with a favorable overall survival [11]. Furthermore, LPAR1
was reported to mediate migration- or invasion-inhibiting signals in prostate cancer [7],
gastric cancer [12] and pancreatic cancer [13]. In a rat neuroblastoma cell line or mouse
fibroblast cell line, overexpression of LPAR1 also markedly decreased intrinsic cell motility
and invasion [14,15].

Our results show the decreased expression of LPAR1 in NB cells, demonstrating that
LPA can exert tumor migration-inhibitory effects on NB cells via LPAR1. Knockdown
of LPAR1 also promotes NB cell migration and abolishes the migration-inhibitory effects
mediated by LPA-LPAR1.

2. Materials and Methods
2.1. Microarray Data Collection and Preprocessing

We searched the microarray gene expression datasets associated with neuroblastoma
from GEO (https://www.ncbi.nlm.nih.gov/geo/ (accessed on 27 November 2021) for
the study. GEO, NCBI’s publicly available genomics database, which collects submitted
high-throughput gene expression data, was thoroughly queried for all datasets involving
studies on NB. Datasets were related to a neuroblastoma group and a negative control
group in humans. Our inclusion criteria were as follows: (1) Expression profiling data
by microarray; (3) Complete microarray normalized data. Ultimately, we chose six NB
cells from GSE28019, GSE16477 and GSE90804 and three non-malignant control cells from
GSE10592, GSE24733 and GSE57864, using the raw data in our study. The data were based
on the [HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array Plate. First, the
dataset was quality-controlled before differential genetic screening analysis, which included
use of the “affyPLM” package in R software (R version 4.0.4) to verify the conformance of
parallel trials. Then, a robust multi-array averaging (RMA) algorithm was applied using
the “affy” package in R to convert the raw array of data into expression values and to
perform background correction, normalization and probe summarization [16,17]. Both a
p-value < 0.01 and log2 fold change >2.1 were considered critical for DEG screening based
on the paired t-test of the “limma” R package [18].
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2.2. Functional and Pathway Enrichment Analysis of Neuroblastoma-Specific DEGs

GO is a community-based bioinformatics resource that supplies information about
gene product functions, using ontologies to represent biological knowledge [19], thereby
informing us what kinds of biological functions genes have. It mainly consists of three
categories: cell composition (CC), molecular function (MF) and biological process (BP).
KEGG is a knowledge base for the systematic analysis of gene functioning, linking genomic
information with higher-order functional information. Genomic information is stored in the
Gene Database, a collection of gene catalogs of all sequenced genomes and partial genomes,
with updated annotations of gene functions [20]. GO and KEGG analyses can be found
in the DAVID database (DAVID version 6.8; https://david.ncifcrf.gov/ (accessed on 27
November 2021)), which is a fully functional annotation tool providing a comprehensive set
of functional annotation tools for investigators to use to understand the biological meaning
behind a long list of genes [21]. A p-value < 0.05 was taken as the critical value when
identifying DEGs using official gene symbols.

2.3. PPI Networks

An online biological database STRING (https://string-db.org (accessed on 27 Novem-
ber 2021), Version 11.0), from which we obtained information on protein co-expression,
is well known for supporting protein co-expression prediction based on known and pre-
dicted gene PPI networks for the analysis of functional interactions between proteins [22].
In this work, PPI networks of co-expressed genes were established using the STRING
database, and we considered interaction with a joint score >0.4 to be statistically signif-
icant. Then, the resulting network data were imported into local software Cytoscape
(https://cytoscape.org/ (accessed on 27 November 2021), version 3.8.2) to be further
visually analyzed. The functional interactions between proteins provide insights into
the mechanisms of disease development, which we can access by visualizing molecu-
lar interaction networks and biological pathways and integrating these networks with
annotations [23], gene expression profiles and other state data.

2.4. The PPI Networks and Module Selection

Clustering coefficients were calculated by the Molecular Complex Detection (MCODE)
plugin in Cytoscape, and modularity was used to identify modules in the co-occurrence
networks [24]. The Degree and Betweenness are factors of the topological algorithm and
shortest path, respectively. We used degree cut-off = 2, node score cut-off = 0.2, k-core = 2
and max. depth = 100 as the MCODE plug-in default parameters.

2.5. Cell Lines

Neuroblastoma cell lines SH-SY5Y, SK-N-BE2 and IMR-32, and non-malignant cell
lines RPE-1, HBE and HEK293T, were purchased from the American Type Culture Col-
lection (Manassas, VA, USA). CHLA-255 cells were kindly provided by Prof. Shahab
Asgharzadeh from the Children’s Hospital Los Angeles. SH-SY5Y, SK-N-BE2, RPE-1, HBE
and HEK293T were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Corning
Incorporated, Corning, NY, USA) supplemented with 10% FBS (fetal bovine serum, Gibco,
Invitrogen, Carlsbad, CA, USA) and 1% penicillin/streptomycin, IMR-32 was cultured
in minimum essential medium (MEM) (Corning Incorporated, Corning, NY, USA) and
CHLA-255 was cultured in Iscove’s DMEM (IMEM) (Corning Incorporated, Corning, NY,
USA). Cells were cultured at 37 ◦C in a humidified cell incubator with 5% CO2.

2.6. Transient Transfection of siRNA

Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA) was used to transfect
the cells with LPAR1 siRNA. To facilitate transfection, the cells were seeded to 60% con-
fluence on a six-well plate during transfection. The next day, siRNA was transfected
using RNAiMAX and Opti-MEM according to the manufacturer’s instructions. Cells were
harvested or subjected to other experiments after 48 h.
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2.7. PCR and Real-Time PCR

The total RNA from cells was isolated using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). Reverse transcription was performed according to standard protocols using a
RevertAid™ II First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific Inc., Waltham,
MA, USA). PCR and real-time PCR were performed as previously described [25]. The
amplification conditions of real-time PCR were as follows: 10 min initial denaturation at
95 ◦C, then 40 cycles of 15 s at 95 ◦C and 1 min at 60 ◦C. The relative quantity (RQ) was
calculated by the 2∆∆Ct method. GAPDH was amplified as an internal standard.

The primer sequences for PCR are listed below:
LPAR1-F, 5′-AATCTATGTCAACCGCCGCT-3′

LPAR1-R, 5′-GTCAATGAGGCCCTGACGAA-3′

LPAR3-F, 5′-TTAGGGGCGTTTGTGGTATG-3′

LPAR3-R, 5′-CCTTGTAGGAGTAGATGATGGGGT-3′

LPAR6-F, 5′-CTGCGTCCTCAAAGTCCGAA-3′

LPAR6-R, 5′-CCAAATGGCCAATTCCGTGT-3′

The primer sequences for real-time PCR are listed below:
LPAR1-F, 5′-TCAACTCTGCCATGAACCCC-3′

LPAR1-R, 5′-ACTCCAGCCAAGATGGTGTG-3′

2.8. Cell Proliferation Assay

A Cell Counting Kit-8 (CCK8) detection kit (Dojindo Molecular Technologies, Japan)
was used for measuring the cell proliferation; the cell number was directly proportional
to the amount of formazan dye detected by the absorbance at 450 nm. Cells were seeded
in 96-well plates at a concentration of 8000 cells per well (10,000 cells per well for CHLA-
255 cells) and cultured in a complete culture medium with 10 µM LPA, LPA plus 10 µM
Ki16425 or Ki16424 alone. At the indicated times, 10 µL of CCK-8 solution was added
to each well. The plate was then incubated at 37 ◦C for 120 min, and the absorbance
was detected.

2.9. Wound-Healing Assay

Cells were seeded in a six-well plate with 10 µM LPA, LPA plus 10 µM Ki16425 or
Ki16425 alone, grown to about 80% confluence and a wound was carefully scraped with a
sterilized pipette tip in the cell monolayer. After replacement with a fresh complete culture
medium, photomicrographs were taken immediately, as well as 72 h after scraping. The
wound widths in the pictures were measured using ImageJ software. The percentage of cell
migration was calculated based on the ratio of wound width at 72 h and the initial wound
width at 0 h.

2.10. Cell Migration Assay

Transwell chambers (8 µm pore size, BD Biosciences, NJ, USA) were used to measure
cell migration. The cells were cultured in a serum-free culture medium for 12 h and
then seeded in the upper chamber at a density of 1 × 105 cells per well in 250 µL serum-
free DMEM medium with 10 µM LPA, LPA plus 10 µM Ki16425 or Ki16425 alone. The
appropriate complete culture medium was added to the lower chamber. After incubation
at 37 ◦C with 5% CO2 for 24 h, the chambers’ contents were collected. The membranes
were then fixed with 4% paraformaldehyde in PBS and stained with 2% crystal violet for
10 min. Photomicrographs were taken and the absolute cell numbers were counted from
images captured by a microscope (100×magnification) (IX73, Olympus, Tokyo, Japan).

2.11. Statistical Analysis

Statistical comparisons were performed using GraphPad Prism software (version 8.0)
(GraphPad Software Inc., San Diego, CA, USA). Student’s t-test was used to analyze
the data. Error bars represented the SEM. Significant differences between groups were
represented by * p < 0.05, ** p < 0.01, and *** p < 0.001.
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3. Results
3.1. Identification of DEGs Using mRNA Microarray Data Analysis and GO/KEGG
Enrichment Analysis

After collecting the mRNA microarray data of six NB cell lines (data for SH-SY5Y,
SK-N-BE2 and IMR-32 cells from three different datasets) and three non-malignant cell
lines (data of PRE-1, HBE and HEK293T cells from three different datasets) from the GEO
database, we first performed relative log expression (RLE) boxplots analysis, and the
results suggested the normalized raw data (Figure 1A). All DEGs were screened using R
software (R version 4.0.4) based on an adjusted p-value < 0.01 and log2 fold change >2.1.
Clustering analysis of these DEGs was performed using volcano plots (Figure 1B). A
total of 5492 DEGs were identified from the six NB samples and the other three non-
malignant control cell samples, including 38 upregulated DEGs and 5454 downregulated
DEGs (Supplementary Table S1). To further our understanding of the functions of the
screened DEGs, we conducted GO/KEGG enrichment analysis. All DEGs were included
in the functional enrichment analysis using the DAVID database and visualized using R
software. The results showed that the NB sample group had a unique GO condition. As
shown in Figure 1C–E and Table 1, pathways related to extracellular matrix organization,
angiogenesis, cell adhesion, positive regulation of NF-κB signaling, regulation of cell
proliferation, regulation of PI3K signaling and activation of MAPK activity were enriched in
GO BP analysis, and the plasma membrane, cell surface, proteinaceous extracellular matrix,
cell-cell junction, focal adhesion for GO CC, calcium ion binding, receptor activity, PIK3Ca
activity and cytokine receptor activity for GO MF. In terms of KEGG pathway analysis, in
Figure 1F and Table 2, the NB group enriched unique pathways such as cytokine-cytokine
receptor interaction, cell adhesion molecules (CAMs), the Jak-STAT signaling pathway,
NF-kappa B signaling pathway, focal adhesion, the PI3K-Akt signaling pathway, pathways
in cancer and the MAPK signaling pathway.

Table 1. GO analysis of DEGs.

Category GO ID Term Gene ID p-Value

BP GO:0030198 Extracellular matrix organization VIT, ITGB4, TNC, F11R, TNF, DAG1 1.08 × 10−8

BP GO:0001525 Angiogenesis CIB1, CTGF, LEPR, SYK, EREG, TGFA 1.22 × 10−7

BP GO:0007155 Cell adhesion TNC, COMP, TNR, FEZ1, CD151, LPP 2.70 × 10−6

BP GO:0043123 Positive regulation of NF-κB signaling TNF, CCR7, LTF, IRF3, LPAR1, NEK6 1.89 × 10−5

BP GO:0042127 Regulation of cell proliferation TES, CXCL3, JAK1, FGR, ACE2, LCK 1.06 × 10−5

BP GO:0014066 Regulation of PI3K signaling KLB, EGFR, IER3, BTC, NRG4, IRS1 5.35 × 10−5

BP GO:0030335 Positive regulation of cell migration ILK, PLAU, FGR, LEF1, CCL7, DAB2 3.02 × 10−4

BP GO:0000187 Activation of MAPK activity LPAR1, PLCE1, GRM4, WNT5A, MOS 0.003828
CC GO:0005886 Plasma membrane SLA2, LIPH, AR, ACE2, FPR3, MYO6 2.53 × 10−25

CC GO:0009986 Cell surface LIPG, KRT4, BST2, TF, CALR, SHH 1.58 × 10−4

CC GO:0005578 Proteinaceous extracellular matrix GLDN, TNR, LOX, PI3, CILP, CALR 1.66 × 10−10

CC GO:0031090 Organelle membrane FAAH, TFPI, FMO1, FA2H, CYP2S1 3.28 × 10−7

CC GO:0005911 Cell-cell junction MLC1, KRT8, DSG2, TLN1, VCL 9.37 × 10−5

CC GO:0005925 Focal adhesion TNC, PVR, TNS4, EZR, PXN, CALR 0.002148
CC GO:0005789 Endoplasmic reticulum membrane ALG1, POR, HPD, RCE1, PIGS, PIGZ 0.008747
MF GO:0005509 Calcium ion binding SYTL2, REG4, AIF1L, EHD1, CALR 2.32 × 10−6

MF GO:0004872 Receptor activity PVR, THBD, TLR1, LRP1, CALCR 1.06 × 10−6

MF GO:0046934 PIK3Ca activity KLB, PIK3R5, EGF, BTC, LCK, NRG4 7.22 × 10−5

MF GO:0004896 Cytokine receptor activity FLT3, MPL, CSF2RB, OSMR, CD44 0.001221

As summarized in our results, the PI3K pathway was enriched and activated in the
NB group, and the PI3K pathway is generally known to activate Akt and further mediate
multiple biological effects [26], including those involved in cell proliferation, apoptosis
inhibition, cell migration and cell cancerous transformation, contributing much to tumori-
genesis. Therefore, we subsequently screened overlapped DEGs that were statistically
significant in both the PI3K-Akt signaling pathway and pathways in cancer, and 51 further
screened DEGs were shown in the heatmap (Figure 1G).
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Figure 1. Identification of DEGs using mRNA microarray data analysis and GO/KEGG enrichment 
analysis. (A) Boxplots of RLE indicate the normalized raw data of microarray gene expression da-
tasets. (B) Volcano plot distribution of all DEGs, with red points for the screened upregulated DEGs 
and green points for the screened downregulated DEGs. (C–E) Bubble chart visualization for GO 
analysis of all DGEs in NB cells and non-malignant cells. GO BP analysis (C), GO CC analysis (D) 

Figure 1. Identification of DEGs using mRNA microarray data analysis and GO/KEGG enrichment
analysis. (A) Boxplots of RLE indicate the normalized raw data of microarray gene expression
datasets. (B) Volcano plot distribution of all DEGs, with red points for the screened upregulated
DEGs and green points for the screened downregulated DEGs. (C–E) Bubble chart visualization for
GO analysis of all DGEs in NB cells and non-malignant cells. GO BP analysis (C), GO CC analysis (D)
and GO MF analysis (E). (F) KEGG pathway analysis of unique DEGs in NB cells and non-malignant
cells. (G) Hierarchical clustering analysis (heatmap) of 51 DEGs overlapping between PI3K-Akt
pathways and pathways in cancer.
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Table 2. KEGG pathway analysis of DEGs.

KEGG ID Term Gene ID p-Value

hsa04060 Cytokine-cytokine receptor interaction MPL, EDAR, NGFR, LIF, EDA, PRL 2.59 × 10−18

hsa04514 Cell adhesion molecules (CAMs) PVR, SPN, CTLA4, CD8A, SELP 1.01 × 10−5

hsa04630 Jak-STAT signaling pathway OXTR, LEPR, LPAR1, MC2R, PLG 4.98 × 10−5

hsa04668 TNF signaling pathway RELA, JUN, EDN1, JAG1, MLKL 2.38 × 10−6

hsa04064 NF-kappa B signaling pathway PTGS2, RELA, PLAU, SYK, LTBR 0.002268
hsa04510 Focal adhesion MYLK, TNR, VWF, VCL, SRC, SPP1 0.002427
hsa04151 PI3K-Akt signaling pathway TP53, LPAR1, CHAD, PCK1, PRL 0.005575
hsa05200 Pathways in cancer MITF, TP53, LPAR1, LPAR6, FLT3 0.011031
hsa04010 MAPK signaling pathway FOS, TP53, RRAS, FLNB, NTRK2 0.037591
hsa04020 Calcium signaling pathway RYR1, OXTR, PLCE1, ORAI1, ITPR3 0.040378

3.2. PPI Network Construction, Module Analysis and Hub Gene Determination

PPI network analysis plays a major role in predicting the functionality of interacting
genes or proteins and gives an insight into the functional relationships and evolutionary
conservation of interactions among genes. Based on the screened DEGs, a PPI network
was generated in the STRING protein interaction database and imported into the bioinfor-
matics software platform Cytoscape (Version 3.8.2) for visualization and further analysis
(Figure 2A). Then, the MCODE plug-in was used to select important functional modules of
protein interaction networks for the identified DEGs (Figure 2B,C), and critical genes were
defined according to the degree level. FN1, PIK3R5, LPAR6 and LPAR1 were determined to
have a high degree of network connectivity. The expression levels of these four genes were
shown to be decreased in NB cells (Figure 2D).

3.3. Hub Gene Expression and Survival Analysis

The association between hub gene expression and NB patients’ survival was ana-
lyzed using the Kaplan-Meier survival curves [27]. These were generated based on the
mRNA expression levels of FN1, PIK3R5, LPAR6 and LPAR1, with the log-rank test p-value
indicated using the R2: Genomics Analysis and Visualization Platform and using Tu-
mor Neuroblastoma-SEQC-498-custom-ag44kcwolf datasets. As shown in Figure 3A–D,
survival analysis revealed that a poor prognosis was significantly associated with low
LPAR1 mRNA levels in NB patients (bonf p <0.05), which was the same for FN1, PIK3R5
and LPAR6.

The results of LPAR1 expression analysis at different stages (the International Neurob-
lastoma Staging System (INSS)) indicated that LPAR1 showed the lowest expression level
in st4 NB tumors with metastasis, rather than st4s with limited metastasis, both of which
expressed lower LPAR1 levels than st1, st2 and st3 NB tumors (Figure 3E). High-risk NB
tumors also showed a lower level of LPAR1 (Figure 3F). In addition, NB tumors leading
to patients’ death showed significantly lower LPAR1 expression (Figure 3G), consistent
with the survival curve. Expression analyses of the other three genes at different stages,
risk levels and death events were performed, and the results are shown in Supplementary
Figure S1. PIK3R5 and LPAR6 showed similar expression patterns in NB tumors. FN1,
meanwhile, demonstrated the lowest expression level in st4 NB tumors with limited metas-
tasis, and showed no significant differences between high-risk NB tumors and NB tumors
leading to patients’ death.
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Figure 2. PPI network construction, module analysis and hub gene determination. (A) PPI network
of screened genes was analyzed using STRING and Cytoscape for visualization. (B,C) Hub genes
of protein interaction networks selected using MCODE. (D) Boxplot analysis was performed to
identify the decreased expression of FN1, PIK3R5, LPAR6 and LPAR1, with a high degree of network
connectivity in the NB cells compared to the non-malignant cells. * p < 0.05.

LPARs are the receptors of LPA and mediate the regulating function involved in multi-
ple tumor-related cellular processes, such as proliferation/migration/survival and vascular
homeostasis [8–10]. Our analysis suggested that both LPAR1 and LPAR6 expression were
beneficial to NB patients’ survival, possibly involved in the regulation of tumor metastasis
mediated by LPA.

3.4. NB Cells Showed Low Expression Level of LPAR1 Compared to Non-Malignant Cell Lines

According to the bioinformatics analysis results, we examined the expression of LPAR1
and LPAR6 in non-malignant cells and NB cells. The results in Supplementary Figure S2A
show that both NB cells and non-malignant cells expressed extremely low levels of LPAR6,
which made it difficult for the ligand LPA to exert functions via LPAR6. Yet, our real-time
PCR and PCR results in Figure 4A,B indicate that all detected cell lines expressed LPAR1
to some extent, and NB cells, including SH-SY5Y, SK-N-BE2 and IMR-32 cells, expressed
lower levels of LPAR1 compared to non-malignant cells (PRE-1, HBE and HEK293T cells).
Only NB cell line CHLA-255 showed a relatively high expression of LPAR1. Therefore, we
focused mainly on the expression and function of LPAR1 in NB.
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Figure 3. Hub gene expression and survival analysis. (A–D) Kaplan–Meier survival analysis for
the SEQC datasets of 498 NB patients based on the average mRNA expression. Survival curves of
FN1 (A), PIK3R5 (B), LPAR6 (C) and LPAR1 (D) in NB are shown, where p < 0.05 is regarded as the
critical point with statistical significance. (E–G) R2 database view-a-gene was used to analyze the
association between the LPAR1 expression and the NB INSS stage (E), likelihood of being high-risk
(F) and likelihood of a death event (G) based on the average mRNA expression of the 498 NB SEQC
datasets, with p < 0.05 regarded as the critical point with statistical significance.
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Figure 4. NB cells showed low expression level of LPAR1 compared to non-malignant cell lines.
(A,B) The expression of LPAR1 at the mRNA level was analyzed by real-time PCR (A) and PCR (B) in
NB cells and non-malignant cells. Original blots see File S1.

3.5. LPA Suppressed the Migration of NB Cells via LPAR1

We had identified a relatively low LPAR1 level in NB cells and a positive correlation
between LPAR1 expression and NB patient survival. To investigate the function of LPAR1
in NB, then we examined the effect of LPA, mediating intracellular actions mainly via
LPARs, on NB cell proliferation and migration with or without LPAR1/LPAR3 inhibitor
Ki16425. The expression levels of LPAR1 and LPAR3 were detected, and the results showed
that SH-SY5Y, SK-N-BE2 and CHLA-255 cells expressed LPAR1 but barely expressed
LPAR3, indicating the main inhibitory effect of Ki16425 was against LPAR1 (Supplementary
Figure S2B). Using three NB cell lines SH-SY5Y, SK-N-BE2 and CHLA-255, the proliferation
was assessed by CCK-8 assays, while the migration was assessed either using Transwell or
wound-healing assays. As shown in Figure 5A, LPA treatment with or without Ki16425
showed no effect on the proliferation of SH-SY5Y cells. In contrast, the decreased migrated
cells of the LPA treatment group in Transwell assays and retarded wound closures of
the LPA treatment groups in wound-healing assays (especially under the condition of
unaffected proliferation) (Figure 5B,C) suggested that LPA could significantly inhibit the
migration of SH-SY5Y cells. While Ki16425 exhibited no effects alone, LPAR1 inhibitor
Ki16425 treatment abolished the inhibitory effects of LPA, suggesting the indispensable role
of LPAR1 in the migration-inhibitory function of LPA. We also performed the same assays
in other NB cells, SK-N-BE2 and CHLA-255, and obtained consistent results with those for
SH-SY5Y (Figure 5D–I). The above results indicated that LPA suppressed the migration of
NB cells via LPAR1.

3.6. Knockdown of LPAR1 Promoted the Migration of NB Cells

Subsequently, we knocked down LPAR1 in NB cells to identify its function. The
efficiency of siRNA was first examined in HEK293T cells, and LPAR1-siRNA1 with a high
knockdown efficiency was screened out (Supplementary Figure S2C). The expression of
LPAR1 decreased significantly in siRNA-transfected SH-SY5Y, SK-N-BE2 and CHLA-255
cells (Figure 6A,D,G). Using these cells, CCK-8 and Transwell assays were performed. Our
results in Figure 6B,E,H show that knockdown of LPAR1 had no effect on NB cell prolifer-
ation. Of note, knockdown of LPAR1 could promote the migration of NB cells, and LPA
treatment hardly reversed the migration-promoting effect (Figure 6C,F,I), which verifies
the significant role of LPAR1 in LPA for mediating the migration-suppressing function.
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alone. Representative images of migrated cells obtained from the Transwell (magnification ×200) 
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Wound-healing assays were performed and representative images (magnification ×100) are shown 
(right). The relative migration rate obtained from the wound-healing assays was calculated by di-
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are expressed as the means ± SEMs from three independent experiments conducted in triplicate. * p 
< 0.05, ** p < 0.01 and *** p < 0.001 compared to the controls. 

Figure 5. LPA suppressed the migration of NB cells via LPAR1. (A,D,G) CCK-8 assays were
performed using SH-SY5Y, SK-N-BE2 and CHLA-255 cells treated with 10 µM LPA, LPA plus 10 µM
Ki16425 or Ki16425 alone. (B,E,H) Transwell assays were performed using SH-SY5Y, SK-N-BE2
and CHLA-255 cells treated with 10 µM LPA, LPA plus 10 µM Ki16425 in the upper chamber or
Ki16425 alone. Representative images of migrated cells obtained from the Transwell (magnification
×200) are shown (right). The cell numbers obtained from the Transwell assays were counted (left).
(C,F,I) Wound-healing assays were performed and representative images (magnification ×100) are
shown (right). The relative migration rate obtained from the wound-healing assays was calculated by
dividing the change in the distance between the scratch edges by the initial distance (left). The results
are expressed as the means ± SEMs from three independent experiments conducted in triplicate.
* p < 0.05, ** p < 0.01 and *** p < 0.001 compared to the controls.
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Figure 6. Knockdown of LPAR1 promoted the migration of NB cells. (A,D,G) The LPAR1 knock-
down efficiency was analyzed by real-time PCR. (B,E,H) CCK-8 assays were performed using SH-
SY5Y, SK-N-BE2 and CHLA-255 control cells and LPAR1 knockdown cells treated with 10 µM LPA.
(C,F,I) Transwell assays were performed using SH-SY5Y, SK-N-BE2 and CHLA-255 control cells
and LPAR1 knockdown cells treated with 10 µM LPA in the upper chamber. Representative images
of migrated cells obtained from the Transwell (magnification ×200) are shown (right). The cell
numbers obtained from the Transwell assays were counted (left). The results are expressed as the
means ± SEMs from three independent experiments conducted in triplicate. * p < 0.05, ** p < 0.01
and *** p < 0.001 compared to the controls.

4. Discussion

Using bioinformatics analysis, mRNA microarray data analysis and experimental
verification, our study aimed to identify DEGs between NB and control cells to further our
understanding of the pathogenesis of NB and potentially provide diagnostic biomarkers
and therapeutic targets. FN1, PIK3R5, LPAR6 and LPAR1 were screened out via KEGG, GO
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and PPI network analysis, and the research mainly focused on exploring the expression
and function of LPAR1. We verified the lower expression level of LPAR1 in NB cells and
further demonstrated that the LPA-LPAR1 axis suppressed the migration of NB cells.

LPAR1 was reported to be closely associated with the PI3K-Akt signaling pathway
and tumor development [28], supporting the DEG screening procedures in our study.
Accumulated research has revealed the decreased expression of LPAR1 and its migration-
inhibiting effects in tumors including prostate cancer, gastric cancer and pancreatic cancer,
which is consistent with our results [7,12,13]. However, LPAR1 expression has also been
reported to be significantly increased in other tumors, such as human hepatic cancer [29],
osteosarcoma [30] and ovarian cancer [31], and to exert tumor-promoting effects directly
or mediated by chemotherapy resistance [30,32]. The controversial research results about
LPAR1 suggest its different signaling transduction pathways and functions in different
types of tumor cells. Some clinical trials of LPAR1 antagonists in cancer therapy were
conducted, though there were no therapeutic trials or positive results reported [6]. Besides
the different expression levels and signaling transduction patterns of LPAR1 in different
tumors, another significant reason for the controversy around LPAR1’s function or failed
clinical trials of LPAR1 antagonists is the mutations of LPAR1 in cancer tissues. A study
on metastatic neuroblastoma revealed an accumulation of de novo mutations, including a
mutation of LAPR1, and identified that cells expressing the LPAR1 R163W mutant showed
significantly increased motility [33]. Several missense mutations of LPAR1 were also found
in rat cancer tissues [34]. When inducing MMP-2 expression and cell migration [35,36], or
failing to show LPA-induced cellular responses [34], these LPAR1 mutations resulted in
changes to LPAR1’s function.

FN1, PIK3R5 and LPAR6 were also screened out by our bioinformatics analysis. It
was reported that downregulation of FN1 (fibronectin 1) had no significant effects on NB
cell proliferation, but it partially blocked ATRA-induced inhibition of cell migration and
invasion in NB cells [37]. However, FN1 expression, when analyzed in our study, was not
closely related to NB tumor stages and did not show significantly lower levels in high-risk
NB tumors or NB tumors leading to patients’ death. LPAR6, another member of the LPAR
family, showed extremely low expression levels in both NB cells and non-malignant cells,
suggesting its minor function in NB. PIK3R5 is the regulatory subunit of PI3Kγ responsible
for phosphorylating membrane lipids to activate the Akt pathway, and it is involved
in tumorigenesis and progression. Suppressing the expression of PIK3R5 by miRNAs
resulted in the promotion of epithelial-mesenchymal transition and oncogenic autophagy
by regulating the Akt-mTOR signaling pathway in tumor cells [38]. Since there is a close
association of LPAR1 with the PI3K-Akt signaling pathway, LPAR1 may cooperate with
PIK3R5 to exert tumor-suppressing effects, which needs further exploration. Given that
it is easier to apply the LPA-LPARs axis to clinical therapeutics for NB than it is to apply
PIK3R5, we mainly focused on the expression and function of LPAR1 in NB in our study.
Manipulating the ligand LPA could be a potential approach to NB therapy according to the
function of the LPA-LPAR1 axis in our study. However, it is very difficult to apply just a
ligand-protein LPA clinically, especially if the mutation of LPAR1 and the function of other
LPARs in NB tumor cells remain unclear.

Recently, the heterogeneity of neuroblastoma cells was defined by super-enhancer-
associated transcription factors, such as MYCN and PHOX2B, and different tumor-cell sub-
populations showed different characteristics of tumor development and metastasis [39–41].
Exploring the expression patterns and functions of LPAR1 in different subpopulations
will be necessary in further studies. Beyond this, the heterogeneity of neuroblastoma,
especially of metastasis-related changes in the bone marrow environment, was identified
by RNA-sequencing analysis and single-cell analysis. A study revealed great diversity
among disseminated NB tumor cells, and suggested that FAIM2 (Fas apoptotic inhibitory
molecule 2) might be a complementary marker to capture metastatic tumor cells [42]. Be-
yond that study and our analysis based on data from the bone marrow of NB patients, the
expression and function of LPAR1 in metastatic NB tumor cells remain to be further ex-
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plored. Whether its expression is heterogeneous in particular subpopulations, and whether
a particular subpopulation with extremely low LPAR1 expression plays the determining
role in chemotherapy/radiotherapy resistance, are worthwhile investigating.

5. Conclusions

Taken together, our findings demonstrate the downregulation of LPAR1 in NB cells
and the tumor-suppressing effects of the LPA-LPAR1 axis. We suggest that LPAR1 may
represent a potential target for future treatment of NB.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14143346/s1, Figure S1: The expression pattern of FN1,
PIK3R5 and LPAR6 in NB. The R2 database view-a-gene was used to analyze the expression pat-
tern of screened genes based on the average mRNA expression of the 498 NB SEQC dataset, with
p < 0.05 regarded as the critical point with statistical significance. (A–C) The association between
the FN1 expression and the NB INSS stage (A), likelihood of being high-risk (B) and likelihood of a
death event (C). (D–F). The association between the PIK3R5 expression and the NB INSS stage (D),
likelihood of being high-risk (E) and likelihood of a death event (F). (G–I) The association between
the LPAR6 expression and the NB INSS stage (G), likelihood of being high-risk (H) and likelihood
of a death event (I); Figure S2: The expression of LPAR1, LPAR3 and LPAR6 in NB cell lines and
non-malignant cell lines. (A,B) The LAPR6 (A), LPAR1 and LPAR3 (B) expression were detected by
PCR. (C) The knockdown efficiency of LPAR1 siRNAs was detected in HEK293T cells by real-time
PCR; Table S1: Total DEGs identified between NB samples and non-malignant control cell samples.
File S1: Original blots.
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Simple Summary: Neuroblastoma (NB) is considered to be caused by the differentiation failure of
neural crest cells. Researchers are working on exploring the mechanisms of NB cell differentiation
to improve the cure rate. Here, our results show that SOX4 has a significant effect on NB cell
proliferation, cells’ neurites, and the cell cycle and that SOX4 mediates the effect of RA in NB cells.
All indicate that SOX4 may be a target to induce NB cell differentiation.

Abstract: Neuroblastoma (NB), which is considered to be caused by the differentiation failure of
neural crest cells, is the most common extracranial malignant solid tumor in children. The degree
of tumor differentiation in patients with NB is closely correlated with the survival rate. To explore
the potential targets that mediate NB cell differentiation, we analyzed four microarray datasets from
GEO, and the overlapping down- or upregulated DEGs were displayed using Venn diagrams. SOX4
was one of the overlapping upregulated DEGs and was confirmed by RT-qPCR and Western blot in
ATRA-treated NGP, SY5Y, and BE2 cells. To clarify whether SOX4 was the target gene regulating NB
cell differentiation, the correlation between the expression of SOX4 and the survival of clinical patients
was analyzed via the R2 database, SOX4 overexpression plasmids and siRNAs were generated to
change the expression of SOX4, RT-qPCR and Western blot were performed to detect SOX4 expression,
cell confluence or cell survival was detected by IncuCyte Zoom or CCK8 assay, immunocytochemistry
staining was performed to detect cells’ neurites, and a cell cycle analysis was implemented using
Flow cytometry after PI staining. The results showed that the survival probabilities were positively
correlated with SOX4 expression, in which overexpressing SOX4 inhibited NB cell proliferation,
elongated the cells’ neurite, and blocked the cell cycle in G1 phase, and that knockdown of the
expression of SOX4 partially reversed the ATRA-induced inhibition of NB cell proliferation, the
elongation of the cells’ neurites, and the blocking of the cell cycle in the G1 phase. These indicate that
SOX4 may be a target to induce NB cell differentiation.

Keywords: neuroblastoma; cell differentiation; ATRA; SOX4

1. Introduction

Neuroblastoma (NB), which derives from neural crest cells, is the most common
extracranial malignant solid tumor in children and is considered to be caused by the
differentiation failure of neural crest cells [1–3]. Patients with low-risk NB have a very
good prognosis; however, high-risk patients have consistently poor prognosis. Despite
the availability of multiple types of chemotherapy and stem cell transplantation, the long-
term survival ratio of high-risk patients is less than 50% [2]. NB is a highly heterogenous
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tumor, and some tumors can spontaneously heal or differentiation, while others are highly
invasive or exhibit a therapeutic resistance phenotype. According to the INSS (International
Neuroblastoma Phased System), NB is divided into Phases 1, 2a, 2b, 3, 4, and 4S. Phase 4S
NB cells have the potential for differentiation. When the patient is diagnosed, the symptoms
are serious, manifesting as multiple tumor metastases; later, the tumor can spontaneously
differentiate, and prognosis is good [4]. Another study also found that the degree of tumor
differentiation in patients with NB is closely related to its overall survival rate [5]. Therefore,
exploring the molecular mechanisms that regulate NB cell differentiation is essential to
improve the cure ratio and life quality of patients.

Retinoids are a family of signaling molecules that are related to vitamin A (retinol) in
terms of their chemical structures. There are six biologically active isoforms of retinoids:
they are all-trans retinoic acid (ATRA); 11-cis retinoic acid; 13-cis retinoic acid; 9, 13-di-cis
retinoic acid; 9-cis retinoic acid; and 11, 13-di-cis retinoic acid. Retinoids have been reported
to have an effect on cell differentiation, cell proliferation, and cell apoptosis. All-trans
retinoic acid (ATRA) is one of the most common retinoids, and it is widely used in the
study and treatment of leukemia, lymphoma, neuroblastoma, and glioblastoma [6–8].
However, high doses of ATRA are associated with side effects, including teratogenicity and
chemical hepatitis [9,10]. Therefore, researchers and clinicians are working on exploring
more selective targets and less toxic compounds, which could function as ATRA [7,11,12].

SOX4 is a member of the SOX (SRY-related HMG-box) transcription factor family,
which contains a high mobility group (HMG) DNA binding domain (DBD), a glycine-rich
domain, and a serine-rich domain [13,14]. Members of the SOX transcription factor family
contribute to the development of many organs and tissues, including central nervous system
(CNS), retina, bone, hematopoietic system, lymphatic system, and so on. As a member of
this family, SOX4 is closely associated with both normal development and various cancers,
such as lung cancer, breast cancer, leukemias, glioblastoma, and medulloblastoma [14].
SOX4 also contributes to the differentiation of skeletal myoblast differentiation [15], and
divergent sarcomatous differentiation in uterine carcinosarcoma [16]. Studies show that
SOX4 cooperates with neurogenin 3 to determine the cell fate during the development
of pancreatic beta cells [17], and SOX4 partners with neurogenin 2 to activate Tbrain2 to
determine the cell fate of intermediate progenitors during the neuronal differentiation [18].
Studies also show that SOX4 regulates cell survival and metastasis of cancer cells, such as
breast cancer [13,19,20].

In this study, we analyzed four microarray datasets from GEO and identified the
overlapping differentially expressed genes (DEGs), and the results showed that SOX4
was one of these overlapping upregulated genes, a result that is in accordance with our
previous study [21]. Furthermore, our results showed that the survival probabilities of
clinical patients have a positive correlation with SOX4 expression, in which overexpressing
SOX4 inhibited NB cell proliferation; elongated cells’ neurites; and blocked the cell cycle in
the G1 phase and that knockdown of the expression of SOX4 partially reversed the function
of ATRA in NB cell proliferation, cells’ neurites, and the cell cycle. All these indicate that
SOX4 plays an important role in the differentiation of NB cells, and prompt that SOX4 may
be a potential new therapy target for the clinical treatment of patients with NB.

2. Materials and Methods
2.1. Reagents

All-trans retinoic acid (ATRA) was from Sigma (R2625, Ronkonkoma, NY, USA).
Fetal bovine serum was from Gibco (Brisbane, Australia). RPMI-1640 medium, glutamine,
antibiotics (penicillin 100 units/mL, streptomycin 100 µg/mL), and PBS were from Bioind
(Beit-Haemek, Israel). Trizol was from Solarbio (R1100, China), the GoScriptTM Reverse
Transcription system was from Promega (A5001, Madison, WI, USA), and TB Green was
from TAKARA (RR820A, Beijing, China). Antibody against SOX4 (ab70598) and Goat
polyclonal Secondary Antibody to Rabbit IgG-H&L (Alexa Fluor 488, ab150077) were from
Abcam, and the antibody against GAPDH and α-Tubulin was from Proteintech (Wuhan,
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China). Cell counting kit-8 (CCK8) was from Bimake (B34304, Shanghai, China). The cell
cycle analysis kit was from Beyotime (C1052, Shanghai, China).

2.2. Cell Culture and Treatment

The NB cell lines (NGP, SY5Y, and BE2) used in this study were obtained from Dr. Carol
J. Thiele (Cellular and Molecular Biology Section, Pediatric Oncology Branch, National
Cancer Institute, National Institutes of Health, Bethesda, MD, USA). All three cell lines
(NGP, SY5Y, and BE2) are neuroblastic-type cell lines and can be induced to differentiate.
The cell lines were cultured in RPMI-1640 medium with 10% fetal bovine serum, 2 mM
glutamine, and antibiotics at 37 ◦C in 5% CO2 incubator. NGP, SY5Y, and BE2 cells
were treated with or without ATRA (5 µM) for 48 h and were collected for RT-qPCR and
Western Blotting.

2.3. Microarray Data and Data Analysis

Four microarray datasets (GSE45587: NB cell line BE(2)-C cells treated with RA
for 24 h and 72 h [22], GSE16451: BE(2)-C cells treated with RA for 3 weeks [23], and
GSE87784: Sphere cells from TH-MYCN mice treated with RA for 3 weeks [24]) were from
the NCBI Gene Expression Synthesis (GEO) database (http://www.ncbi.nlm.nih.gov/geo/,
accessed on 13 January 2021). The volcano plots were generated to display the differentially
expressed genes (DEGs) via GEO2R according to the instruction (https://www.ncbi.nlm.
nih.gov/geo/info/geo2r.html, accessed on 13 January 2021), and adjusted p value (Padj)
< 0.05 and |log2(fold change)| > 1 were considered to be statistically significant. The
overlapping down- or up-regulated DEGs in the four microarray datasets were displayed
using Venn diagrams, which were generated in R language.

The relationship between the expression of SOX4 and clinical patients with NB was
analyzed via R2 database (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi?species=hs, ac-
cessed on 13 January 2021), and four datasets were used (88, 283, 498, and 649 samples of
patients with NB). The relationship between the expression of SOX4 and the differentia-
tion degree of tumors originating from sympathetic nervous system (ganglioneuroblas-
toma, ganglioneuroma, and neuroblastoma) was analyzed through the Oncomine database
(https://www.oncomine.org/resource/login.html, accessed on 13 January 2021).

2.4. Cell Transfection

SOX4 expression plasmids were isolated using the HiSpeed Plasmid Maxi Kit (Qiagen,
Germany) according to the manufacturer’s instructions. NGP cells were seeded into a
6-well plate (4 × 105/well) and cultured overnight. The SOX4 expression plasmids were
transfected into cells using jetPRIME (Polyplus Transfection, Illkirsch, France). After 16 h,
cells were collected and seeded into 96-well plates or 6-well plates. After 24 h, the cells
were collected for Western Blotting, and after 48 h, they were collected for CCK8 assay, cell
confluence analysis using IncuCyte Zoom, immunocytochemistry staining (ICC) assay, and
cell cycle analysis.

Small interfering RNAs (siRNAs) (Tongyong, Shanghai, China) were used to knock-
down the expression of SOX4. The sequences of siRNAs were SOX4 siRNA #1: 5′-
GCAAGCACCUGGCGGAGAATT-3′, 5′-UUCUCCGCCAGGUGCUUGCTT-3′; SOX4
siRNA #2: 5′-GCUGGAAGCUGCUCAAAGATT-3′, 5′-UCUUUGAGCAGCUUCCAGCTT-
3′; SOX4 siRNA #3: 5′-CCAACAAUGCCGAGAACACTT-3′, and 5′-GUGUUCUCGGCA
UUGUUGGTT-3′. NGP cells were seeded into 6-well plates (4 × 105/well) and cultured
overnight. The siRNAs were transfected into cells using jetPRIME. After 16 h, the cells
were collected and seeded into 96-well plates or 6-well plates and treated with RA (5 µM),
24 h for RT-qPCR and Western Blotting and 48 h for CCK8 assay, cell confluence analysis
using IncuCyte Zoom, ICC assay, and cell cycle analysis.
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2.5. Quantitative RT-PCR

Total RNA was isolated from NGP cells treated with RA or transfected with siRNAs by
using Trizol reagent according to the manufacturer’s instructions and our previous study.
The GoScriptTM Reverse Transcription System kit was used to generate cDNA. Quantitative
PCR was performed with the cDNA by using TB Green according to the manufacturer’s
instructions. Beta-actin expression served as an internal control. The relative quantification
of gene expression was performed with the 2(−∆∆Ct) method. Details of the PCR primers
sequences were as follows: SOX4 sense 5′-GTGGTCCTCAAAGCCAGACACT-3′, SOX4
anti-sense 5′-GCAATGCGCTTTCTGCCGTAGT-3′; β-actin sense 5′- AACT GGGACGA-
CATGGAGAAA -3′, β-actin anti-sense 5′- AGGGATAGCACAGCCTGGATA -3′.

2.6. Western Blotting

Total protein was extracted with RIPA Buffer (Beyotime, Shanghai, China) according
to the manufacturer’s protocol. The concentration was quantified by using the Bradford
reagent (Beyotime, China). Under each condition, 30 µg of total protein was loaded and
separated by 10% gel (Epizyme Biomedical Technology Co., Shanghai, China) and then
transferred to a PVDF membrane (Millipore, Burlington, MA, USA). The membranes were
blocked with 5% skim milk in TBST buffer for 1–2 h and then incubated with primary
antibody (SOX4) at 4 ◦C overnight. The membranes were washed with TBST 3 times and
then incubated with the peroxidase-conjugated goat anti-rabbit (1:5000) or anti-mouse
(1:5000) antibodies for 2 h at room temperature. The binds were detected using enhanced
chemiluminescence (ECL) reagents (Thermo Scientific, Rockford, IL, USA).

2.7. Cell Survival Analysis

CCK8 (Cell Counter Kit 8) was used to detect the cell survival, according to the
manufacturer’s specification and our previous study. NGP cells were seeded in a 96-well
plate 16 h after transfection with SOX4 expression plasmids or siRNAs. CCK8 was added
to each well and incubated for 1 h after treated with or without RA 48 h. Optical density
was measured at 450 nm using ELISA reader. Cell confluence (%) was calculated and
analyzed by using Incucyte Zoom software (Essen BioScince, MI, USA) according to the
phase-contrast images, as in our previous study.

2.8. Immunocytochemistry Staining

The cell slices were fixed using 4% paraformaldehyde in PBS pH 7.4 for 30 min at room
temperature and then washed in PBS 3 times for 3 min. The cell slices were incubated with
0.5% Triton X-100 for 20 min at room temperature and then washed in PBS 3 times. The cell
slices were blocked with goat serum for 30 min at room temperature. The goat serum was
sucked up with absorbent paper, and the cell slices were incubated with primary antibody
(β-Tubulin) overnight at 4 ◦C. The cell slices were washed in PBST (PBS + 0.1% Tween
20) 3 times for 3 min and incubated with secondary antibody for 1 h at room temperature
in the dark. The cell slices were washed in PBST 3 times, and the slices were incubated
with DAPI for 5 min at room temperature in the dark. The cell slices were washed in PBST
4 times, the liquid was sucked up with absorbent paper, and the cell slices were observed
under fluorescence microscope.

2.9. Cell Cycle Analysis

After treated with different conditions, all the cells were harvested, washed with PBS,
and then resuspended and fixed with cold 70% ethyl alcohol at 4 ◦C overnight. Then,
the cells were washed again with PBS and incubated with RNase A (100 µg/mL) and PI
(50 µg/mL) at room temperature in the dark for 30 minutes. Then, the stained cells were
analyzed by Flow cytometry (Becton, Dickinson and Company, Franklin Lakes, NJ, USA).
The percentage of cells in each phase of cell cycle was analyzed using the Software of the
Flow cytometry system.
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2.10. Statistical Analyses

Means ± SD of independent experiments were analyzed by Student’s t-test. p values
less than 0.05 were considered as statistically significant. Data were analyzed by using
GraphPad Prism software.

3. Results
3.1. The Differentially Expressed Genes Obtained from the Microarray Data Analysis

All-trans retinoic acid (ATRA or RA) has been widely used to induce cell differentiation
of NB, while the mechanisms still need further study. To explore the potential target
gene of RA, we analyzed four microarray datasets from GEO (GSE45587: NB cell line
BE(2)-C cells treated with RA for 24 h and 72 h, GSE16451: BE(2)-C cells treated with
RA for 3 weeks, and GSE87784: Sphere cells from TH-MYCN mice treated with RA for
3 weeks). The differentially expressed genes (DEGs) were shown in volcano plot form
in Figure 1A–C. Additionally, the overlapping DEGs were identified, and there were
13 overlapping upregulated DEGs (Figure 1D) and 2 overlapping downregulated DEGs
(Figure 1E). The 13 overlapping upregulated DEGs were SOX4, SOX9, ADD3, ATP7A,
CAMK2N1, CTSB, RET, CYP26A1, CYP26B1, DDAH2, LTBP3, MEIS1, and NCOA3 (Table 1).
The two overlapping downregulated DEGs were FHL2 and BRCA2 (Table 2).

Table 1. Overlapping upregulated DEGs of the four datasets from GEO.

Overlapping Upregulated-DEGs

SOX4 CYP26A1
SOX9 CYP26B1
ADD3 DDAH2
ATP7A LTBP3

CAMK2N1 MEIS1
CTSB NCOA3
RET

Table 2. Overlapping downregulated DEGs of the four datasets from GEO.

Overlapping Downregulated-DEGs

FHL2
BRCA2

3.2. SOX4 Has a Positive Correlation with the Survival Rate of Patients with NB

SOX4 is a member of the SRY-related HMG-box (SOX) family of transcription factors
and has been reported to involved in the regulation of embryonic development and in the
determination of cell fate. To identify if SOX4 plays a role in NB, we treated the cells (NGP,
SY5Y, and BE2) with RA (5 µM) for 48 h first and then detected the expression of SOX4
at the mRNA level and protein level using RT-qPCR and Western blotting. The results
showed that the expression of SOX4 was significantly increased at both the mRNA level
and the protein level (Figure 2B,C), which was in consonance with the microarray data
from our previous data (Figure 2A) [21] and the other four microarray datasets (Table 1).
Then, we analyzed the data with 88, 283, 498, and 649 samples of patients with NB from the
R2 database, and the results showed that patients with higher expressions of SOX4 have
better overall survival probability and relapse-free/progression-free/event-free survival
probability compared to those with lower expressions of SOX4 (Figure 3A–D). To identify
if SOX4 was correlated with the differentiation degree of tumors originating from the
sympathetic nervous system, we analyzed the expression of SOX4 in ganglioneuroblastoma,
ganglioneuroma, and neuroblastoma through the Oncomine database, and the results
showed that there have no significant difference between the three tumors (Figure 3E). These
results indicated that SOX4 is positively correlated with the survival rate of patients with
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NB but did not demonstrate the exact relationship between SOX4 and the differentiation
degree of sympathetic nervous system-originating tumors.
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Figure 1. Volcano plot distribution of DEGs and the overlapping DEGs of the four GEO datasets.
The volcano plot of (A) GSE45587: NB cell line BE(2)-C cells treated with RA for 24 h and 72 h,
(B) GSE16451: BE(2)-C cells treated with RA for 3 weeks, and (C) GSE87784: Sphere cells from
TH-MYCN mice treated with RA for 3 weeks. The blue points indicate the downregulated DEGs,
red points indicate the upregulated DEGs, and the gray points indicate the genes without significant
changes. All DEGs were screened based on an adjusted p value < 0.05 and |log2(fold change)| > 1.
(D) The overlapping upregulated DEGs and (E) the overlapping downregulated DEGs.
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Figure 2. RA treatment increased the expression of SOX4 in NB cells. (A) The expression of SOX4
was increased from our previous RNA-Seq data (NGP cells treated with RA for 48 h). RT-qPCR (B)
and Western blot (C) were performed to detect the expression of SOX4 in RA-treated (5 µM, 48 h)
NGP, SY5Y, and BE2 cells. Control vs. RA treatment, *** p < 0.001. The uncropped western blots have
been shown in Figure S3.

3.3. Overexpression of SOX4 Has the Potential to Induce the Differentiation of NB Cells

RA has been widely used clinically to induce the differentiation of NB tumor cells,
and our results showed that RA treatment induced the increased expression of SOX4 and
that the expression of SOX4 has a positive correlation with the survival rate of patients
with NB. To detect if SOX4 mediated the differentiation of NB cells, we transfected SOX4
overexpression plasmids into NGP cells, and the results showed that the expression of
SOX4 was significantly overexpressed (Figure 4A). Additionally, the cell confluence (% of
the surface area of cells) or cell survival of SOX4-overexpressed NGP cells was detected
by IncuCyte Zoom or CCK8 assay, and the results showed that both the cell confluence
and the cell survival were inhibited by the overexpression of SOX4 (Figure 4B–D). The
cell survival of SOX4-overexpressed NGP cells was 82.11% compared to the empty-vector
transfected cells (100%) (p < 0.01) (Figure 4D). These indicated that overexpressing SOX4
decreased the NGP cell survival. One of the important characteristics of differentiated
NB cells was elongated neuritic projections. Next, ICC staining was performed to show
the morphological changes in NB cells after overexpressing SOX4, and elongated neurites
can be observed in SOX4-overexpressed NGP cells (Figure 4E). It has been reported that
G1 phase blockage correlates with cell differentiation [25,26], so we detected the cell cycle
and compared the percentage of cells in the G1 phase between SOX4-overexpressed and
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empty-vector transfected NGP cells, and the results showed that the percentage of cells
in G1 phase was 63.47% in SOX4-overexpressed NGP cells and 57.91% in empty-vector
transfected cells, which indicated that overexpressing SOX4 blocked the cells in the G1
phase (p < 0.05) (Figure 4F). Similar effects on cell proliferation, cells’ neurites, and the cell
cycle were observed in BE2 cells after overexpressing SOX4 (Figure S1A–F). To confirm
the change in the cell cycle in the G1 phase, we performed a Western blot to detect the
expression changes in Cyclin D1 and CDK4, both of them are key regulators of the G1
phase. The results showed that the expressions of Cyclin D1 and CDK4 decreased after
overexpressing SOX4 (Figure S1G) in both the NGP and BE2 cells.
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are from the R2 database, and the relationship between the expression of SOX4 and overall survival
probability and relapse-free/progression-free/event-free survival probability was analyzed. Bonf
p < 0.05 was considered as statistically significant. (E). The relationship between the expression of
SOX4 and the differentiation degree of tumors originating from the sympathetic nervous system
(ganglioneuroblastoma (n = 8), ganglioneuroma (n = 3), and neuroblastoma (n = 53)) was analyzed
through the Oncomine database. Box-plots represent the expression levels of SOX4 (Log2 median-
centered intensity).
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Figure 4. Overexpression of SOX4 has the potential to induce the differentiation of NB cells. (A) The
expression of SOX4 in NGP cells was detected by Western blot 24 h after transfection with SOX4
overexpression plasmids. The cell confluence (% of the surface area of cells) or cell survival of SOX4-
overexpressed NGP cells was detected by IncuCyte Zoom (B,C) or CCK8 assay (D). Empty vector vs.
OE-SOX4, ** p < 0.01. (E) ICC staining was performed to show the morphological changes in NB cells
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48 h after overexpressing SOX4. (F) Cell cycle analysis was performed 48 h after overexpressing
SOX4, and the percentage of cells in G1 phase was analyzed. Empty vector vs. OE-SOX4, * p < 0.05.
The uncropped Western blots have been shown in Figure S4.

3.4. Downregulation of SOX4 Partially Blocks the Function of RA in NB Cells

To further evaluate the role of SOX4 in RA-induced NB cell differentiation, we de-
veloped three siRNAs to knockdown the expression of SOX4 and then detected whether
downregulated SOX4 could block the function of RA. The results showed that all three
siRNAs decreased the expression of SOX4 at the protein level in NGP cells (Figure 5A);
furthermore, RA-induced increased expression of SOX4 in NGP cells was downregulated
after transfection with SOX4 siRNAs, both at the protein and mRNA levels (Figure 5A,B).
Additionally, the cell confluence or cell survival of NGP cells transfected with SOX4 siR-
NAs or/and treated with RA was detected by IncuCyte Zoom or CCK8 assay, and the
results showed that both the decreased cell confluence and the cell survival induced by
RA were blocked by SOX4 siRNAs (Figure 5C–E). The cell survival of RA-treated NGP
cells was 80.77%, and that of RA-treated and SOX4 siRNA-transfected cells was 100.14%
(RA + SOX4 siRNA#1), 105.21% (RA + SOX4 siRNA#2), and 109.82% (RA + SOX4 siRNA#3)
compared to the empty-vector transfected cells (100%) (p < 0.01) (Figure 5E). Then, ICC
staining was performed to show the morphological changes of NGP cells, and the results
showed that RA-induced elongated neurites could be blocked by SOX4 siRNAs (Figure 5F).
We also detected the cell cycle and compared the percentage of cells in the G1 phase
between RA-treated and SOX4 siRNAs-transfected NGP cells, and the results showed
that the percentage of cells in the G1 phase was 65.67% in RA-treated NGP cells, 60.30%
in RA + SOX4 siRNA#1-treated cells, 61.80% in RA + SOX4 siRNA#2-treated cells, and
61.68% in RA + SOX4 siRNA#3-treated cells (p < 0.01) (Figure 5G). These results indicated
that knocking down the expression of SOX4 could reverse the function of RA in NB cells.
Similar effects on cell proliferation, cells’ neurites, and the cell cycle were observed in
RA-treated BE2 cells after the knockdown of SOX4 (Figure S2A–F). To confirm the change
in the cell cycle in the G1 phase, we performed a Western blot to detect the expression
changes of Cyclin D1 and CDK4. The results showed that the knockdown of SOX4 reversed
the decreased expressions of Cyclin D1 and CDK4 induced by RA (Figure S2G) in both
NGP and BE2 cells.
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Figure 5. Downregulation of SOX4 partially blocks the function of RA in NB cells. (A). The expression
of SOX4 in NGP cells transfected with SOX4 siRNAs or/and treated with RA was detected by
Western blot (A) and RT-qPCR (B). Ctrl siRNA vs. Ctrl siRNA + RA, SOX4 siRNA + RA vs. Ctrl
siRNA + RA, * p < 0.05. The cell confluence or cell survival of NGP cells transfected with SOX4
siRNAs or/and treated with RA was detected by IncuCyte Zoom (C,D) or CCK8 assay (E,F) ICC
staining was performed to show the morphological changes in NGP cells transfected with SOX4
siRNAs or/and treated with RA. Ctrl siRNA vs. Ctrl siRNA + RA, SOX4 siRNA + RA vs. Ctrl
siRNA + RA, *** p < 0.001. (G) Cell cycle analysis was performed and the percentage of cells in G1
phase was analyzed in RA-treated or/and SOX4 siRNAs-transfected NGP cells. Ctrl siRNA vs. Ctrl
siRNA + RA, SOX4 siRNA + RA vs. Ctrl siRNA + RA, ** p < 0.01. The uncropped Western blots have
been shown in Figure S5.
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4. Discussion

To explore the potential targets that mediate RA-induced NB cell differentiation, we
analyzed four microarray datasets from GEO, which were performed after RA treatment,
and then, the overlapping DEGs were identified; there were 13 overlapping upregulated
DEGs and 2 overlapping downregulated DEGs. SOX4 was one of the overlapping upregu-
lated DEGs, which is in accordance with our previous study [21], and was confirmed in
RA-treated NB cell lines (NGP, SY5Y, and BE2). Our results also showed that the clinical
patients’ survival probabilities was positively correlated with SOX4 expression, in which
overexpressing SOX4 inhibited NB cell proliferation, elongated the cells’ neurites, and
blocked the cell cycle in the G1 phase. Furthermore, knockdown of the expression of SOX4
partially reversed the RA-induced inhibition of NB cell proliferation, the elongation of the
cells’ neurites, and the blocking of the cell cycle in the G1 phase. These indicate that SOX4
may be a target to induce NB cell differentiation.

NB is considered to be caused by the differentiation failure of neural crest cells,
and it has been reported that the degree of tumor differentiation in patients with NB is
closely related to its overall survival rate [1,2]. However, the mechanisms that regulate the
differentiation of NB are still not very clear. In this study, we analyzed four microarray
datasets from GEO (GSE45587: NB cell line BE(2)-C cells treated with RA for 24 h and
72 h, GSE16451: BE(2)-C cells treated with RA for 3 weeks, and GSE87784: Sphere cells
from TH-MYCN mice treated with RA for 3 weeks), and 13 overlapping upregulated DEGs
(SOX4, SOX9, ADD3, ATP7A, CAMK2N1, CTSB, RET, CYP26A1, CYP26B1, DDAH2, LTBP3,
and MEIS1) and 2 overlapping downregulated DEGs (FHL2 and BRCA2) were identified
via Venn diagrams. Both SOX4 and SOX9 are from the SOX family of transcription factors,
and SOX transcription factor family members have been reported play important roles in
the development of many organs and tissues [13,14]. SOX9 has been reported to be one
of the important regulators in neural crest cell development [27], ATP7A plays important
roles in neuronal differentiation [28] and glial differentiation [29], CTSB promotes the
differentiation of preadipocytes [30], RET has been reported regulate the differentiation of
NB cells [31], CYP26A1 and CYP26B1 are retinoic acid catabolic enzymes [32,33], DDAH2 is
a biomarker for neural stem cell differentiation [34], LTBP3 regulates the differentiation of
mesenchymal stem cells [35,36], and MEIS1 regulates cell proliferation and differentiation
during cell fate commitment in different neoplasms [37]. FHL2 has been reported to play
important roles in different cells’ differentiation, including neuronal cells, gastric and
colon cancer cells, and limb mesodermal progenitors [38–40], and BRCA2 regulates the
differentiation of both normal tissues and different cancers [41–44]. These indicate that the
overlapping up- and downregulated DEGs from the four GEO datasets may have essential
roles in RA-induced cell differentiation.

In this study, we focused on the role of SOX4 in NB cells. As a member of the
SOX transcription factor family, SOX4 has been shown to have an essential relationship
with not only normal development but also cancers, such as lung cancer, breast cancer,
leukemias, glioblastoma, and medulloblastoma [14–16]. Firstly, we found that patients
with higher expressions of SOX4 exhibited higher overall survival probability and relapse-
free/progression-free/event-free survival probability compared to patients with lower
expressions of SOX4 by analyzing the data from the R2 database, while the results from the
Oncomine database could not demonstrate the exact relationship between SOX4 and the
differentiation degree of sympathetic nervous system-originating tumors. Then, our results
showed that overexpressing SOX4 inhibited NGP cell proliferation, elongated the cells’
neurites, and blocked the cell cycle in the G1 phase and that the downregulation of SOX4
partially reversed the RA-induced inhibition of NGP cell proliferation, the elongation of the
cells’ neurites, and the blocking of the cell cycle in the G1 phase. Guanhua Song et al.’s study
evaluated the function of SOX4 in ATRA-induced differentiation of acute promyelocytic
leukemia (APL) and, similar to the role of SOX4 in NB cells from our study, showed that
SOX4 is essential for the differentiation and regulated by PAD4 [45]. Yuyin Yi et al.’s study
found that SOX4 promotes the BMP2regulated differentiation of invasive trophoblast [46],
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while Wei Han et al.’s study found that FHL3 blocked glioma cell proliferation via the
downregulation of SOX4 [47], and Dong Chen et al.’s study shows that the knockdown
of SOX4 decreased cell proliferation, migration, and invasion and induced apoptosis in
osteosarcoma cell lines [48]. These indicate that SOX4 play different roles in different types
of cells. The limitation of this study is that the mechanisms underlying how SOX4 regulates
the differentiation of NB cells need to be well-studied, which are the focus of our future
studies.

In summary, our present study clearly provided evidence that SOX4 plays an important
role in the differentiation of NB cells.

5. Conclusions

In conclusion, our study demonstrated that NB patients with higher expressions of
SOX4 had good prognosis. Overexpressing SOX4 inhibited NB cell proliferation, elongated
the cells’ neurites, and blocked the cell cycle in the G1 phase, and the knockdown of the
expression of SOX4 partially reversed the function of RA in NB cells, which provided
evidence that SOX4 mediates the differentiation of NB cells.
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Simple Summary: Diffuse intrinsic pontine glioma (DIPG) is a malignant primary glial tumor that
occurs in all age groups but predominates in children and is estimated to account for approximately
10–15% of pediatric brain tumors. The median age at diagnosis was 6–7 years, and the median survival
of children is less than 12 months. At present, there is no effective treatment method for DIPG in the
clinic. The continuous progress in immunotherapy has brought new prospects for the treatment of
DIPG. In this review, we summarize the knowledge about the immune profile in DIPG and existing
clinical trial results of DIPG, hoping to clarify the development of novel immunotherapies for DIPG
treatment.

Abstract: Diffuse intrinsic pontine glioma (DIPG) is a primary glial glioma that occurs in all age
groups but predominates in children and is the main cause of solid tumor-related childhood mortality.
Due to its rapid progression, the inability to operate and insensitivity to most chemotherapies, there
is a lack of effective treatment methods in clinical practice for DIPG patients. The prognosis of
DIPG patients is extremely poor, with a median survival time of no more than 12 months. In recent
years, there have been continuous breakthroughs for immunotherapies in various hematological
tumors and malignant solid tumors with extremely poor prognoses, which provides new insights
into tumors without effective treatment strategies. Meanwhile, with the gradual development of
stereotactic biopsy techniques, it is gradually becoming easier and safer to obtain live DIPG tissue,
and the understanding of the immune properties of DIPG has also increased. On this basis, a series
of immunotherapy studies of DIPG are under way, some of which have shown encouraging results.
Herein, we review the current understanding of the immune characteristics of DIPG and critically
reveal the limitations of current immune research, as well as the opportunities and challenges for
immunological therapies in DIPG, hoping to clarify the development of novel immunotherapies for
DIPG treatment.

Keywords: diffuse intrinsic pontine glioma; immunotherapy; immune microenvironment; immune
checkpoint inhibitor; vaccine; oncolytic virus

1. Introduction

Brain tumors are the most common cause of solid cancer mortality in children [1].
Diffuse intrinsic pontine glioma (DIPG) is a primary glial tumor that occurs in all age
groups but predominates in children and is estimated to account for approximately 10–15%
of pediatric brain tumors [2,3]. The median age at diagnosis is 6–7 years and the median
survival of patients in children is less than 12 months [3]. The standard treatment for DIPG
is performed fractionated radiotherapy with or without chemotherapeutic drugs. Although
this treatment can achieve transient clinical improvement, it is not curative [4,5]. Due to the
complexity of the brainstem, DIPGs are not amenable to surgical resection. Other treatment
options, including numerous chemotherapy and targeted therapy drugs, have not been
shown to prolong the survival of DIPG patients alone in clinical trials.
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With the continuous improvement of biopsy technology, the understanding of the
genetic and epigenetic characteristics of DIPG is increasing. In recent years, the greatest
breakthrough of DIPG was the discovery of changes in H3K27M based on epigenetic
studies [6–8]. The hypomethylation of H3K27 is common in DIPG, and it is also found in
the other midline gliomas located in the thalamus, spine, or other parts of the brainstem [9].
This finding led the World Health Organization (WHO) to reclassify this type of glioma
with the alterations in H3K27 as “diffuse midline glioma, H3K27-altered (DMG)” in the
5th edition of the central nervous system (CNS) tumor classification [10]. However, it
should be noted that DMG is not the histological counterpart of DIPG and the two are not
inclusive. DIPG is a clinical diagnosis based on clinical symptoms and typical imaging
features. About 70–85% of DIPG patients have H3K27 alternation and would be diagnosed
as “DMG, H3 K27-altered” [11,12]. Patients with pontine high-grade glioma but no IDH
mutation and H3K27 alternation would be diagnosed as “pediatric diffuse high-grade
glioma, H3 wild-type and IDH wild-type” [10].

The further understanding of genetic and epigenetic features of DIPG inspired us to
identify innovative and more effective therapeutic approaches. Immunotherapy is based on
different techniques aimed at redirecting the patient’s own immune system to specifically
fight cancer cells and has become a powerful clinical strategy for treating cancer [13].
However, immunotherapy research for DIPG is relatively lacking compared with other
tumors partly because of the limited understanding of the immune microenvironment
of DIPG. Therefore, this review clarifies the current understanding and limitations of
the immune characteristics of DIPG, outlines the limitations and possible opportunities
for immunotherapy treatment methods, and introduces current clinical trials of immune
therapies in DIPG. Since most patients with DIPG have H3K27 alterations, some DMG
studies, including DIPG, were included in this review. We believe such a review could
strengthen our understanding of the progress in DIPG immunotherapy and thus guide the
development of novel immunotherapies for DIPG treatment.

2. Immune Characteristics of DIPG

Since DIPG cannot be operated and biopsy is not warranted in most cases because of
its clear characteristics in imaging, there has long been a lack of research on tumor tissue,
and immunological research is even rarer. With the continuous progress in immunotherapy,
researchers have become increasingly interested in the immune characteristics of DIPG,
especially immune cell infiltration, immune checkpoint expression and other characteristics
that may be applied for immunotherapy, and the study of immunological characteristics in
DIPG is ongoing (Figure 1).

Immune cells are important parts of the tumor immune microenvironment and the
cellular underpinnings of immunotherapy. Bailey et al. analyzed raw RNA-seq data
about 220 high-grade glioma (HGG) patients published by Mackay et al. [14] using the
CIBERSORT algorithm with the standard LM22 matrix. Individual patients were classified
according to tumor location (brainstem, midline and hemispheric) and histone mutation
status (wildtype and K27M). Compared with pediatric hemisphere HGG, there were higher
proportions of CD4+ Treg cells; eosinophils; activated dendritic cell (DC) cells; more
DCs and neutrophils; and fewer CD8+ T cells, NK cells, M1 cells and activated mast
cells in DIPG [15]. Unlike CD4+ Treg cells, activated DC cells, eosinophils and other cell
types that correlate positively with prognosis in hemisphere HGG, all these cells do not
correlate significantly with prognosis in DIPG, except neutrophils, which are negatively
associated with prognosis in both hemispheric HGG and DIPG [15]. Another study using
immunohistochemistry (IHC) to compare immune cell infiltration in pediatric tumors
showed that although the median number of total CD68+ cells accounted for 10% of total
cells in pediatric low-grade glioma (pLGG), pediatric high-grade glioma (pHGG) and DIPG,
the number of CD163+ macrophages were 10.4 times and 5.9 times higher than normal
tissues in pLGG and pHGG samples, but there was no significant increase in DIPG. The
ratio of CD163+ to CD68+ macrophages was 8.0-fold larger than the control in pHGG

374



Cancers 2023, 15, 602

but was not different in DIPG [16]. Nevertheless, there was no significant increase in any
subset of the T cells in DIPG tumors compared to the control, whereas T cell infiltration was
significantly increased in pLGG and pHGG, especially CD8+ T cells (6.5- and 5.1-fold) [16].
In another study, Lin et al. used flow cytometry to detect immune cell infiltration in DIPG
and adult GBM, and the results showed that compared with adult GBM, there were more
CD11b+ myeloid cells (DIPG: 94.80% ± 0.92% vs. adult GBM: 70.34% ± 7.20%) and fewer
CD3+ lymphocytes (DIPG: 1.72–2.65% vs. adult GBM: 7.09–50.2%) in DIPG samples [17].
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Figure 1. The epigenetic and immune microenvironment characteristics of DIPG. Most DIPGs have
hypomethylation of H3K27. Compared with other high-grade gliomas, DIPG has lower CD3+T cell
infiltration and a higher proportion of CD11b+ cell infiltration in its immune microenvironment. There
is little expression of inhibitory immune checkpoints in DIPG, the expression of immunosuppressive
cytokines is relatively low and the expression of proinflammatory factors is relatively high compared
with high grade glioma.

In addition to the immune cell infiltration, we also focused on the expression of
immune checkpoints, cytokines and chemokines in DIPG. There are few studies on the
immune checkpoints in DIPG. A study that focused on the immune checkpoint expressed
in the DIPG immune microenvironment showed that PD-L1 was only present at low levels
in the DIPG tumor microenvironment detected by IHC staining [16]. Although B7-H3 was
2.4-fold higher than that in the control, both PD-L1and B7-H3 were significantly lower
than those in glioblastoma cells [16]. However, in other studies with whole-brain HGG,
the results showed that there was no increased expression of PD-L1 in DIPG [16,18]. In a
study of 28 DIPG patients with radiation therapy, RNA-Seq of DIPG tissue found that the
expression levels of PD-L1 and CTLA-4 in tumors were close to those in normal brain tissue,
although PD-L2 levels tended to increase. If “upregulated expression” was defined as
being a more than two-fold increase in RNA level, then 54%, 11%, 21% and 39% of patients
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showed upregulated expression of PD-1, PD-L1, PD-L2 and CTLA-4, respectively [19].
Although the studies of immunosuppressive checkpoints in DIPG were not sufficient, the
expression of PD-L1was not significantly upregulated in DIPG tissues, which is consistent
with the result of existing studies.

In a study on immunosuppressive gene expression and cytokine secretion in DIPG,
RNA-Seq data analysis showed that there were higher expression levels of IDO2, IL10,
FASLG, IL6, VEGFA and VEGFC; higher secretion levels of IFNG and GZMB; and lower
secretion levels of TGFβ1 in K27M DIPG samples (n = 23) than in wildtype hemispheric
HGG samples (n = 85) [15]. In addition, it has been shown that macrophages in DIPG
secrete fewer chemokines and cytokines than macrophages in adult HGG [17]. Notably,
studies also found that DIPG cells do not express inflammatory cytokines and chemokines
that may recruit other immune cells to the tumor microenvironment, such as IL-2 [16,17].

According to the results of existing studies, DIPG has the characteristics of no increase
in T cell infiltration, no increase in the number and proportion of CD163+ macrophages, no
increase of inhibitory immune checkpoints and low expression of cytokines, which suggests
that its internal immune microenvironment presents a “cold” or “inert” status [15–17,19].
However, the “cold” immune state does not mean that DIPG is completely devoid of specific
immune responses. H3.3K27M-specific CD8+ T cells have been found in the peripheral
blood of DIPG patients, suggesting that the immune system can generate specific cellular
immunity against DIPG cells [20]. Additionally, the “cold” immune state does not mean that
there is an immunosuppressive state in DIPG. Studies showed DIPG cells and macrophages
in DIPG did not express a large number of immunosuppressive factors, and most DIPG
cell cultures do not repolarize macrophages but can be lysed by NK cells [16].

Of course, the immune characteristics of DIPG still need further study. The current
understanding of the immune characteristics of DIPG is often based on RNA-seq and IHC
staining, which is far from enough. Some novel research technologies, such as single-cell se-
quencing technology and spatial transcriptome technology, may help us better understand
the infiltration of immune cells, immune checkpoints and the true expression of immune-
related genes in DIPG. However, if the assumption of the inert immune microenvironment
in DIPG is correct, then immunotherapies that could supplement cytotoxic immune cells
into DIPG directly or stimulate immune cells to infiltrate into DIPG, such as adaptive cell
transfer therapy, oncolytic viruses and vaccines, are all reasonable strategies. On this basis,
further use of the immune checkpoint inhibitor (ICI) therapy may yield better results.

3. Immunotherapy Research in DIPG

Immunotherapy for DIPG is currently under investigation. According to the registra-
tion data on the ClinicalTrials.gov website (https://www.clinicaltrials.gov/), there were
108 ongoing DIPG registration clinical trials as of 14 June 2022, including 25 immunother-
apy clinical trials, mainly involving adoptive cell transfer therapy, vaccines, oncolytic virus
therapy, immune checkpoint inhibitor (ICI) therapy and combination therapy (Figure 2,
Table 1).
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Figure 2. Immunotherapy strategies for DIPG. CAR T cells and TCR T cells are designed to target 
DIPG cells. Oncolytic viruses are designed to infect DIPG cells, kill them directly or attenuate their 
progression. A vaccine is injected to activate the adaptive immune system, especially CD8+ cytotoxic 
T cells. Anti-PD-1 and anti-CTLA-4 antibodies bind to PD-1 and CTLA-4, impeding the inactivation 
of CD8+ T cells, respectively. 131I-omburtamab can kill DIPG cells by targeting B7-H3 and internal 
irradiation. CAR T, chimeric antigen receptor T cells; TCR T, T-cell receptor-gene engineered T cells; 
CTLA-4, cytotoxic T-lymphocyte-associated protein 4; PD-1, programmed cell death protein 1; DC, 
dendritic cell. 
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Figure 2. Immunotherapy strategies for DIPG. CAR T cells and TCR T cells are designed to target
DIPG cells. Oncolytic viruses are designed to infect DIPG cells, kill them directly or attenuate their
progression. A vaccine is injected to activate the adaptive immune system, especially CD8+ cytotoxic
T cells. Anti-PD-1 and anti-CTLA-4 antibodies bind to PD-1 and CTLA-4, impeding the inactivation
of CD8+ T cells, respectively. 131I-omburtamab can kill DIPG cells by targeting B7-H3 and internal
irradiation. CAR T, chimeric antigen receptor T cells; TCR T, T-cell receptor-gene engineered T cells;
CTLA-4, cytotoxic T-lymphocyte-associated protein 4; PD-1, programmed cell death protein 1; DC,
dendritic cell.

3.1. Adoptive Cell Transfer Therapy

Current research shows that there is an immunodeficiency microenvironment in
DIPGs [15–19]. Therefore, many current studies attempt to directly supplement immune
cells into DIPG to change its immune status and kill tumor cells. Chimeric antigen receptor-
modified T (CAR-T) therapy and T cell receptor-gene engineered T (TCR-T) therapy were
the two main therapies for this purpose.

3.1.1. CAR-T Therapy

A chimeric antigen receptor (CAR) is a fusion protein comprised of an antigen recog-
nition moiety and T-cell signaling domains. The clinical trials of CAR T cells have shown
clear efficacy in multiple hematologic malignancies [21].

Disialoganglioside (GD2), a proper target for CAR-T therapy, is widely and specifically
expressed in DIPG [22–25]. An animal experiment with CAR-T cells targeting GD2 showed
that the systemic administration of GD2-targeted CAR-T cells could kill almost all trans-
planted tumor cells in vivo, except for a small number of tumor cells without GD2 expres-
sion [22]. Although GD2 CAR-T cells have shown good therapeutic effects in vivo, some
data have proven that GD2 CAR-T-cell treatment may result in severe neuroinflammation
in the acute phase and lead to fatal brainstem edema and hydrocephalus in experimental
animals [22]. Fortunately, some drugs and operations can be used to treat these severe
complications. In a clinical study of GD2 CAR-T therapy for H3K27 M-mutated diffuse
midline gliomas (DMGs) (clinicaltrials.gov: NCT04196413), four patients (three DIPG pa-
tients and one spine DMG patient) received 1 × 106 GD2-CAR T cells per kg administered
intravenously and three exhibited significant radiographic and clinical benefits. Neither
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on-target nor off-tumor toxicity was observed. Although proinflammatory cytokine levels
were increased in the plasma and cerebrospinal fluid, brainstem inflammation induced
by CAR-T-cells was reversible with intensive supportive care. The systemic inflammatory
response was suppressed by clinical drugs (IL-6R inhibitor, IL-1R inhibitor, corticosteroids),
and hydrocephalus was controlled by releasing cerebrospinal fluid (CSF) (hypertonic saline,
corticosteroids or an Ommaya reservoir) [24,26]. They also identified that multiple doses
could provide a greater radiographic and clinical benefit than a single dose and different
modes of administration could influence the neuroinflammatory response, whereby intrac-
erebroventricular injection resulted in higher levels of proinflammatory cytokines, lower
levels of immunosuppressive cells in the CSF, and fewer neurotoxic effects than intravenous
injection [24]. Another study confirmed that IGF1R/IR in combination with GD2 CAR-T
cells could further enhance the anti-tumor efficacy and increase the T-cell central memory
profile in DMG/DIPG patients [23]. These results underscored the promise of GD2 CAR-T
therapy for patients with H3K27M-mutated DIPG.

In addition to GD2 CAR-T cells, B7-H3 CAR-T cells are being explored in an ongoing
clinical trial related to DIPG (clinicaltrials.gov: NCT04185038). B7-H3, also known as
CD276, has been found to be highly expressed in most neuroectodermal tumors. B7-H3-
targeting CAR-T therapy has shown favorable safety and efficacy in children with stage
IV CNS metastasis and high expression of B7-H3 neuroblastoma [27]. A previous study
showed that the mRNA level of B7-H3 in DIPG tissues (n = 9) was significantly higher than
that in non-DIPG tumors and normal brain tissues. IHC staining results were consistent
with mRNA results, demonstrating abnormally high expression of B7-H3 in DIPG [2].
However, there were no results of B7-H3-targeting CAR-T therapy on DIPG published
before, and the effect needs to be further explored.

3.1.2. TCR-T Therapy

The main target of current TCR-T research is the H3.3K27M mutation. Marie-Anne
reported that the substitution from lysine (K) to methionine (M) at position 27 of H3.3
(H3.3K27M mutation) was present in more than 70% of DIPG cases [12]. In animal ex-
periments, TCR-transduced HLA-A2+ CD8+ T cells were able to efficiently kill HLA-A2+
H3.3K27M+ glioma cells in an antigen-dependent manner and significantly inhibit tumor
progression [20]. In addition, Hideho et al. illustrated that the key amino acid residues
required for recognition by the H3.3K27M-targeted TCR were absent in all known human
proteins, suggesting that this H3.3K27M-targeted TCR-T therapy could be safely adminis-
tered to patients. However, to date, no clinical data on H3.3K27M-targeted TCR-T therapy
have been reported, and further clinical studies are needed.

3.2. Vaccine Therapy

Vaccine therapy is an important aspect of immunotherapy. Using tumor-specific
biological macromolecules as antigens, enhancing the specific recognition and killing the
ability of tumors to attack the immune system are the main ways in which vaccine immunity
exerts an effect. In cancer vaccine immunotherapy experiments, life-threatening and lethal
events are mainly caused by cross-reactivity of on- or off-target T cells against normal
cells. This requires that the antigens used in tumor immunotherapy be tumor-specific
as much as possible, such as mutation-derived antigens, to achieve safety and efficiency.
However, there are few molecules that can act as specific antigens for DIPG. Specific
antigens discovered in the field of glioma in recent years mainly include epidermal growth
factor receptor vIII (EGFRvIII) and mutant isocitrate dehydrogenase 1 (IDH1) [28–30]. The
K27M mutation (H3.1 and H3.3) is the predominant mutation in DMG and DIPG and is
also the most concerning specific vaccine antigen of DIPG at present [9,12,14,31,32].

3.2.1. H3K27M Peptide Vaccine

A prominent feature of DIPG is the presence of the K27M mutation of H3.3 or H3.1.
This specific molecular epigenetic change is uniformly found in DIPG but not in normal
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cells, constituting an excellent target for vaccine therapy [33]. In MHC-humanized mice
(HLA-A*0201, HLA-DRA*0101 and HLA-DRB1*0101), vaccination with the 27-amino acid
H3K27M peptide fragment was able to effectively induce an immune response and drive
IFNγ immune responses in cytotoxic T cells and Th1 cells, whereas no immune responses to
H3K27 WT peptides were observed. The induced immune response effectively suppressed
the growth of subcutaneous H3K27M tumors [34]. Although there was a lack of therapeutic
studies on orthotopic H3K27M tumors, previous studies have shown that H3.3K27M-
specific cytotoxic T cells could be isolated from the peripheral blood of DIPG patients [20],
which indicates that H3.3K27M may induce an immune response in DIPG patients. A
clinical trial (NCT02960230) on H3.3K27M-specific vaccine responses in diffuse midline
glioma patients that included 19 DIPG patients showed that the H3.3K27M peptide vaccine
is safe for DIPG patients with HLA-A*0201 H3.3K27M characteristics, with no grade 4
treatment-related adverse reactions observed [35]. In terms of the treatment effect, 39%
(7/18) of all patients developed an immune response to the H3.3K27M peptide vaccine,
resulting in detectable H3.3K27M-specific CD8+ T cells in peripheral blood, and the overall
survival (OS) in responders was prolonged by 6.1 months compared with nonresponders
(16.1 months vs. 10 months, n = 6) [35]. This result is encouraging. At present, three clinical
studies related to the H3K27M vaccine (clinicaltrials.gov: NCT02960230, NCT04749641,
NCT04808245) are still in progress, and further results are expected to be released.

3.2.2. EGFRvIII and Survivin Vaccines

In addition to the H3K27M vaccine, some vaccine studies targeting other antigens also
explore whether they have therapeutic effects on DIPG, such as the EGFRvIII vaccine and
Survivin vaccine. EGFR variant III is the most common EGFR gene rearrangement and the
most common gene mutation in GBM, which can be detected in approximately 25–33% of
GBM patients [36]. A study exploring the expression of EGFRvIII in eleven DIPG samples
showed that it could be detected in 54.5% (6/11) of DIPG tissue [37]. As this mutation
is only present in tumors, it is considered a good tumor-specific antigen for vaccine im-
munotherapy. Accordingly, a peptide-specific vaccine targeting EGFRvIII, Rindopepimut,
a synthetic mutant EGFRvIII neoantigen-specific peptide conjugated to KLH and admin-
istered granulocyte-macrophage colony-stimulating factor (GM-CSF) was designed and
tested [38]. Both phase I and phase II clinical trials of Rindopepimut in GBM have been
successful, with good safety and efficacy [39,40]. The PFS rate was 66% at 5.5 months, and
the median overall survival (OS) was 21.8 months in 65 patients [40]. Based on this success,
the U.S. Food and Drug Administration (FDA) granted Rindopepimut the breakthrough
therapy designation in February 2015 [38]. Encouraged by these results, a phase I clinical
trial of the EGFRvIII vaccine in DIPG patients (clinicaltrials.gov: NCT01058850) is ongoing.

Survivin is a protein expressed during fetal development. There is low or even
undetectable expression of survivin in normal human terminal tissues and high expression
in multiple malignant tumors, including approximately 85% of GBM patients [41–43].
Additionally, the high expression of survivin was confirmed in most DIPG tissues, as
detected by RNA-seq, Western blotting and RT-PCR [44]. This provides a rationale for
clinical trials using the survivin vaccine for DIPG. A clinical trial of SurVaxM (a kind of
survivin vaccine, clinicaltrials.gov: NCT04978727) for the treatment of various childhood
malignant intracranial tumors, including DIPG, is currently underway, although the results
have not yet been published.

3.2.3. DC Vaccines

DC cells, as the main antigen-presenting cells in the body, have been studied in the
vaccine therapy of tumors for many years and have shown effects in the treatment of glioma
in vitro [45]. Stimulating DCs with tumor-specific peptides, tumor lysates or vectors encod-
ing specific tumor antigens could enhance the antitumor effects in GBM and other brain
tumors [46–48], and some studies have shown that the autologous dendritic cell vaccine
(ADCV) could satisfactorily induce a sustained antitumor immune response in high-grade
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glioma and DIPG [49,50]. For DIPG, a clinical trial (clinicaltrials.gov: NCT02840123) en-
rolled nine patients with newly diagnosed DIPG and treated them with ADCV prepared
from monocytes obtained by leukapheresis. Five ADCV doses were administered intrader-
mally during the induction phase. In the absence of tumor progression, patients received
three boosts of tumor lysate every 3 months during the maintenance phase. The results
showed that none of the nine patients experienced obvious toxicity or neuroinflammation
with this schema. The subcutaneous inoculation of autologous DC cells activated by the
DIPG cell lysate resulted in nonspecific antitumor responses in all nine patients and specific
antitumor responses in eight patients. Immunological responses were also confirmed
in T lymphocytes isolated from the cerebrospinal fluid (CSF) of two patients [50]. This
experimental result shows that DC vaccine therapy has a promising role in the immune
treatment of DIPG.

3.3. Oncolytic Virus Therapy

With the development of immunotherapy, oncolytic virus therapy has attracted in-
creasing attention. As oncolytic viruses can preferentially replicate in tumor cells, they can
be designed as a multifaceted therapeutic platform to directly kill tumors, release tumor-
specific antigens, express transgenes to enhance direct cytotoxicity and alter the tumor
microenvironment to optimize immune-mediated tumor clearance [51]. In addition, many
oncolytic viruses have a favorable safety profile, and some of them, such as Talimogene
laherparepvec (T-Vec), have been approved by the FDA for the treatment of certain tumors
due to their excellent levels of safety and efficacy [52].

The preclinical and clinical studies of oncolytic viruses have shown promising results
in DIPG [44,53,54]. DNX-2401 is a modified replicative oncolytic adenovirus that specif-
ically kills tumors and has good antitumor effects in a variety of tumors [55]. Moreover,
DNX-2401 shows good antitumor effects in both immunodeficient and immunocompetent
animal models of HGG and DIPG [54]. After the in vivo administration of DNX-2401,
the infiltration degree of CD3+ lymphocytes and CD8+ lymphocytes in DIPG increased
significantly and the DIPG murine cells were killed, leading to a significant increase in the
survival of tumor-bearing animals [54]. Encouraged by this result, the same institution ex-
pedited a phase 1 clinical trial of DNX-2401 in DIPG (clinicaltrials.gov: NCT03178032) [56].
A total of 12 newly diagnosed DIPG patients were enrolled in this clinical trial and received
1*1010 or 5*1010 DNX-2401 viral particles by intratumoral injection, 11 of whom continued
to receive subsequent radiation therapy. On safety assessment, there were some severe
adverse complications. Two patients developed serious adverse reactions, one developed
hemiplegia and one developed quadriplegia during DNX-2401 treatment. For the efficiency
of the 12 patients who were followed for a median of 17.8 months, MRI-assessed tumor
shrinkage was observed in 9 patients. Three patients achieved partial response (PR), and
eight patients achieved stable disease (SD). The median OS was 17.8 months, and the
survival rate was 75% at 12 months, 50% at 18 months and 25% at 24 months. The tumor
microenvironment and T-cell activity were explored in one patient, and the results showed
that there were significant alterations in the immune cell infiltration. Tumor samples were
collected before DNX-2401 treatment, after treatment and during autopsy. Comparing
the immune cell infiltration among the three DIPG samples, the infiltration of immune
cells inside the tumor was low before the start of treatment, increased to a certain extent
after oncolytic virus treatment and decreased again at autopsy. It was also found that the
patient’s T-cell receptor clonally increased in peripheral blood at 2 months after oncolytic
virus treatment, indicating that T cells were involved in the tumor-killing process [53,57].
These results showed that intratumorally injected DNX-2401 combined with radiotherapy
in DIPG patients resulted in changes in T-cell activity and a reduction in or stabilization
of tumor size in some patients but was associated with adverse events. How to balance
efficacy and safety needs further research and exploration in DNX-2401.

In addition to DNX-2401, reovirus had previously shown good safety in a phase I
clinical trial for recurrent GBM and in an animal orthotopic model study of DIPG [58,59].
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In the clinical trial of recurrent GBM, no treatment-related grade 4 adverse events occurred,
and anti-glioma activity was observed in some patients after 1*1010 reovirus treatment [58].
In an animal orthotopic model study of DIPG, the use of reovirus did not cause severe
neurological symptoms but prevented tumor development without toxicity, yet this effect
only occurred when tumor cells had been inoculated with the virus before implantation.
If reovirus was injected into the DIPG in situ xenograft implantation, it did not prolong
survival, even though CD3+ T cells in the tumor increased. However, if the DIPG in situ
xenograft implantation was treated with reovirus combined with ICI therapy, the survival
of tumor-bearing animals could be significantly prolonged [59].

The synergistic effect of ICIs and oncolytic viruses can be achieved not only through
combination therapy but also through viral transgene expression [60]. A recently published
article on the anti-DIPG effect of the engineered oncolytic adenovirus Delta-24-ACT showed
that it could elevate the expression of functional 4-1BBL on the membrane of infected DIPG
cells to enhance the stimulation of CD8+ T lymphocytes in the tumor microenvironment.
In mouse model studies, Delta-24-ACT not only improved the survival rate but also led
to long-term immune memory in surviving mice and increased the number of infiltrating
immune cells in tumors, with a good safety profile and no local or systemic toxicity [60].
In addition to directly killing DIPG cells, some oncolytic viruses can also inhibit tumor
spread [61]. Oncolytic herpes simplex virus 1716 (HSV1716) shows good capacity to inhibit
the migration and infiltration of DIPG cells in vitro and in vivo [61].

Although oncolytic virus therapy has shown some effect in the treatment of DIPG in
preclinical and clinical trials, there are some limitations of current oncolytic virus therapy
in DIPG, and an important limitation is the difficulty of its administration. Currently,
oncolytic viruses must be administered stereotactically to tumors through invasive surgery.
Maciej et al. utilized mesenchymal stem cells as carriers to carry the modified oncolytic
virus CRAd.S.pK7 and administered it through subcutaneous injection or intraperitoneal
injection. The homing capacity of mesenchymal stem cells made it possible to cross the
blood–brain barrier and enter the tumor. In addition, the stem cell-mediated delivery of
CRAd.S.pK7 ensured virus dissemination throughout the tumor, delayed virus clearance
by the host immune system and reduced neuroinflammatory responses, thereby providing
neuroprotection to normal brain tissue [44,62,63]. In animal orthotopic model experiments,
the results showed that the injection of CRAd.S.pK7-loaded mesenchymal stem cells after
radiotherapy could lead to better survival in animals than either treatment alone [44].

3.4. ICI Therapy

Immune checkpoints are essentially costimulatory molecules that affect T-cell re-
sponses. They regulate or inhibit T-cell function by binding to corresponding ligands or
receptors on the surface of T cells [64]. Inhibitory immune checkpoints, such as PD-L1,
PD-L2 and CTLA-4, are highly expressed in many tumors, and they impair the function of
cytotoxic T cells in the tumor [65–67]. Currently, the FDA has approved the ICIs CTLA-4
and PD-1, as well as their ligands PD-L1 and PD-L2, for specific tumor treatment [68,69].
Inhibitors targeting more immune checkpoints, such as LAG3, TIGIT, TIM3, B7H3, CD39,
CD73, adenosine A2A receptor and CD47, are still under investigation.

Great progress has been made in ICI therapy in recent years. Previous studies have
shown that ICIs can exert therapeutic effects on various tumors, including malignant
melanoma, non-small cell lung cancer, renal cell carcinoma, gastric cancer and esophageal
cancer [70–76]. However, the studies of ICI therapy in brain tumors are few, and the
efficiency is not significant [77–81].

For clinical research on the role of ICIs in DIPG, the current research data are limited
and the results are not consistent. In a retrospective study involving two DIPG patients
who received both PD-1 inhibitor and CTLA-4 inhibitor therapy for a short duration before
the discontinuation of ICI used to curtail disease progression, the results showed that there
was no obvious drug toxicity in patients, but the survival time was also not significantly
prolonged [82]. In a retrospective study of 31 recurrent DIPG patients, 8 patients received
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both reradiation and PD-1 inhibitor combination therapy, and their survival time was not
significantly different but slightly prolonged compared with those in the control group, and
none developed acute or chronic toxicity [83]. However, in another clinical trial that enrolled
five DIPG children with a median age of 3.5 years, the PD-1 inhibitor Pembrolizumab was
intravenously administered at 2 mg/kg every three weeks, and the patients experienced
clinical or radiographic deterioration after 1 or 2 doses of treatment. Their PFS was only
1.02 months (range, 0.5–1.7), and OS from initial treatment was 1.7 months (range, 0.5–6.2),
which was much shorter than in previous clinical studies. All patients clinically and/or
radiographically worsened after one (n = 1) or two (n = 4) doses of pembrolizumab. In
addition, 40% of enrolled patients (n = 2) had grade 3 or 4 treatment-related adverse events,
including fatigue (n = 2) and new or increased grade neurologic symptoms [84].

3.5. Combination Therapy

Overall, the intersection and combination of immunotherapy with other treatments
have increased in clinical trials of DIPG. Since the standard treatment for DIPG is radio-
therapy, there is often a combination of radiation therapy and immunotherapy. The use
of 131I-omburtamab to treat DIPG is one kind of radioimmunotherapy that is currently
involved in a clinical trial for DIPG (clinicaltrials.gov: NCT05063357). Omburtamab is a
monoclonal antibody that targets B7-H3 on the surface of DIPG, and 131I labeling can kill
tumor cells through the effect of internal irradiation. In addition, there are many other
combination therapies, including combinations of multiple immunotherapies or combi-
nations of immunotherapy and chemotherapy, which are also involved in clinical trials
(clinicaltrials.gov: NCT04943848, NCT02960230).

3.6. Summary of Immunotherapy Research on DIPG

Above all, the current immunotherapy research on DIPG mainly includes five parts:
adaptive cell transfer therapy, oncolytic virus therapy, vaccine therapy, ICI therapy and
combined therapy. From the results of clinical trials, the first three are the most promising
new treatment options for DIPG.

Among them, GD2 CAR-T showed a good effect on prolonging the OS and obvious
neuroinflammatory response [24]. How to weaken its neuroinflammatory response and
intensify its anti-tumor effect may be the focus of future research and development.

For oncolytic viruses, DNX-2401 experiments have shown that it has good safety and
efficacy [53,56,57]. However, studies have also shown that its changes in immunity are very
short-lived and that it will increase adverse effects when combined with radiotherapy. In
addition, Oncolytic viruses still require in situ inoculation, which limits their clinical use.

For vaccines, the H3.3K27M peptide vaccine significantly prolongs the OS of patients
with immune response, but its response rate is only 39% [35]. How to improve the response
rate of vaccines may be an important issue in future research.

In terms of ICI therapy, it is not a reasonable strategy for DIPG as immune characteri-
zation studies have shown that the expression of immune checkpoints is not significantly
elevated in DIPG. ICI treatment should be considered in combination with other therapies
to improve the therapeutic effect.

4. Conclusions

The development of immunotherapy has brought new potential prospects for DIPG,
which is unresectable and lacks effective treatment strategies. The existing research shows
that the immune microenvironment of DIPG presents a state of cold or immunodeficiency
status, specifically manifested as a lack of T lymphocyte infiltration, noninflammatory
performance of macrophages, low levels of regulating cytokine secretion and low levels of
immune checkpoint expression [17]. Some clinical trials have shown significant effects on
prolonging the OS of DIPG patients, which could supplement T cells directly or stimulate
the adaptive immune system to infiltrate specific cytotoxic cells into tumors, involving
adaptive T-cell transfer therapy, vaccine therapy and oncolytic virus therapy [24,35,56].
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Although studies on the immune microenvironment are still insufficient and most clinical
trials involving DIPG are still in phase 1 or phase 2, the results presented in this research
provide a key background for future DIPG research.
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Simple Summary: Childhood acute myeloid leukemia (AML) remains a cancer with poor overall
outcomes. Myeloid sarcomas (MS) are extramedullary masses of leukemia cells that can develop in
patients with AML. In children, MS occurs more frequently than described in adults. Their clinical
significance in both pediatric and adult patients with AML is unclear. In this review, we aim to
summarize the current knowledge of MS in children and its underlying biology in the hopes of
sparking future studies and ultimately improving treatment options for children with AML.

Abstract: Myeloid sarcomas (MS), commonly referred to as chloromas, are extramedullary tumors of
acute myeloid leukemia (AML) with varying incidence and influence on outcomes. Pediatric MS has
both a higher incidence and unique clinical presentation, cytogenetic profile, and set of risk factors
compared to adult patients. Optimal treatment remains undefined, yet allogeneic hematopoietic stem
cell transplantation (allo-HSCT) and epigenetic reprogramming in children are potential therapies.
Importantly, the biology of MS development is poorly understood; however, cell-cell interactions,
epigenetic dysregulation, cytokine signaling, and angiogenesis all appear to play key roles. This
review describes pediatric-specific MS literature and the current state of knowledge about the biologi-
cal determinants that drive MS development. While the significance of MS remains controversial,
the pediatric experience provides an opportunity to investigate mechanisms of disease development
to improve patient outcomes. This brings the hope of better understanding MS as a distinct disease
entity deserving directed therapeutic approaches.

Keywords: myeloid sarcoma; chloroma; acute myeloid leukemia; pediatric

1. Introduction

Myeloid sarcomas (MS) are extramedullary tumors of myeloid blasts forming masses
disrupting normal tissue architecture in patients with acute myeloid leukemia (AML) [1–3].
They are also known as myeloblastomas, granulocytic sarcomas, chloroleukemia, and
chloromas given the historically green appearance of the tumors resulting from myeloper-
oxidase exposure to air. Importantly, there is no clearly accepted definition of what qualifies
as MS. Most agree that discrete tumor masses of myeloid blasts are MS; however, whether
gingival infiltration and masses within lymph nodes, the liver, or spleen should also be
considered MS is debated given their propensity for generalized infiltration. Central ner-
vous system (CNS) leukemia is also a challenge with categorization including both cerebral
spinal fluid (CSF)-positive disease and CNS infiltrates/masses on imaging. This has made
clear, consistent reporting of clinical presentation and outcome data difficult given the lack

Cancers 2023, 15, 1443. https://doi.org/10.3390/cancers15051443 https://www.mdpi.com/journal/cancers
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of consensus within the literature. Given this limitation, the following terms will be used
for this review: extramedullary disease and MS. Extramedullary disease will more broadly
refer to leukemic disease outside the bone marrow/peripheral blood, while MS will be
specific to myeloid blast tumors. These terms are not used interchangeably and are used as
defined to more accurately portray the referenced literature, with extramedullary disease
as an umbrella term that also includes MS.

MS most frequently presents with a mass in subcutaneous/soft tissue, bone, and skin
(also known as leukemia cutis). Case reports include masses and infiltrative involvement
in nearly every conceivable tissue including the GI tract, reproductive organs, CNS, heart,
lungs, kidneys, and breast [4]. Interestingly, MS, while most often seen concurrently with
intramedullary AML, can occur in isolation in the absence of bone marrow disease. MS
can also occur in the setting of a preceding hematologic disease such as myelodysplastic
syndrome (MDS) or myeloproliferative neoplasms (MPN). Finally, MS can develop as a
relapse following a hematopoietic malignancy, including after allogeneic hematopoietic
stem cell transplantation (allo-HSCT) [1,2].

Although AML is seen primarily in older adults with a median age at diagnosis
of 68 years, AML accounts for 10 to 15% of acute leukemias in children [5,6]. Pediatric
AML differs from AML in adults in terms of clinical course, outcomes, and genomic
landscape [7–9]. MS in pediatrics represent an inadequately understood aspect of AML. MS
presentations offer another distinction between pediatric and adult AML with opportunities
for improvement in diagnosis, management, and further investigation into the biological
mechanisms of development and treatment resistance.

This review will discuss the clinical presentations and reported outcomes of pediatric
patients with MS including post-allo-HSCT, imaging approaches to diagnosis, and finally,
the biology of MS will be addressed. While this review focuses on pediatric MS, important
comparisons with adults will also be discussed.

2. Pediatric Clinical Presentation, Incidence, and Outcomes

Although generally considered a rare presentation, MS and extramedullary AML are
common in children with AML. Numerous cooperative groups and large institution studies
have reported both characteristics and outcomes associated with extramedullary disease
(Table 1). The inconsistent terminology surrounding MS and extramedullary disease
prevents direct comparison across these studies. Despite this limitation, these studies
provide helpful data about the clinical features and associations seen as well as insight
into outcomes.
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2.1. Incidence

The incidence of MS varies widely, particularly when comparing adults and children.
This is predominantly related to the lack of consistency in MS evaluation and reporting.
There is no standard recommendation for patients with AML to undergo screening evalua-
tion for MS and the true incidence is likely higher than that reported given the potential for
asymptomatic occult tumors. Pediatric studies describe an incidence of MS ranging from
5.7% to as high as 40% with the expansive definition of extramedullary disease, although
most commonly it is between 10 and 25% [10,13]. The distribution of common anatomic
sites in children is illustrated in Figure 1. A lower incidence of MS is generally reported
in adults (4–9%) with newly diagnosed AML, although this is likely an underestimate
considering a recent prospective study [24]. It is unclear why such differences exist be-
tween children and adults, but this may be related to differences in diagnostic evaluations
performed or inherent differences in the leukemias that children develop compared to
adults in terms of mutational spectrum [7–9].
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2.2. Clinical Associations

In children, MS is typically associated with a younger age at diagnosis, particu-
larly in infants, and more frequently in males, with 55–75% of patients with MS being
male [19,21,22]. Higher WBC counts and hepatosplenomegaly are often seen in the pres-
ence of MS, although less consistently. Additionally, the FAB M4 (acute myelomonocytic)
and M5 (acute monocytic) subtypes are most commonly associated with MS. Cytogenet-
ically, the most frequently described associations are inv(16), t(8;21), and chromosome
11 abnormalities, namely 11q23, with both deletions and rearrangements [12,15,17–19,26].
By contrast, in adults, a recent study of 1,583 patients identified increased odds of ex-
tramedullary disease in patients with PTPN11, NPM1, and FLT3-ITD mutations with no
association with inv(16) or t(8;21) and decreased odds of extramedullary disease with IDH2
and CEBPA mutations [27]. Pediatric AML has distinct mutational profiles in comparison
to adult AML, and similarly, the AML genetic profile associated with pediatric MS appears
distinct from that of adults. This suggests different biologic drivers of pediatric AML
and MS or extramedullary disease development, and potential significance for treatment
and outcomes.
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2.3. Outcomes

There is no consensus on the influence of MS on prognosis in children with AML.
Table 1 summarizes many of the larger studies, with notably conflicting results. Although
typically considered a presentation of advanced disease, event free survival (EFS) and
relapse free survival (RFS) do not consistently demonstrate worse outcomes for MS.

Reports from Children’s Oncology Group (COG) demonstrate an improved EFS in
subsets of MS patients with non-skin MS, later defined as orbital MS and CNS MS, with
otherwise similar outcomes to non-MS patients in those with other sites of MS disease
including skin [12,15]. A single center report from India similarly describes improved EFS
and overall survival (OS) in patients with MS excluding CSF-only disease [18].

By contrast, other studies describe no significant association between MS or more
general extramedullary disease and EFS [11,16,17]. A Turkish single center study found
significant effects on outcomes for patients with MS only when less intensive treatment
was given [13]. The Japanese childhood AML cooperative study group also only found
inferior EFS with extramedullary disease in the setting of WBC count > 100 × 109/L [14].
By contrast, other reports describe significantly worse EFS and OS for children with AML
and MS compared to those without MS [10,19,25]. Collectively, this indicates that whether
MS is a critical driver of outcomes remains an important unanswered question within
the field.

Favorable cytogenetics, including core binding factor mutations, are common in
patients with MS. In evaluation of children with low risk AML (e.g., inv(16), t(8;21), NPM1
mutated without FLT3-ITD mutation, and CEBPA mutation), reports demonstrated worse
RFS and EFS in patients with MS present compared to those without MS present [20–22].
This suggests that even in otherwise favorable AML, the presence of MS could be relevant
for both prognosis and potentially risk stratification.

Although controversy remains in broadly assigning prognostic impact to the presence
or absence of MS in pediatric leukemia, the significance should not be simply ignored.
Particularly in patients with t(8;21), inv(16), or chromosome 11/KMT2A abnormalities,
evaluating for the presence of MS may be significant in considering therapeutic approaches.
Additional studies are needed to prospectively identify patients with MS, as defined by
clear criteria, to determine the impact on prognosis, the potential need for altering risk
stratification, and defining remission status. This will be important to identify which
patients may benefit from specific or intensified therapy regimens to improve outcomes.

3. Significance of Extramedullary Disease and Myeloid Sarcomas Post-Allogeneic
Hematopoietic Stem Cell Transplant

Relapse of AML remains the predominant cause of treatment failure and death with
allo-HSCT as the only curative option for many patients. The role of allo-HSCT in the setting
of MS is a moving target in children. However, new data are emerging to address this
important point because anecdotal evidence suggests isolated MS relapse, in the absence of
bone marrow relapse, is a common occurrence post-allo-HSCT.

The Japan Society for Hematopoietic Cell Transplantation (JSHCT) used their national
database to identify pediatric AML patients that underwent allo-HSCT and found that the
presence of extramedullary disease (both CNS disease and MS) had no impact on OS or
leukemia-free survival (LFS) after transplant. However, the patients with extramedullary
disease prior to transplant were more likely to have extramedullary relapses after trans-
plant, with 41% of relapses being extramedullary. In comparison, those without prior
extramedullary disease had only 6% extramedullary relapse, although the overall rates of
recurrence were the same between the two groups [28]. Relapse with isolated MS was not
separated out as a group and was therefore difficult to directly assess.

The Turkish Pediatric Bone Marrow Transplantation Registry recently reported on
their experience with isolated extramedullary relapse (iEMR) in children following allo-
HSCT, although they included both acute lymphoblastic leukemia (ALL) and AML. They
found different risk factors for medullary relapse post-allo-HSCT versus iEMR. Transplant
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in CR2 or later or active disease at time of transplant and matched sibling donor transplants
were independently associated with increased risk of medullary relapse as well as iEMR.
The presence of chronic graft versus host disease (cGVHD) was conversely associated
with decreased risk of medullary relapse with no impact on the risk of iEMR. iEMR rates
were, however, independently higher in those with prior extramedullary disease [29]. A
higher rate of second iEMR was also seen following a first iEMR at 58.8% versus after a
first medullary relapse at 13% [29]. Local radiotherapy of extramedullary disease sites
prior to transplantation and the presence of cGVHD had no impact on post-allo-HSCT
iEMR, while cGVHD was protective in preventing medullary relapse [29]. This suggests
that although a graft versus leukemia effect is helpful in preventing medullary relapse, this
immune-mediated mechanism is not effective against MS masses and extramedullary sites
of leukemia. A single site report from the University of Michigan found that children were
also three times more likely than adults to experience an extramedullary relapse with an
associated higher pretransplant extramedullary disease incidence [30]. The significance of
extramedullary relapse, particularly in these settings, provides insight into mechanisms of
disease resistance specific to the MS phenotype following allo-HSCT. Despite these concerns,
allo-HSCT remains the best disease management for patients with high-risk AML.

Extramedullary disease prior to transplant is consistently associated with increased
risk of extramedullary relapse after HSCT in both children and adults [30,31]. The presence
of prior extramedullary disease (including CNS disease and MS) in adults with AML was
not found to be an independent risk factor for post-allo-HSCT relapse, DFS, or OS in both a
large CIBMTR analysis and a Canadian report [32,33]. This confirms the anecdotal clinical
concern that allo-HSCT is more effective for medullary versus extramedullary disease.

Adults with iEMR post-allo-HSCT are more likely to have had prior extramedullary
disease and GVHD present compared to those with medullary relapse [30,31,34,35]. Addi-
tionally, extramedullary relapse has a higher incidence following allo-HSCT than intensive
chemotherapy alone [36]. These iEMRs may represent sanctuary sites in which immune-
based therapies may be less effective and may result from a different mechanism of patho-
genesis compared to medullary relapse. There is currently no treatment consensus for iEMR
post-allo-HSCT, with a range of treatment approaches taken including local radiotherapy
and systemic chemotherapy [37–40]. The significance of iEMR on outcomes compared to
medullary relapse is more controversial, with conflicting studies limited by inclusion of
both ALL and AML patients with known differences in the efficacy of graft versus leukemia
effect between the two diseases [31,34]. One retrospective adult study, however, did report
that allo-HSCT was an effective treatment for patients with MS compared to chemotherapy
alone, although lack of complete MS remission prior to transplant had independently worse
OS and PFS [41].

In summary, the presence of known or occult MS prior to allo-HSCT may be clinically
important for a subset of patients, although additional studies are needed to define which
groups may benefit. Furthermore, identifying the increased risk for iEMR following allo-
HSCT can inform evaluations and management of patients during their post-transplant
course. This emphasizes the importance of identifying and following MS in patients with
AML prior to allo-HSCT and remaining vigilant to the possibility of iEMR.

4. Imaging Evaluation of Myeloid Sarcomas

The use of imaging to identify occult MS as well as re-evaluation of disease pres-
ence has remained inconsistent, both in frequency and modality, particularly in children.
Ultrasounds of MS lesions typically show homogenously hypoechoic lesions with hypervas-
cularity [42]. Computed tomography (CT) scans identify MS as isodense lesions compared
to muscle with moderate enhancement with IV contrast media. Enhancement is more
commonly homogenous (65%) versus inhomogenous (35%) [43]. MRI scans demonstrate
predominantly T2 hyperintense (82%) or isointense (18%) lesions compared to muscle and
T1 isointense (61%) or hypointense (39%) lesions with homogenous contrast enhancement
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and a mean apparent diffusion coefficient (ADC) on diffusion weighted imaging (DWI) of
0.57 × 10−3 mm2/s [43].

Fluorodeoxyglucose (FDG)-positron emission tomography (PET) scans are increas-
ingly being used for diagnosing extramedullary disease, with MS lesions displaying mod-
erate uptake of FDG [44]. A retrospective study including pediatric patients showed
a sensitivity of 93% and a specificity of 71.4% limited by difficulty differentiating ex-
tramedullary leukemia disease from infectious/inflammatory entities [45]. The recent
PETAML trial however prospectively evaluated adult patients with AML prior to therapy
initiation with total body 18FDG PET/CT scans to determine prevalence of extramedullary
disease. This showed a prevalence of 22% with a sensitivity of 77% and specificity of
97% [24]. Interestingly, leukemia cutis and CNS meningeal involvement were not neces-
sarily 18FDG-PET-avid [24,45]. In addition, there were four patients who remained with
residual 18FDG-PET-positive lesions despite complete marrow remission. Three of those
four subsequently relapsed, suggesting there may be a specific role for 18FDG-PET imag-
ing for remission evaluation of patients with AML [24]. Consideration should be given
to prospectively evaluating patients with AML to identify MS lesions requiring focused
follow-up and possible treatment modifications and may be of value in designing de novo
AML clinical trials, particularly in pediatrics with a high incidence of MS.

5. Pathology of Myeloid Sarcomas

MS are infiltrative tumor masses of myeloid blasts that efface or disrupt the normal
architecture of the involved organ. The leukemic blasts found in MS have heterogeneous
morphology; however, monocytic differentiation is common where the blasts will show
either myelomonocytic or monoblastic morphology [46]. An example of the histology of
MS is shown in Figure 2. Immunophenotypic profiling by flow cytometry or immunohisto-
chemical stains is often necessary for a definitive diagnosis, as many of these tumor masses
may resemble carcinoma. Evaluation of markers of immaturity, including CD34 and CD117,
are helpful in addition to other markers which are variably expressed on myeloid blasts
including CD13, CD33, CD68 (KP1), CD45, and myeloperoxidase (MPO). In the setting of
monocytic differentiation, expression of monocytic markers such as CD68, CD163, CD14,
and/or non-specific esterase (NSE) can be seen.
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Several translational studies have begun to investigate the genetic landscape of MS
lesions in isolation as well as in comparison to their paired intramedullary leukemia
counterparts. One recent study evaluated 7 adult trios of AML, MS, and normal tissue using
capture-based next generation sequencing (NGS) of 479 cancer genes. Genes recurrently
altered in these patients included KMT2A, FLT3, NRAS, CEBPA, TP53, WT1, and NPM1,
with 84% of variants found in the AML also present in the MS [47]. Three of the seven
patients had additional variants detected in the MS compared to the AML including
additional FLT3, SETD2, and NF1 mutations in the MS, while two had additional variants
of U2AF1 and RAD21 in the AML but not the MS [47]. In the relapsed MS samples, there
were increased single nucleotide variants (SNV) in the MS [47]. Another study evaluated
6 isolated MS tumors (without concurrent AML) and performed a 21 gene targeted panel
of AML and MDS associated genes. They found recurrent variants in the genes for FLT3
(50%), NPM1 (33%), and KIT (67%) and additional variants in WT1, SF3B1, EZH2, ASXL1,
and TET2 in one MS each [48]. The genomic reports of patient-derived MS are all limited by
targeted NGS sequencing without exploration of novel gene variants that may be specific
to MS pathogenesis. Additionally, RNA transcriptome analysis of MS is lacking in the
literature and provides an opportunity for investigation of transcriptome-based changes
that may contribute to MS development outside of genetic mutations. Such studies may
also facilitate the identification of cryptic translocations, which are common in pediatric
AML [7]. Although, typically, the genomic profile of MS is in concordance with the AML
and marrow, this is not always true. Particularly in cases of isolated MS, NGS and molecular
evaluation may inform targeted treatment options and should be included in diagnostic
evaluation of patients.

6. Biological Understandings of Pathogenesis

The biology underlying development of MS remains poorly defined with no clear
molecular determinants. Biological features such as cytogenetic changes, molecular abnor-
malities, and cell surface marker expression are not consistent across studies. Much of the
work on MS development surrounds the invasiveness of AML as studied using in vitro tran-
swell assays and infiltration in the spleen and liver. The simple infiltration of hematopoietic
organs, however, appears distinct from MS development in non-hematopoietic sites with
no clear biological explanation. The development of MS appears to require leukemia
mobilization/release from the marrow environment, tissue invasion, and further changes
leading to a tumor/mass phenotype, as illustrated in Figure 3. These steps will be further
discussed below.
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Figure 3. Depiction of MS development in AML with proposed mediators. Initial release/migration of
leukemic blasts from the bone marrow into the peripheral blood circulation, followed by extravasation
and invasion into distant tissue spaces (e.g., subcutaneous tissue). This results in organization
of those extravasated cells into a mass with subsequent tissue architectural distortion and gross
observation and clinical symptoms. Abbreviations: CAMs, cell adhesion molecules; MMPs, matrix
metalloproteinases; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth
factor receptor. Figure created with BioRender.com.
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6.1. CXCR4

CXCR4 (CXC chemokine receptor 4, CD184) is the receptor for the chemokine matrix
cell derivative-1 (SDF-1/CXCL12) and is expressed by most tissues as well as hematopoi-
etic stem cells and leukemic blasts wherein it facilitates the retention of hematopoietic
stem cells in the bone marrow niche [49,50]. The CXCR4/SDF-1 axis may contribute to
chemoresistance through downstream signaling cascade dysregulation within leukemia
cells [49,51]. Higher CXCR4 expression has been seen in AML patients with extramedullary
infiltration at diagnosis and extramedullary infiltration in childhood ALL [49,52]. The
proposed mechanism of extramedullary involvement in acute leukemias is altered bone
marrow homing and increased peripheral blood dissemination via a chemotactic gradient
of SDF-1 with increased CXCR4 expression on the leukemia cells [53]. CXCR4/SDF-1 can
promote the retention of AML cells within the skin of children with AML; however, CXCR4
expression by peripheral blood blasts was no different in patients with or without skin
involvement [54]. Furthermore, a lack of association between SDF-1 polymorphisms and
MS implies that small variants do not contribute to extramedullary disease development,
although these have been previously of interest and described [55]. More common in adults,
NPM1-mutated AML is associated with extramedullary disease and is associated with
downregulation of CXCL12 and CXCR4 gene pathways [50].

While CXCR4 expression and signaling may be a contributing factor to extramedullary
disease, its impact appears limited to initial release and migration of leukemia cells from the
marrow and is not specific to MS development. Further work is needed to better character-
ize this mechanism and whether or how CXCR4 is contributing to discrete MS formation.

6.2. CD56

CD56 (also known as neural cell adhesion molecule-1 or NCAM1) is normally ex-
pressed by natural killer (NK) cells and other immune cell subtypes and is housed on
chromosome 11q23.1. It is frequently described as part of the immunophenotype of AML
with MS [1,56,57]. Expression patterns of CD56 are not consistently described, however,
and in a population of adult t(8;21) AML patients, there was no association between CD56
expression and presence of extramedullary disease [58]. AML in adults with CD56 posi-
tivity is more commonly associated with worse 5-year EFS and OS; however, a report in
low-risk patients shows no association with outcome [21,25,59]. Additionally, post-allo-
HSCT CD56 positivity is not associated with extramedullary relapse [30]. Despite the
frequent CD56+ immunophenotype, there is no described mechanism or in vitro data to
suggest the significance of this finding. Additional experimental studies are required to
determine if CD56 is simply a biomarker of MS or is required for MS development.

6.3. Integrins and Cell Adhesion Molecules (CAMs)

An AML-extracellular matrix interaction is likely critical to the development of MS.
This is illustrated in transcriptome analysis of adult patient-derived AMLs demonstrating
enrichment of cell surface gene sets in those AMLs with concomitant MS [60]. This includes
integrin-α7 (ITGA7), which showed a higher expression in AML with associated MS in
addition to high expression in MS samples [60]. Laminin 211 is a specific ligand of integrin-
α7 that signals through the ERK signaling cascade [60]. While there is much described about
the role of integrins and selectins in migration and homing of hematopoietic stem cells,
there remains no clear mechanism by which these molecules facilitate MS formation [61,62].
Further study is needed to better evaluate the role of cell adhesion molecules in MS
development and whether targeting these cell interactions may provide therapeutic benefit
for patients with MS.

6.4. Vascular Endothelial Growth Factor (VEGF) and Receptor (VEGFR)

Angiogenesis plays a notable role in acute leukemia with increased microvascular den-
sity in AML and adult MS [63]. VEGFR2, the major mediator of the mitogenic, angiogenic,
and permeability effects of VEGF, may contribute to the development of MS [64]. VEGF
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signaling via the PI3K/Akt pathway in the setting of hERG1 expression was necessary for
an in vitro migratory phenotype in AML cells [65]. In adults, the small molecule VEGFR2
tyrosine kinase inhibitor apatinib (also known as TN968D1) demonstrated enhanced an-
tileukemic effects in ex vivo cytotoxicity studies from patient-derived AML samples with
associated extramedullary disease [66]. Angiogenesis is well-described in the pathogenesis
of other malignancies and it is reasonable to think that a unique perturbation may play a
role in the migration or tumor formation of MS.

6.5. Matrix Metalloproteinases (MMP)

In vitro studies have described the role of MMP secretion (MMP-2 and MMP-9) by
leukemia cells contributing to invasion capacity, most notably of the blood-brain barrier,
with upstream regulation by mitogen-activated protein kinases (MAPKs) and phospho-
inositide 3-kinase (PI3-K)/AKT pathways [67,68]. Additionally, TIMP-2 (tissue inhibitor
of metalloproteinase 2) upregulation has been seen with increased leukemia cell line
(i.e., SHI-1) invasion both in vitro and in vivo with more extensive and severe extramedullary
infiltration through both MMP-2-dependent and independent activities [69,70]. Other
in vitro studies propose a role for the β2 integrin-proMMP-9 complex in the extramedullary
phenotype of AML [71]. Type IV collagenase secretion enhanced by TNFα and TGFβ from
a patient-derived MS cell line increased in vitro cell invasion with collagenase secretion
demonstrated in the MS AML cell line but not other leukemia cell lines [72]. While tissue
invasion by leukemia cells is likely required for MS development, not all of the critical
players have been identified.

6.6. Epigenetic Dysregulation

Epigenetic dysregulation has been reported in the context of extramedullary disease
and infiltration in AML. Enhancer of zeste homolog 2 (EZH2) is a histone methyltransferase
and is the catalytic subunit of the Polycomb Repressive Complex 2 (PRC2), which deposits
Histone 3 Lysine 27 trimethylation (H3K27me3). High EZH2 expression is correlated with
higher peripheral blood blast percentages as well as extramedullary infiltration in patients
with AML with numerous well-established biological roles. In vitro studies suggest that
migration of AML cells appears to be regulated by EZH2/p-ERK/p-cmyc/MMP-2 and
E-cadherin signaling pathways [73]. EZH2 is a frequently mutated gene in AML; however,
EZH2 has a variety of biologic influences and a unique role in MS formation remains
undefined [7,9].

Altered DNA methylation is another described mechanism in the development of
extramedullary disease with key enzymes frequently mutated in AML. DNA methyltrans-
ferase 3A (DNMT3A) mutations contribute to altered DNA methylation, subsequently
resulting in increased expression of a subset of genes with specific roles in myeloprolifer-
ation and extramedullary hematopoiesis [74]. DNMT3A mutation appears to contribute
to extramedullary CNS infiltration mediated by overexpression of TWIST1, a key epithe-
lial mesenchymal transition transcription factor, which is not otherwise well described in
AML [75]. Furthermore, TET2 is a member of the ten-eleven translocation (TET) gene family
and is a key enzyme for DNA demethylation and a critical regulator for hematopoietic
stem cell homeostasis. Models using TET2-deficient mice demonstrated not only high
incidence of MS development but also transplant ability of the MS cells as well as an
in vivo response to azacitidine treatment [76]. Decreased TET2 expression was also seen in
patient-derived MS samples with further suggestion of methylation changes impacting MS
development [77].

AML has many examples of mutations in epigenetic pathways that are enriched
in AML more than many other disease entities and may not be directly related to their
involvement in MS [9]. The role of epigenetic dysregulation in leukemia migration and
invasion with described MS phenotypes is intriguing yet requires further study. Additional
research may uncover future targetable pathways for MS treatment, and as noted below,
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case reports have demonstrated the safety and efficacy of hypomethylating agent use for
patients with MS.

6.7. Other Biological Associations

Mesothelin (MSLN) is a cell surface protein hypothesized to be involved in cell adhe-
sion and is overexpressed in a subset of AML patients. MSLN overexpression was strongly
associated with KMT2A-R, t(8;21), and inv(16) as well as the presence of extramedullary
disease in children and young adults with AML. Methylation profiling further demon-
strated an inverse association between MSLN promoter methylation and MSLN expression,
suggesting another impact of epigenetic dysregulation [78].

Versican (VCAN) overexpression in the setting of NPM1-mutated AML is associ-
ated with an invasive phenotype and higher expression levels in patients with skin in-
filtration [79]. Lysyl oxidase (LOX), which has roles in pediatric acute megakaryoblastic
leukemia and in the creation of a growth permissive fibrotic microenvironment, was as-
sociated with increased extramedullary disease in adults with AML and high plasma
LOX activity [80]. WT1 overexpression has also been described in MS cases as well as in
extramedullary relapsed disease [81,82]. ERG transcription factor overexpression, similar
to that of Ewing sarcoma, has been seen in patient-derived MS samples [83]. Multiple
studies describe other associations observed in AML and extramedullary disease, including
increased expression of amyloid precursor protein (APP) in AML1/ETO leukemia cells
perhaps mediating the p-ERK/c-Myc/MMP-2 pathway, expression of miR-29c&b2, circular
RNA expression patterns, and expression of CD25 and CD117 [84–90]. Polo-like kinase
1 (PLK1), which is involved in cell cycle control, was effectively inhibited in vivo using a
patient-derived leukemia in mice with improvement in extramedullary disease [91]. PD-1
and PD-L1 have been investigated given the described efficacy of checkpoint inhibitors;
however, there was no difference in expression of PD-1/PD-L1 in MS tested, and they
may instead have more impact in the surrounding tumor microenvironment [92,93]. Using
mouse models, others observe a maturation plasticity of leukemia cells, with potential
implications for chemotherapy resistance as a mechanism for extramedullary relapse [94].
A PIM2/MYC co-expressed mouse model demonstrated consistent and lethal in vivo MS de-
velopment with MYC expression likely contributing to the phenotype [95]. Mouse models
have also demonstrated cooperation between MLL/AF10 and activating KRAS mutations,
with increased cell adhesion properties contributing to in vivo MS formation via Adgra3
and Hoxa11 [96,97].

While many different mechanisms have been suggested in the development of MS,
there remains no clear understanding of the pathogenesis. As such, it is hard to definitively
identify the potential molecular determinants causing MS formation is some AML patients
but not others. While the pathogenesis remains to be fully elucidated, prior studies suggest
that there are likely multiple steps leading to MS development, including release from
the bone marrow (which may be represented by higher WBC counts associated with MS),
tissue invasion, and discrete mass formation, with the latter being the most consequential
with regards to leukemia and the least described. Investigating how these different steps
may cooperate and ultimately how the leukemia cells aggregate and sustain an aggregated
phenotype requires dedicated study. Furthermore, the immune evasive or immunosup-
pressive microenvironment of MS illustrated in the post-allo-HSCT setting highlights that
there is much more to learn about the pathogenesis of MS and its uniqueness with respect
to its systemic/intramedullary AML counterpart.

7. Treatment Considerations

There is no consensus on the best treatment approach for management of MS, par-
ticularly isolated extramedullary disease. In pediatrics, systemic chemotherapy has been
favored with consideration of allo-HSCT independent of the presence of MS.

The general approach to management in pediatric patients has evolved over the last
three decades. In prior large cooperative group study treatment protocols (e.g., CCG

402



Cancers 2023, 15, 1443

2961), children with MS would receive radiation therapy to the affected sites following
initial induction chemotherapy, given MS responsiveness to irradiation. Although part
of protocol therapy, many patients were not irradiated and outcomes demonstrated no
difference in 5-year EFS, similar to smaller cohorts [12,98]. In adults, radiation therapy is
more commonly used to treat isolated relapses, but the effects are not typically sustained
and both localized and medullary relapse following radiotherapy are common [30,99].
Although prior COG studies included radiotherapy for treatment of MS sarcomas, this is
no longer standard of care in the US; however, it continues to be recommended for MS in
Berlin–Frankfurt–Munster (BFM) studies [17,100].

Given the epigenetic basis of AML development, inclusion of novel epigenetic ap-
proaches in treatment are increasing in utility for AML [9,101,102]. The hypomethylat-
ing agents azacitidine and decitabine have demonstrated efficacy in management of ex-
tramedullary disease in AML, including in pediatric patients [103]. Case reports in pe-
diatrics have demonstrated complete response to monotherapy with azacitidine in MDS
patients who received allo-HSCT as consolidation [103]. In the setting of post-allo-HSCT
relapses of MS, multiple case reports in adults demonstrate efficacy of azacitidine or
decitabine including complete response [104,105]. Hypomethylating agents in adults with
AML and extramedullary disease showed improvement after one–two cycles and complete
or near complete resolution of MS following four–five cycles [106–109]. Venetoclax has
also shown activity against MS [109–111]. The utility of venetoclax and hypomethylating
agents suggests a role for epigenetic reprogramming as a means for MS treatment, although
DNA methylation-based mutations including DNMT3A, IDH1, IDH2, and TET2 are far less
common in children than in adults and translation of utility is more challenging [9,112].
While no consensus exists regarding optimal treatment of MS, particularly in pediatrics,
radiation therapy is unlikely to contribute to durable remission of disease and expanding
chemotherapeutic options to include hypomethylating agents and venetoclax in both ini-
tial chemotherapy regimens or as maintenance therapy following allo-HSCT should be
considered and deserves further investigation.

8. Conclusions: Knowledge Gaps and Areas for Improvement

Children with AML and MS are distinct from adults. Given these differences, it is
necessary to further study MS in the context of the driver lesions specific to children. MS
remains a known clinical presentation with unclear impact on prognosis, risk stratification,
and potential consequences in the setting of allo-HSCT. The advancement of imaging
techniques and data for MS provides the opportunity for more directed and prospec-
tive evaluation in children. Collectively, this highlights the need for further large-scale
cooperative group studies with clear criteria for the identification of MS in children.

While there is no specific treatment approach for children with MS, the use of intensive
systemic chemotherapy remains at the forefront. However, additional studies are required
to determine if epigenetic or immuno-oncology therapies may be beneficial. The role of
allo-HSCT continues to be important as a curative option for many patients with high-risk
AML; although, considering its potential lack of efficacy in the setting of extramedullary
disease, the role of an immunosuppressive microenvironment in MS requires additional
study. Further investigation into the potentially immunosuppressive MS microenvironment
will be crucial to improving efficacy of allo-HSCT and managing isolated extramedullary
relapses post-HSCT.

Although many different biological associations exist, there is an ongoing lack of clarity
as to how leukemic blasts can not just invade tissues but form discrete tumors. Experiments
delineating the potential epigenetic and transcriptomic differences between medullary
AML disease and MS are required to identify the underlying molecular mechanisms that
promote MS development. Understanding how leukemic blasts transform into and sustain
an MS phenotype is critical to identifying specific targetable mechanisms. Understanding
and combatting chemotherapy resistance and immune escape will ultimately improve
survival in patients with AML and MS.
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Peszyńska-Żelazny, K.; Wysocki, M.; et al. Clinical Characteristics and Treatment Outcomes of Myeloid Sarcoma in Children: The
Experience of the Polish Pediatric Leukemia and Lymphoma Study Group. Front. Oncol. 2022, 12, 935373. [CrossRef] [PubMed]

24. Stölzel, F.; Lüer, T.; Löck, S.; Parmentier, S.; Kuithan, F.; Kramer, M.; Alakel, N.S.; Sockel, K.; Taube, F.; Middeke, J.M.; et al. The
prevalence of extramedullary acute myeloid leukemia detected by 18FDG-PET/CT: Final results from the prospective PETAML
trial. Haematologica 2020, 105, 1552–1558. [CrossRef]

25. Xin, X.; Zhu, H.; Chang, Z.; Feng, M.; Gao, S.; Hou, L.; Su, X. Risk factors and prognosis analysis of acute myeloid leukemia in
children. J. Balk. Union Oncol. 2021, 26, 166–172.

26. Zhou, T.; Bloomquist, M.S.; Ferguson, L.S.; Reuther, J.; Marcogliese, A.N.; Elghetany, M.T.; Roy, A.; Rao, P.H.; Lopez-Terrada, D.H.;
Redell, M.S.; et al. Pediatric myeloid sarcoma: A single institution clinicopathologic and molecular analysis. Pediatr. Hematol.
Oncol. 2020, 37, 76–89. [CrossRef]

27. Eckardt, J.N.; Stölzel, F.; Kunadt, D.; Röllig, C.; Stasik, S.; Wagenführ, L.; Jöhrens, K.; Kuithan, F.; Krämer, A.; Scholl, S.; et al.
Molecular profiling and clinical implications of patients with acute myeloid leukemia and extramedullary manifestations.
J. Hematol. Oncol. 2022, 15, 60. [CrossRef]

28. Sakaguchi, H.; Miyamura, T.; Tomizawa, D.; Taga, T.; Ishida, H.; Okamoto, Y.; Koh, K.; Yokosuka, T.; Yoshida, N.; Sato, M.; et al.
Effect of extramedullary disease on allogeneic hematopoietic cell transplantation for pediatric acute myeloid leukemia: A
nationwide retrospective study. Bone Marrow Transplant. 2021, 56, 1859–1865. [CrossRef]

29. Hazar, V.; Öztürk, G.; Yalçın, K.; Uygun, V.; Aksoylar, S.; Küpesiz, A.; Ok Bozkaya, İ.; Karagün, B.; Bozkurt, C.; İleri, T.; et al.
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Simple Summary: The survival rate for pediatric cancers has improved significantly over the last
decades. Conventional chemotherapies play a vital role in pediatric cancer treatment, especially in
low- and middle-income countries, and the roster of chemo drugs for use in children has expanded.
However, patients suffer from chemotherapy as a result of its countless side effects. Furthermore,
multidrug resistance (MDR) continues to be an insurmountable obstacle that limits survival for a
considerable number of patients. In this review, we discuss severe side effects in pediatric chemothera-
pies such as doxorubicin-induced cardiotoxicity (DIC) and vincristine-induced peripheral neuropathy
(VIPN). Here, MDR mechanisms in chemotherapy are elucidated with the aim of improving sur-
vival, while also reducing the intensity and toxicity of chemotherapy. Furthermore, we focus on
various drug transporters in common types of pediatric tumors, which could provide different
therapeutic strategies.

Abstract: The survival rate for pediatric cancers has remarkably improved in recent years. Con-
ventional chemotherapy plays a crucial role in treating pediatric cancers, especially in low- and
middle-income countries where access to advanced treatments may be limited. The Food and Drug
Administration (FDA) approved chemotherapy drugs that can be used in children have expanded,
but patients still face numerous side effects from the treatment. In addition, multidrug resistance
(MDR) continues to pose a major challenge in improving the survival rates for a significant number
of patients. This review focuses on the severe side effects of pediatric chemotherapy, including
doxorubicin-induced cardiotoxicity (DIC) and vincristine-induced peripheral neuropathy (VIPN).
We also delve into the mechanisms of MDR in chemotherapy to the improve survival and reduce
the toxicity of treatment. Additionally, the review focuses on various drug transporters found in
common types of pediatric tumors, which could offer different therapeutic options.

Keywords: chemotherapy; pediatric cancers; VIPN; DIC; MDR; drug transporters

1. Introduction

Pediatric cancer is relatively rare and has a high survival rate compared with adult can-
cer. Pediatric cancer includes 12 major types and over 100 subtypes [1]. In the United States,
pediatric cancer therapies have made remarkable advances over the last 70 years, and the
overall survival (OS) rate for pediatric cancer patients has increased to 80% [2,3]. However,
cancer is still the top cause of death by disease in children. In 2023, diagnosed pediatric can-
cer patients in the USA will include ~9910 children (birth to age 14) and ~5280 adolescents
(aged 15–19 years). In addition, approximately 1040 children and 550 adolescents in the
USA will die from cancer in 2023 [4]. An improvement in these amounts can be achieved
by an increased understanding of the molecular basis of cancer through international
collaborative efforts.
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Despite these successes, the incidences and mortalities between countries are greatly
different. In 2017, the 5-year survival rate of childhood cancer was 80% in high-income
countries. However, data suggest that far fewer children survive in most low- and middle-
income countries—the 5-year survival rate of children is ~40%, while more than 90% of
children at risk of potential pediatric cancer live in these countries [5,6]. Because of major
advances in modern science over the past several decades, the improvement in pediatric
cancer in high-income countries has not translated to most low- and middle-income coun-
tries. There are still gaps among these countries regarding recognition, diagnosis, and
treatment [7].

Despite financial hardship or treatment results, conventional chemotherapy is still
a standard option for childhood cancer treatments in low- and middle-income countries,
where molecular-targeted drugs are broadly accessible [8–10]. Severe side effects and resis-
tance mechanisms against cancer therapies remain the primary reasons limiting chemother-
apy outcomes [11]. Here, we consider the advancement of chemotherapy in pediatric
cancer, including drugs and specific considerations. Beyond the previous focus on adult
cancer alone, in the current review, we discuss severe side effects such as neuropathy and
myopathy, the effects of the MDR phenomenon, and the role of various drug transporters in
common types of pediatric tumors that could lead to more efficient pediatric chemotherapy.

2. Current Chemotherapy in Pediatric Cancer

There are currently various cancer treatment approaches for cancer. The main four lines
of treatment are surgical removal, immunotherapy, radiotherapy, and chemotherapy [12].
Surgical removal has the longest history in cancer treatment. It is an essential treatment
option and often is often performed together with other cancer treatments, depending on
the type of cancer [13]. Immunotherapy is generally considered to have been applied in
1890 by Dr. Coley, who injected a mixture of live and inactivated Streptococcus and Serratia
to achieve responses [14]. It modulates the immune system to act better against cancer, and
it includes immune checkpoint inhibitors, T-cell transfer therapy, monoclonal antibodies,
and treatment vaccines. Radiotherapy precisely delivers radiation to kill cancer cells and
shrink tumors, and was started in 1896 by Emile Grubbé, who treated a breast cancer
patient using X-rays [15]. Chemotherapy was first introduced after the Second World War,
and works by interfering with cell proliferation. Other cancer treatment approaches include
stem cell transplantation, targeted therapy, photodynamic therapy, and hormone therapy.

The efficient treatment of pediatric cancer started after 1945. Sidney Farber treated
a 3-year-old patient with acute lymphoblastic leukemia (ALL) with aminopterin [16]. As
a conventional cancer therapy, chemotherapy has played an important role in pediatric
cancer over the past several decades. In pediatric diagnosis, ALL is the most common
type of cancer. The OS of ALL increased from 57% in the 1970s to 96% in recent years [17].
This enormous progress is partly attributed to advances in chemotherapy [3]. Currently,
chemotherapy has reached its limit, as severe toxicities have been observed in pediatric
patients during treatment. Modifications to chemotherapy are made in order to reduce
multiple toxicities. For instance, studies have provided evidence that chronomodulated
chemotherapy, based on the body’s intrinsic circadian clock, might minimize toxicity while
maintaining an anticancer activity [18]. High-dose chemotherapy has been explored for
treating childhood malignant glioma so as to pass the blood−brain barrier (BBB), reduce
cell chemoresistance, and achieve a more comprehensive response [19].

Chemo drugs are grouped by function, chemical structure, and interaction with other
medications. Types of chemo drugs include alkylating agents, antimetabolites, antibiotics,
topoisomerase inhibitors, mitotic inhibitors, and corticosteroids [20,21]. In 1997, under
the Food and Drug Administration Modernization Act2 (FDAMA), a pediatric exclusivity
provision was enacted by the U.S. Congress. Few chemo drugs were explicitly approved for
treating pediatric cancer. The FDAMA later reauthorized as the Best Pharmaceuticals Act
for Children (BPCA), which encourages pediatric drug studies in companies by providing
a financial incentive. A total of 16 chemo drugs have been approved by the FDA with
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pediatric indications in the U.S. Before the FDAMA, only nine chemo drugs were approved
for pediatric indications, see Table 1. After the FDAMA (1997–2022), seven chemo drugs
were approved to treat childhood cancer (see Table 2).

There are less drugs with pediatric indications worldwide compared with adult
indications [22]. For some chemo drugs, the initial approval was only for adult indications.
On 20 May 2022, Azacitidine was newly approved for childhood cancers, while it first
approved on 19 May 2004 for treating all subtypes of myelodysplastic syndrome. Moreover,
FDA approved these chemo drugs (Clofarabine, Nelarabine, Erwinia, and Mercaptopurine)
for both adult and pediatric indications at the same time (Table 2). Although efforts have
been made in pediatric chemotherapy, only a few chemo drugs have gained pediatric
indications—there is a gap between pediatric and adult approval.

The therapy to treat pediatric cancers requires specific prerequisites and considerations,
as patients are still growing and developing. Some adverse effects of cancer treatments are
more severe for children than adults, as developing organs are more susceptible. Infection-
related serious adverse events are more common in ALL patients receiving chemotherapy,
which enhances the risk of death [23]. Therefore, it is necessary to identify drug resistance
mechanisms to reduce chemotherapy intensity and toxicity. The counterstrategies against
drug resistance are discussed in the following section.

Table 1. Chemo drugs approved prior to FDAMA, for which labeling includes pediatric indications [24].

Drug Original
Approval Indications

Doxorubicin Hydrochloride 7 August 1974 Wilm’s Tumor and Other Childhood
Kidney Cancers

Vincristine Sulfate 10 July 1963
ALL, Neuroblastoma, Non-Hodgkin Lyphoma,
Rhabdomyosarcoma, Wilm’s tumor and other

childhood kidney cancers
Cytarabine 17 June 1969 Acute Nonlymphocytic Leukemia

Cyclophosphamide 16 November 1959 ALL
Methotrexate Sodium (Trexall) 10 August 1959 ALL

Mercaptopurine (Purinethol, Purixan) 11 September 1953 ALL
Daunorubicin Hydrochloride (Rubidomycin) 19 December 1979 ALL

Procarbazine Hydrochloride (Matulane) 22 July 1969 Hodgkin Lymphoma

Dactinomycin (Cosmegen) 10 December 1964 Ewing sarcoma, gestational
trophoblastic disease

Data provided by National Cancer Institute (https://www.cancer.gov/), accessed on 30 January 2023, updated:
20 December 2022, and U.S. FDA (https://www.fda.gov/). The drugs and drug combinations are not listed here.

Table 2. Chemo drugs approved post FDAMA with pediatric specific indications (1997–2022) [24].

Drugs Original Approval Pediatric
Approval

Indications for
Pediatric
Cancer

(Drugs approved post FDAMA with pediatric specific indications (1997–2022))

Azacitidine (Vidaza) 19 May 2004 20 May 2022 JMML
Calaspargase Pegol-mknl (Asparlas) same 20 December 2018 ALL

Everolimus 1 November 2010 29 August 2012 Giant Cell
Astrocytoma

Asparaginase Erwinia Chrysanthemi
(Erwinaze) same 18 November 2011 ALL

Clofarabine (Clolar) same 28 December 2004 ALL
Pegaspargase (Oncaspar) same 24 July 2006 ALL

Nelarabine (Arranon) same 28 October 2005 Non-Hodgkin
Lymphoma

Data provided by National Cancer Institute (https://www.cancer.gov/), updated: 20 December 2022, and U.S.
FDA (https://www.fda.gov/). JMML: juvenile myelomonocytic leukemia. The drugs and drug combinations are
not listed here.
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3. Severe Neuropathy and Myopathy Side Effects in Chemotherapy

In cancer treatment, chemotherapeutic agents are considered a double edge sword, as
it kills cancer cells and other healthy, fast-growing cells, without differentiation. As a matter
of fact, patients suffer from various non-negligible side effects such as hair loss, fatigue,
nausea, vomiting, and diarrhea. Currently, doxorubicin (DOX) and vincristine (VCR)
are two commonly used chemotherapeutic agents in pediatric cancer treatment [25,26].
However, the potential harm of neuropathy and myopathy has become a considerate
risk factor that limits the effect of DOX and VCR [27,28]. The pathway mechanism of
neuropathy and myopathy induced by DOX and VCR in illustrated in Figure 1. Thus, it is
necessary to discuss the opposing side and corresponding solutions for these two chemo
drugs, mainly when applied to pediatric cancer patients.
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(DOX and VCR) in pediatric cancer treatment.

DOX, an anthracycline drug to treat solid tumors in children, such as Wilm’s tumor,
was approved by the FDA in 1974 to become the first clinical liposomal encapsulated
anticancer drug [29]. DOX acts as an intercalation that inhibits topoisomerase II and further
obstructs DNA replication [30]. The recommended dosage (2 mg/mL) is the same in both
pediatric and adult patients. Symptoms of the side effects may include abnormality in
electrocardiography, rhythm disturbances, and even left ventricular hypertrophy that leads
to a reduction in ejection fraction [31].

DIC is a severe dose-dependent risk factor in cancer treatment [32]. It has been re-
ported that SNP (rs2229774) in retinoic acid receptor-γ (RARG) has a significant impact on
the increased occurrence of DIC. Further investigation found that a RARG agonist CD1530
showed a cardioprotective effect in an in vivo mouse model of DIC [33]. Other drug trans-
porter genomic variants in the SLC28A3 locus were also identified. Based on that, a single
dosage of 3 µmol/L desipramine per day before the administration of DOX is recommended
to prevent DIC [34]. Moreover, circular RNA (circRNA)-based therapy is a novel approach
for treating DIC [35]. The overexpression of insulin receptor encoded circRNA (Circ-INSR)
successfully prevented and reversed DIC in an in vivo mouse model [36]. Han. et al.
reported another promising therapeutic target for DIC, namely tumor-suppressive human
circular RNA CircITCH [37]. Other recent potential strategies that possibly reverse DIC
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include atg7-based autophagy activation [38], meteorin-like (METRNL) protein [39], sirtuin
1 (SIRT1) [40], berberine [41], ADAR2 [42], elabela (ELA) [43], phenylalanine-butyramide
(FBA) [44], gasdermin D [45], melatonin [46], levosimendan [47], paeonol [48], SNX17 [49],
irisin [50], isorhapontigenin [51], liensinine [52], etc.

VCR, known initially as Leurocristine, is the first-line chemotherapeutic medication
often administered in the combination chemotherapeutic treatment of pediatric hematologic
malignancies and solid tumors [53]. VCR acts as mitotic inhibitors by binding to the β-
tubulin subunit of αβ-tubulin heterodimers, thus functionally destabilizing microtubule
fibers, which ultimately leads to the termination of cancer cell division [54]. Previous studies
have shown a cumulative effect for its neurotoxicity and overdosage may cause very serious
or fatal outcomes [55,56]. Until 6 June 2022, it has been approved by FDA in the treatment
of pediatric ALL, neuroblastoma, non-Hodgkin lymphoma, rhabdomyosarcoma, Wilm’s
tumor, and other childhood kidney cancers. USP recommended dose of VCR injection
for pediatric patients is 1.5–2 mg/m2 compared to adults is 1.4 mg/m2. For neonate and
infant patients weighing 10 kg or less, the first dose should be 0.05 mg/kg, administered
once a week. The latest research showed in the treatment of ALL and Wilm’s tumors,
compared with older children, neonates or infants have similar clearance in vincristine.
Thus, doses less than 0.05 mg/kg should not be applied in neonate and infant patients due
to inappropriate suboptimal VCR exposures [57].

The common side effect encountered with VCR use is VIPN [58]. Clinical patterns
of VIPN can be classified as sensory neuropathy (e.g., numbness and paresthesia), motor
neuropathy (e.g., extremity weakness and walking difficulties), and autonomic neuropathy
(e.g., constipation and urinary retention) [59]. VIPN can be assessed by the National
Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE), the pediatric-
modified Total Neuropathy Scale (ped-m TNS), and the Total Neuropathy Score-Pediatric
version (TNS-PV) [28,60]. There are currently no effective strategies for reducing vincristine-
induced neurotoxicity. Also, whether VIPN exists chronically in the survivors remains
ambiguous [61]. Some studies showed that a significant proportion of patients receiving
VCR would undergo a certain extent VIPN [62,63]. In 2017, Tay et al. reported that ~16%
of pediatric ALL survivors suffer from VIPN [64]. Nevertheless, in 2020, an investigation
among 150 pediatric patients with ALL and Wilm’s tumors showed that significant side
effects of the vincristine regimen are mostly neurotoxic, which is at a mild to moderate
level [65]. In recent years, more and more studies have revealed the deep connection
between genetic polymorphisms and VIPN [66–68]. The CEP72 genetic variant is an
optimistic VIPN signature marker since the CEP72 gene encodes centrosome proteins that
participate in the development of microtubules. Patients that carry CEP72 TT genotype take
potentially higher risk and severity of VIPN than CC or CT genotype patients [69]. Besides,
the enzyme CYP3A5 contributes to hepatic clearance of VCR, which means CYP3A5 genetic
polymorphisms, and its allelic variants are assumed to be associated with VCR neurotoxicity
in different human populations. CYP3A5 genotyping analysis results showed over 70% of
African Americans had been found to have one or more CYP3A5*1 alleles (such as CYP3A5
expresser), which is about five times higher compared to Caucasians [70]. Moreover, VCR
is transported by some members of ATP-binding cassette (ABC) transporter superfamily
such as ABCB1, ABCC1, ABCC2, and ABCB4 [71]. Lopez-Lopez et al. reported that ABCC1
is the critical mediator acts transporting VCR into the blood, while ABCB1 and ABCC2 are
indispensable in the biliary excretion of VCR. The genotypes rs3740066 GG and rs12826
GG of ABCC2 were identified with significant associations with increased VIPN, which
suggested that ABCC2 polymorphism could be used as a potential biomarker for VIPN in
screening and diagnosis of pediatric ALL [72].

Recently, numerous updates have been related to the strategy to overcome VIPN.
Zhou et al. reported levo-corydalmine ameliorates VIPN in mice by inhibiting Cx43
expression and NFκB-dependent CXCL1/CXCR2 signalling pathway [73,74]. Also, both
VIPN and tumor growth were alleviated by the inhibition of histone deacetylase 6 (HDAC6)
in mice. Other prospective targets that possibly prevent VIPN include mitoquinone [75],
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puerarin [76], nerve growth factor (NGF) monoclonal antibody DS002 [77], minocycline [78],
bergapten [79], etc.

4. MDR: The Challenge in Pediatric Cancer Chemotherapy

Cancer cells can develop resistance to one chemotherapeutic drug, as well as other
chemotherapeutic drugs that may have different chemical properties and mechanisms of
action, which is called multi-drug resistance (MDR) [80]. MDR can occur in both adult
and pediatric cancer chemotherapy. Although the mechanisms of MDR have been studied
for a few decades, MDR is a very limiting factor to the success of cancer chemotherapies.
MDR exists not only in chemotherapy and radiation therapy, but also in newly developed
therapies such as targeted therapy and immunotherapy [81,82]. Drug resistance can be
divided into intrinsic resistance or extrinsic resistance based on the cause of its occurrence.
Cancer cells may have inherent drug resistance before receiving chemotherapy. However,
various adaptive responses of cancer cells during the treatment cause extrinsic or acquired
drug resistance of cancer cells. Several MDR mechanisms have been discovered, yet they
are not yet fully understood. As shown in Figure 2, the factors of MDR include increased
drug inactivation, reduction of influx and increased efflux of drugs, decreased activation
of prodrugs, epigenetic dysregulation, changes in cell surface markers, tumor microenvi-
ronment (TME), epithelial−mesenchymal transition (EMT), altered miRNA, disruption of
responses to DNA damage, inhibition of apoptotic pathways, tumor heterogeneity, and
cancer stem cells [80,83,84].
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5. MDR-Related Drug Transporters and Their Roles in Pediatric Cancers

Drug transporters are membrane proteins involved in the absorption, distribution,
and excretion of drugs. Two transporter superfamilies have been identified in humans:
the solute carrier (SLC) superfamily and the ABC superfamily [85]. ABC transporters
are generally involved with the efflux of drugs, and SLC transporters have been chiefly
described as influx transporters [86]. In addition to transporting therapeutic drugs across
membranes, these transporters also mediate the transport of endogenous compounds.
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There is considerable interest in transporters from both families, as they are known to
confer MDR to cancer cells.

5.1. SLC Family Transporters

SLC family transporters are a family that includes more than 300 membrane-bound
proteins involved in the influx and efflux of a wide array of substrates, such as ions,
metabolites, and drugs [87]. SLC transports substrates based on the electrochemical poten-
tial difference between the biological membrane or the ion gradient originally generated by
the primary active transporters. Genetic variants of SLC transporters and clinical outcomes
of methotrexate (MTX) have been studied in pediatric patients with ALL [88]. Although
SLC transporter families are essential in human health, related studies focusing on pediatric
cancer therapy are rare. We limited our discussion to ABC transporters.

5.2. ABC Transporters

The ABC transporter superfamily, one of the most prominent transporter families, is
responsible for MDR by mediating drug efflux, which subsequently leads to a low intra-
cellular concentration of antineoplastic agents in cancer cells and deteriorates therapeutic
outcome [89]. In addition, more than efflux pumps, other critical roles in cancer devel-
opment of this transporter superfamily have been revealed step by step [90–94]. So far,
7 subfamilies (ABC-A to ABC-G) and at least 48 additional subfamily members have been
found and characterized depending on their structural differences and similarities [95,96].
Among these subfamily members, three members have been demonstrated that are
closely related to MDR in chemotherapy, including P-glycoprotein (P-gp/ABCB1/MDR1),
multidrug resistance protein 1 (MRP1/ABCC1), and breast cancer resistance protein
(BCRP/ABCG2) [97,98].

5.2.1. MDR1

The ABCB subfamily involves four full transporters (ABCB1/4/5/11) and 7 half trans-
porters (ABCB2/3/6/7/8/9/10) that can transport a vast variety of molecules, including
peptides, drugs, and ions [99]. Half transporters include two polypeptides, each having a
transmembrane binding domain (TMD) and (nucleotide-binding domains) NBD to form a
homo- or hetero-dimer. Full transporters are characterized as all four domains reside on a
single polypeptide [97].

P-gp (also named ABCB1 or MDR1) is the first discovered and well-studied ABCB
subfamily transporter that mediates MDR in cancer cells [100]. It is most expressed in the
blood−brain barrier, liver, placenta, gallbladder, and endocrine tissues. In 2020, Nosol et al.
revealed the protein structure of P-gp and found that inhibitors are bound in pairs and
interact with structural features to block the function of P-gp [101]. As P-gp is the substrate
of a broad range of antineoplastic agents, overexpressed P-gp has been demonstrated
to lead to the development of drug resistance, including chemotherapeutic agents Vinca
alkaloids (vinblastine and vincristine), Taxanes (paclitaxel and docetaxel), Anthracyclines
(doxorubicin, daunorubicin, and epirubicin), and imatinib mesylate [102,103]. Meanwhile,
a high-level expression of P-gp that causes cancer drug resistance has also been found in
some tyrosine kinase inhibitors (Imatinib [104], GSK1070916 [105], and WYE354 [106]).

Altered expression levels of MDR1 have been detected in various tumors, such as
neuroblastoma, rhabdomyosarcoma, and Wilm’s tumor. Neuroblastoma is the most com-
mon pediatric solid tumor, which accounts for 7–8% of childhood malignancies and 15%
of all pediatric cancer deaths [107]. A study showed that the mRNA expression of MDR1
was increased in neuroblastoma patients with previous chemotherapy [108]. In addition,
Qiu et al. [109] found that MDR1 hypermethylation expression can be associated with
the pathogenesis and progression of neuroblastoma. MDR1 expression was observed to
increase after chemotherapy in rhabdomyosarcoma and Wilm’s tumor [110]. These findings
may be helpful to understand the role of MDR1 in pediatric malignancies regarding drug
resistance and allow researchers to come up with strategies for therapeutic intervention.
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5.2.2. MRPs

Multidrug resistance proteins (MRPs) include 9 transporters from 13 members in the
ABCC subfamily due to their ability to mediate cancer MDR [111].

Although each of the MRPs have slight differences in structures and amino acid
compositions, the mechanism of transport driven by ATP hydrolysis is much the same.
Unlike P-gp, which extrudes mostly xenobiotics, MRPs account for the extruding of both
endo- and xenobiotics, thus showing its crucial role in regulating MDR processes in cancer
development [112]. The structure of MRP1 has shown a novel substrate recruitment
mechanism in that substrates are recruited straight from the cytoplasm, whereas P-gp
attaches substrates from the inner leaflet of the lipid bilayer [113]. MRPs are distributed in
the human body in various tissues, including the blood−brain barrier, brain, lung, kidney,
liver, etc. [111].

The expression of MRPs has been investigated in several pediatric malignant tumors
as they are a vital factor causing cytotoxic drug resistance and chemotherapy failure. Abnor-
mal MDR expressions have been observed in pediatric malignancies, such as ALL, neurob-
lastoma, rhabdomyosarcoma, Wilm’s tumor, and retinoblastoma [114]. After chemotherapy,
MRP1 expression has been observed to be upregulated in neuroblastoma, hepatoblastoma,
and rhabdomyosarcoma patients [110]. Increased expression of MRP2-6 and decreased
expression of MRP1 and MRP10 have been observed in ALL patients, which are asso-
ciated with high doses of three chemotherapies [115]. Henderson et al. found that the
inhibition of MPR1 is associated with reduced neuroblastoma development in transgenic
mice [116]. These studies indicate their role in the chemotherapeutic drug efflux of MPRs
and cancer prognosis.

5.2.3. BCRP

The human BCRP has 665 amino acid residues with a molecular weight of 72 kDa. It
is a half-transporter that is prominently expressed in various tissues, including, but not
limited to, the brain, placenta, testis, liver, breast, and BBB [117]. A high overexpression of
BCRP can be observed in different drug resistance cancer types, including in solid tumors
and hematopoietic malignancies [118,119]. Although the clinical significance of BCRP-
mediated drug resistance remains unclear, many studies have shown strong evidence
to support that modulating the expression of BCRP could enhance drug sensitivity in
chemotherapy [120,121].

BCRP was first identified in 1998, followed by expression studies to explore its poten-
tial role in chemoresistance [122]. The expression of the BCRP gene in childhood ALL has
been observed at a low expression level [123]. However, compared with a diagnosis when
the co-expression of BCRP and MDR1 was observed, a higher RNA level of BCRP was
expressed at the relapsed/refractory state in acute myeloid leukemia (AML) [124]. Correla-
tions between BCRP and MRPs have also been reported. The combined high expression of
BCRP and MRP4 is correlated with reduced antileukemia drug methotrexate accumulation.
Similarly, evaluated expression of the BCRP gene was found in primary neuroblastoma
mitoxantrone-resistant cells [125]. These results underscore the potential value of BCRP as
a predictor of chemoresistance drug efflux.

Essentially, MDR can arise because of altered targeted proteins or cell signaling path-
ways. Changes in cellular or non-cellular processes is also a significant factor of MDR.
However, most encountered MDRs are related to drug efflux, which is mainly caused
by ABC transporters. Once MDR transporters are overexpressed, the efflux of a chemo
drug can increase. For example, the overexpression of P-gp, MRP1, and BCRP decreases
the chemosensitivity of cancer cells by limiting exposure to anticancer drugs [126]. The
overexpression of P-gp in cancer cells is associated with increased drug resistance to DOX
and paclitaxel [127,128]. After anticancer agent treatment, the overexpression of P-gp
has been found in acute myeloid leukemia [129]. Decreased chemosensitivity and a high
expression of P-gp and BCRP were noticed in MDR patients with chronic lymphocytic
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leukemia, metastatic breast cancer, and multiple myeloma [130]. BCRP is regulated by
proteins such as TGF-β1 and VEGFR-2 [131,132].

6. Tackling Strategies Regarding Drug Transporters

MDR is one of the barrier mechanisms against chemotherapy and thus is considered a
key factor leading to the failure of chemotherapeutics. The overexpression of MDR1 that
can enhance the efflux of cytotoxic agents is one of the targets to improve the effect of
chemotherapeutics. One of the strategies is to reverse resistance mechanisms [133]. Several
P MDR1 inhibitors have been investigated and shown successful MDR reversal on a drug-
resistant prostate cancer cell line, without exhibiting a toxic potential [134]. Lei et al. [135]
observed intracellular accumulation of paclitaxel and decreased drug efflux activity in the
MDR1-knockout colorectal cancer cell line.

Furthermore, applying a nano-drug delivery system (NDDS) is a practical approach
to enhance chemotherapy validity due to the targeted co-delivery, reduced sides affected,
and long-time blood circulation achieved [136]. Curcumin has an antitumor activity and
reverses the tumor MDR effect by regulating the MDR1 protein [137]. Degradable poly
(lactic-co-glycolic acid) (PLGA) nanoparticles coloaded with curcumin and DOX could di-
rectly target cells or xenografted tumors and inhibit the growth of DOX-resistant esophageal
carcinoma with a high biosafety [138]. NDDS-containing compounds have been devel-
oped that can inhibit MDR1, including tariquidar (XR9576), tetrandrine, verapamil, and
cyclosporin A [139].

Therapy regimens can be different for treating children and adults as they have
different drug-resistance profiles. The triple combination of fludarabine, ara-C, and G-CSF
has been used in the treatment of childhood AML and caused an additive cell kill [140].
Tipifarnib can target the malignancies, such as leukemia, by activating RAS proteins (HRAS,
KRAS, and NRAS) [141].

7. Special Considerations of Resistance in Pediatric Cancer Treatment

Pediatric malignancies have significant differences in their treatment compared with
adult tumors, and thus require special considerations. Pan-cancer analyses have shown
that pediatric cancers have comparatively lower mutation frequencies compared with
adult cancers [142]. Epigenetic dysregulation, however, seems to be a particular factor in
many types of pediatric cancers [143–145]. These genetic and non-genetic changes suggest
therapeutic implications regarding chemotherapy.

Children with ALL have better prognoses and outcomes than adult patients with
ALL. The 5-year OS rate is 87% for children aged 0–15 years, as opposed to 44% for adults
aged 20–29 years [146]. A plethora of factors are responsible for the different outcomes,
including socio-economic factors, resistance, disease heterogeneity, host responses, ther-
apeutic treatment, etc. [147]. Resistance is one of the main factors leading to variables
among ALL patients of different ages. For example, the activation of P-gp has a higher
expression in adults [148]. In addition, the accumulated mutations in the p53 gene and
lower methotrexate polyglutamate may also contribute to the differences in the responses
of drug resistance mechanisms [148,149]. Genetic lesions of polycomb repressor complex
2 (PRC2) have been reported in pediatric T-cell ALL (T-ALL), which promotes mutations
of the IL7R/JAK/STAT pathway. Poor prednisone response and persistent MRD have
been connected to adult T-ALL patients with loss-of-function alterations of PRC2 [150].
Genescà et al. reported that a complex karyotype (≥3 cytogenetic alterations) in adult
T-ALL was associated with a minimal residual disease (MRD) level, but no correlation
regarding the prednisone response [151]. Protein tyrosine phosphatase nonreceptor type 2
(PTPN2) is a phosphatase suppressing a gene in T-cell ALL. Deletions of PTPN2 in pediatric
patients were associated with a higher glucocorticoid response and improved survival in
children, yet these trends were not found in adults [149]. Other studies have suggested that
a single subclone with additional mutations confers resistance to therapy, although half
of the leukemia patients had multiple subclonal mutations [152]. Because children are not
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simply small adults, the difference in outcomes across age categories should be considered
in diagnosis and therapy.

8. Clinical Trials and Recommendations for Risk Surveillance

With typically more aggressive protocols being used in children than in adults,
chemotherapy is the standard treatment in cancers such as ALL, AML, and Hodgkin
lymphoma [153]. The number of clinical trials related to chemotherapy-induced side effects
is on the rise.

Notably, VIPN is being studied in two clinical trials. A Phase 4 clinical trial (NCT02923388)
is testing Vitamin B12 and vitamin B6 in ALL patients treated with VCR.

The results from a study of 102 patients showed that vitamin B6 and B12 significantly
reduced the incidence, relative risk, and severity of VIPN. The amount needed to treat was
encouragingly low, and vitamin B6 and B12 were recommended as promising neuroprotec-
tive agents against VIPN [154]. A clinical trial (NCT02796365) is currently underway to
evaluate the effectiveness of exercise rehabilitation as a preventive measure to DIC. The
studies are summarized in Table 3.

Table 3. Clinical trials of DIC and VIPN.

Toxicity Study Title NCT
Identifier Phase Patient

Number Disease Status Treatment/Method

DIC *

Protective Role of
Vitamin D in Breast

Cancer Patients Treated
with Doxorubicin

NCT04166253 Phase 2 100 Breast cancer Completed Vitamin D

DIC

99mTc-rhAnnexin
V-128 Imaging and
Cardiotoxicity in

Patients with Early
Breast Cancer

NCT02677714 Phase 2 14 Breast cancer Terminated
Radiation:

99mTc-rhAnnexin
V-128

DIC

Prevention Using
Exercise Rehabilitation

to Offset Cardiac
Toxicities Induced Via

Chemotherapy
(HF-PROACTIVE)

NCT02796365 Not
Applicable 29

Breast cancer,
Gastric
cancer,

Leukemia

Completed Exercise

DIC

Evaluation of
Myocardial Injury

After Anthracycline
Chemotherapy in

Osteosarcoma Patients
Using CMR

NCT04461223 Not
Applicable 55

Osteosarcoma
Myocardial

Injury
Unknown

Contrast-enhanced
cardiac magnetic

resonance imaging,
observational Study

VIPN #

Neuroprotective Effect
of Vitamin B12 and
Vitamin B6 Against
Vincristine Induced

Peripheral Neuropathy

NCT02923388 Phase 4 88

Acute Lym-
phoblastic
Leukemia

(ALL)

Completed Vitamin B12 and
vitamin B6

VIPN Physiologic Measure
of VIPN NCT04786977 Not

Applicable 40

Chemotherapy-
induced

Peripheral
Neuropathy

Recruiting No Intervention,
observational Study

Data provided by Clinical Trials (https://clinicaltrials.gov). * DIC-doxorubicin-induced cardiotoxicity; # Vin-
cristine Induced Peripheral Neuropathy.

Significantly, four clinical trials are investigating or studying DIC. A Phase 2 clinical
trial (NCT04166253) is testing vitamin D in breast cancer patients treated with DOX. A
clinical trial (NCT02796365) is currently underway to evaluate the effectiveness of exercise
rehabilitation as a preventive measure for DIC. The studies are summarized in Table 3.

PanCare is Pan-European Network for care of pediatric cancer survivors. The risk for
significant and potentially life-threatening late effects can be identified by certain long-term
follow-up projects such as PanCareSurPass and PanCareFollowUp. Based on the reports
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from 10 countries, ototoxicity following platinum-based chemotherapy has been evaluated
regarding the quality of evidence. The ototoxicity surveillance recommendations for pe-
diatric cancer survivors’ future studies should focus on the evaluation of otoprotectants
and the identification of optimal threshold doses to prevent ototoxicity [155]. In addition,
candidate genetic markers are useful for identifying childhood cancer patients at risk of
severe late effects, such as SLC22A2, which detects those at risk of platinum-induced hear-
ing loss [156]. Moreover, adequate knowledge of cancer history, subsequent treatment
exposure, and potential risks of late effects are needed to enhance survivors’ health and
self-management skills. Accessible and reliable information is essential to increase aware-
ness about late effects, which is necessary for providing personal recommendations for
surveillance and prevention [157].

9. Conclusions

Together with the significant advancements in target therapy and immunotherapy,
chemotherapy remains the primary treatment option for childhood cancer patients in most
low- and middle-income countries. Recognizing the absolute validity of chemo drugs
is crucial as they have shown to be highly effective for obtaining long-term survival in
childhood cancers. Until now, in total, 16 chemo drugs have been approved by the FDA for
pediatric chemotherapy. Unlike adult cancer patients, children diagnosed with cancer are
less tolerant of chemotherapy. The numerous adverse effects and occurrence of MDR have
become a significant obstacle in pediatric chemotherapy. It is crucial to alleviate severe side
effects such as VIPN and DIC. Meanwhile, a comprehensive understanding of MDR and its
reversal mechanism is essential. To improve follow-up care quality, the electronic docu-
ment summarizes the clinical history of childhood/adolescent cancer survivors, including
treatments received, and provides personalized follow-up and screening recommendations.
By overcoming the challenges of traditional chemotherapy, we will hopefully be able to
improve both the survival rate and overall quality of life of pediatric cancer patients.
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Simple Summary: Hyperleukocytosis (WBC > 100 × 109/L) has been associated with unfavorable
outcomes. Few studies have focused on childhood acute leukemia with hyperleukocytosis in develop-
ing countries, where the treatment outcomes remain poorer than in developed countries. Our study
reviewed the medical records of 690 children who were diagnosed with acute leukemia between Jan-
uary 1998 and December 2017. The incidence of hyperleukocytosis was 16.6% in acute lymphoblastic
leukemia (ALL) patients and 20.3% in acute myeloid leukemia (AML) patients. Hyperleukocytosis,
extreme hyperleukocytosis (WBC > 200 × 109/L), age less than 1 year, age greater than 10 years,
and male sex were independently associated with overall survival in the ALL group, while extreme
hyperleukocytosis and age less than 1 year were independently associated with overall survival in
the AML group. We believe that to improve survival outcomes for children with hyperleukocytosis,
the recommended treatment regimen must be modified, while early treatment-related complications,
which are more likely to develop, should raise concerns.

Abstract: Hyperleukocytosis and extreme hyperleukocytosis, defined as initial white blood cell counts
greater than 100 × 109/L and 200 × 109/L, respectively, have been associated with unfavorable
outcomes. This study aimed to determine the early complications and survival outcomes of childhood
leukemia patients with hyperleukocytosis. The medical records of 690 children newly diagnosed
with acute leukemia between January 1998 and December 2017 were retrospectively reviewed. The
Kaplan–Meier method and log-rank test were used to assess and compare the survival outcomes.
Multivariate Cox proportional hazards regression was used to determine associated risk factors
for overall survival. We found that 16.6% of 483 childhood acute lymphoblastic leukemia (ALL)
patients and 20.3% of 207 childhood acute myeloid leukemia (AML) patients had hyperleukocytosis
at diagnosis. ALL patients with hyperleukocytosis had more early complications than those without
hyperleukocytosis (p < 0.05). Among the ALL group, the 5-year overall survival rate for those with
hyperleukocytosis was significantly lower than for those without hyperleukocytosis (37.2% vs. 67.8%,
p < 0.0001), while the difference was not statistically significant in the AML group (19.0% vs. 30.2%,
respectively, p = 0.26). Hyperleukocytosis (hazard ratio [HR]: 2.04), extreme hyperleukocytosis (HR:
2.71), age less than 1 year (HR: 3.05), age greater than 10 years (HR: 1.64), and male sex (HR: 1.37)
were independently associated with poorer overall survival in childhood ALL patients. Extreme
hyperleukocytosis (HR: 2.63) and age less than 1 year (HR: 1.82) were independently associated with
poorer overall survival in AML patients. Hyperleukocytosis was associated with adverse survival
outcomes in childhood leukemia.

Keywords: childhood acute leukemia; early complication; hyperleukocytosis; risk factor; survival
outcome
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1. Introduction

Acute leukemia is the most common malignancy in childhood, accounting for one-
third of all malignancies [1–3]. Hyperleukocytosis, defined as an initial white blood
cell (WBC) count greater than 100 × 109/L, is a serious presenting feature, with re-
ported incidences ranging from 10.2 to 19.2% in childhood acute lymphoblastic leukemia
(ALL) patients [4–12], and 12.6 to 21.7% in childhood acute myeloid leukemia (AML)
patients [4,6,13–16]. Childhood ALL with hyperleukocytosis has been associated with
a number of characteristics that are known to increase the likelihood of adverse out-
comes, including age at diagnosis, male gender, T-cell immunophenotype, massive hep-
atosplenomegaly, and high blood lactate dehydrogenase (LDH) levels [5,7,8,17]. Patients
presenting with hyperleukocytosis are at risk for developing early treatment-related com-
plications secondary to leukostasis, including seizures, intracranial bleeding, respiratory
problems, coagulopathy, renal failure, and metabolic abnormalities related to tumor lysis
syndrome [5–8,18]. Previous studies have reported that childhood acute leukemia with
hyperleukocytosis have poor survival outcomes [5,7,8,15]. However, most of these studies
were conducted in developed countries; few have been conducted in developing countries,
where treatment outcomes remain worse than in developed countries [19]. This study
aimed to determine the clinical course and survival outcomes of childhood acute leukemia
with hyperleukocytosis in Thailand, a developing country in South-East Asia.

2. Materials and Methods

We retrospectively reviewed the medical records of children aged less than 15 years
who had been diagnosed with acute leukemia and had received chemotherapy between
January 1998 and December 2017 at the Oncology Clinic, Department of Pediatrics, Faculty
of Medicine, Prince of Songkla University, the principal tertiary referral center in southern
Thailand. The demographic characteristics, clinical symptoms at diagnosis, initial labo-
ratory investigations, subtype of acute leukemia (ALL or AML), and treatment-related
complications were recorded. Diagnosis of subtype was made according to the French–
American–British (FAB) classification by morphological examination of bone marrow
staining. Three cytochemical stains were used in the diagnostic process: periodic acid-
Schiff, peroxidase, and α-naphthyl acetate esterase. After 2000, immunophenotyping of
cell surface markers was additionally used to differentiate subtypes (i.e., AML from ALL,
and T-cell from B-cell ALL). Prior to 2006, our chemotherapy treatment protocols were
based on the Children’s Cancer Study Group’s modified ALL treatment protocols [20–22]
and the AML treatment protocols of the Berlin–Frankfurt–Munster group [23,24]. In 2006,
nationwide standardized protocols for treating childhood leukemia were developed by
the Thai Pediatric Oncology Group [21,25–27]. Our treatment protocols were based on
the national protocols according to the subtype of leukemia and risk stratification of the
patient at presentation. In 2014, an updated version of the Thai national protocols ac-
cording to the subtypes of leukemia and risk stratification of patients at presentation was
implemented [28,29].

Hyperleukocytosis was defined as a WBC count at initial presentation greater than
100 × 109/L, and extreme hyperleukocytosis was defined as a WBC count at initial presen-
tation greater than 200 × 109/L. Treatment-related complications which occurred during the
induction phase of chemotherapy, namely tumor lysis syndrome, seizure, intracranial hem-
orrhage, acute kidney injury (AKI), septic shock, disseminated intravascular coagulation
(DIC), endotracheal tube (ETT) intubation, and intensive care unit (ICU) admission, were
recorded. Tumor lysis syndrome was diagnosed according to the Cairo and Bishop criteria,
namely, the presence of two or more of the following abnormal conditions: hyperkalemia
(serum potassium level ≥ 6 mmol/L), hyperuricemia (serum uric acid level ≥ 8 mmol/L),
hyperphosphatemia (serum phosphate level ≥ 6.5 mmol/L), and/or hypocalcemia (serum
calcium level < 7 mmol/L) within 3 days before or 7 days after the start of chemother-
apy [30]. Acute kidney injury was defined according to the Kidney Disease: Improving
Global Outcomes (KDIGO) criteria [31]. Septic shock was defined according to interna-

430



Cancers 2023, 15, 3072

tional pediatric sepsis consensus guidelines [32]. Disseminated intravascular coagulation
was defined according to the International Society on Thrombosis and Hemostasis (ISTH)
scoring system [33].

Statistical Analysis

Descriptive statistics are presented using mean and standard deviation (SD) or median
and interquartile range (IQR) for continuous variables as appropriate. Categorical variables
are presented using frequency and percentage. We compared continuous variables between
children with and without hyperleukocytosis using Student’s t-test for normally distributed
variables and the rank-sum test otherwise. Categorical variables were compared using
the chi-square or Fisher’s exact tests as appropriate. Overall and event-free survival were
compared using log-rank tests and survival distributions were depicted visually with
Kaplan–Meier curves. Risk factors for overall survival were analyzed using Cox regression
analysis. Variables having a p value less than 0.2 from the univariate analysis were included
in the initial multivariate Cox regression model for assessment of independent risk factors.
The risk factors for overall survival are presented as adjusted hazard ratios (HR) with 95%
confidence intervals (CI). R version 4.2.1 was used for all analyses. A p-value less than 0.05
was considered significant.

3. Results
3.1. Study Population

During the 20-year study period, a total of 779 children were diagnosed with acute
leukemia in our center. We excluded 39 who had incomplete data and 50 whose parents
refused to allow their child to receive standard chemotherapy, leaving a total of 690 children
for analysis. Of these, 483 were diagnosed with ALL and 207 with AML. The median (IQR)
age at diagnosis of all patients was 55.5 (34.0–105.0) months and the majority (57.5%) were
male. The median (IQR) survival time was 4.36 (1.11–12.90) years. The 5-year and 10-year
overall survival rates were 52.3% and 47.7%, respectively. Most (77.9%) ALL patients had
B-cell subtype. Approximately 60% of ALL patients had cytogenetic studies, and one-fourth
of these displayed aberrant cytogenetic findings such as hyperdiploidy, hypodiploidy, and
complex karyotype. Cytogenetic studies were performed on almost 70% of AML patients,
and around 50% of these showed abnormal cytogenetic findings such as trisomy 21, trisomy
8, monosomy 7, t(8; 21), and complex karyotype.

3.2. Hyperleukocytosis in Acute Lymphoblastic Leukemia

Among the 483 ALL patients, 80 (16.6%) had hyperleukocytosis at initial presentation
and 40 (8.3%) had extreme hyperleukocytosis. Comparisons of demographic characteris-
tics and outcomes between children with and without hyperleukocytosis are presented
in Table 1. Those with hyperleukocytosis were significantly older than those without
hyperleukocytosis (91 months vs. 52 months, p = 0.013). A higher proportion with hy-
perleukocytosis had T-cell subtype compared to those without hyperleukocytosis (31.2%
vs. 9.4%, p = 0.04). Mediastinal mass, hepatomegaly and splenomegaly were significantly
more common in the hyperleukocytosis group (p < 0.05). Those with hyperleukocytosis
had a significantly lower average platelet count and a higher percentage of peripheral blast
cells (p < 0.05). Average serum calcium, phosphorus and LDH levels were significantly
lower, whereas the average uric acid level was significantly higher, in the hyperleukocytosis
group (p < 0.05). Regarding treatment-related complications during the induction phase
of chemotherapy, a significantly higher proportion of those with hyperleukocytosis devel-
oped tumor lysis syndrome, seizure, acute kidney injury, septic shock, and disseminated
intravascular coagulation required endotracheal tube intubation and intensive care unit
admission. Those with hyperleukocytosis also had significantly lower remission rates
of induction and higher mortality rates compared with those without hyperleukocytosis
(p = 0.011 and p < 0.001, respectively).
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Table 1. Comparison of demographic characteristics and outcomes between childhood acute lym-
phoblastic leukemia patients with and without hyperleukocytosis.

Variables Total
(N = 483)

Hyperleukocytosis
(N = 80)

No Hyperleukocytosis
(N = 403) p Value

Demographic and clinical characteristics, n (%)

Age (months), median (IQR) 54.0 (36.0–97.0) 91.0 (34.0–137.0) 52.0 (36.0–86.0) 0.013
Sex 0.171

Male 272 (56.3) 39 (48.8) 233 (57.8)
Female 211 (43.7) 41 (51.2) 170 (42.2)

Immunophenotype <0.001
T-cell 63 (13.0) 25 (31.2) 38 (9.4)
B-cell 376 (77.9) 51 (63.8) 325 (80.7)
FAB classification 44 (9.1) 4 (5.0) 40 (9.9)

Fever 360 (74.5) 62 (77.5) 298 (73.9) 0.599
Mediastinal mass 23 (4.8) 8 (10.0) 15 (3.7) 0.037
Hepatomegaly 448 (92.8) 80 (100.0) 368 (91.3) 0.012
Splenomegaly 332 (68.7) 72 (90.0) 260 (64.5) <0.001

Laboratory parameters, mean (SD)

Hemoglobin (g/dL) 7.5 (3.5) 7.0 (2.7) 7.6 (3.7) 0.223
Platelet count (×109/L) 75.5 (92.3) 38.0 (29.9) 82.9 (98.5) <0.001
Blast cells (%) 50.2 (34.8) 90.4 (11.5) 42.2 (32.2) <0.001
Calcium (mmol/L) 9.6 (1.1) 9.3 (0.9) 9.6 (1.1) 0.018
Phosphorus (mmol/L) 4.8 (1.3) 4.1 (1.5) 5 (1.3) <0.001
Uric acid (mmol/L) 6.1 (3.5) 7.5 (4.1) 5.9 (3.3) <0.001
Lactate dehydrogenase (U/L) 2776.3 (5339.4) 4971.5 (7105.8) 2350.3 (4820.7) <0.001

Treatment-related complications, n (%)

Tumor lysis syndrome 67 (13.9) 24 (30.0) 43 (10.7) <0.001
Seizure 21 (4.3) 9 (11.3) 12 (3.0) 0.003
Intracranial hemorrhage 6 (1.2) 3 (3.8) 3 (0.7) 0.056
Acute kidney injury 27 (5.6) 9 (11.3) 18 (4.5) 0.025
Septic shock 106 (21.9) 26 (32.5) 80 (19.9) 0.009
DIC 65 (13.5) 21 (26.3) 44 (10.9) <0.001
ETT intubation 38 (7.9) 14 (17.5) 24 (6.0) <0.001
ICU admission 50 (10.4) 22 (27.5) 28 (6.9) <0.001

Treatment outcomes, n (%)

Induction of remission 428 (96.8) 63 (91.3) 365 (97.9) 0.011
Relapse 162 (33.5) 31 (38.8) 131 (32.5) 0.342
Mortality 207 (42.9) 53 (66.3) 154 (38.2) <0.001

Values are expressed as n (%), mean (SD), or median (IQR). DIC, disseminated intravascular coagulopathy; ETT,
endotracheal tube; FAB, French–American–British classification system; ICU, intensive care unit.

3.3. Hyperleukocytosis in Acute Myeloid Leukemia

Among the 207 AML patients, 42 (20.3%) had hyperleukocytosis and 22 (10.6%) had
extreme hyperleukocytosis at initial presentation. Comparisons of the demographic charac-
teristics and outcomes between those with and without hyperleukocytosis are presented
in Table 2. Those with hyperleukocytosis were significantly older than those without
hyperleukocytosis (137 months vs. 58 months, p = 0.021). Those with hyperleukocytosis
had significantly more fever, splenomegaly and lymphadenopathy than those without
hyperleukocytosis (p < 0.05) and a significantly higher percentage of peripheral blast cells
(p < 0.05). The average serum calcium and phosphorus levels were significantly lower,
whereas the average uric acid level was significantly higher, in the hyperleukocytosis group
(p < 0.05). The rates of treatment-related complications during the induction phase of
chemotherapy were not significantly different between those with and without hyperleuko-
cytosis, except for intracranial hemorrhage, which was only observed in a small number of
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patients with hyperleukocytosis. Treatment outcomes (remission, relapse and mortality)
were not significantly different between the two groups.

Table 2. Comparison of demographic characteristics and outcomes between childhood acute myeloid
leukemia patients with and without hyperleukocytosis.

Variables Total
(N = 207)

Hyperleukocytosis
(N = 42)

No Hyperleukocytosis
(N = 165) p Value

Demographic and clinical characteristics, n (%)

Age (months), median (IQR) 65.0 (25.5–133.5) 137.0 (34.0–150.5) 58.0 (25.0–116.0) 0.021
Sex 0.268

Male 125 (60.4) 29 (69.0) 96 (58.2)
Female 82 (39.6) 13 (31.0) 69 (41.8)

Fever 157 (75.8) 39 (92.9) 118 (71.5) 0.007
Hepatomegaly 165 (79.7) 37 (88.1) 128 (77.6) 0.194
Splenomegaly 119 (57.5) 31 (73.8) 88 (53.3) 0.026
Lymphadenopathy 142 (68.6) 35 (83.3) 107 (64.8) 0.034

Laboratory parameters, mean (SD)

Hemoglobin (g/dL) 7.3 (2.2) 7.1 (1.6) 7.3 (2.3) 0.585
Platelet count (×109/L) 64.1 (93.1) 50.0 (35.3) 67.7 (102.5) 0.272
Blast cells (%) 43.4 (34.7) 80.5 (24.7) 33.9 (30.3) <0.001
Calcium (mmol/L) 9.3 (0.7) 9.0 (0.9) 9.3 (0.7) 0.021
Phosphorus (mmol/L) 4.6 (1.2) 4.1 (1.4) 4.8 (1.0) <0.001
Uric acid (mmol/L) 5.0 (2.1) 6.0 (2.6) 4.8 (1.9) <0.001
Lactate dehydrogenase (U/L) 2035.6 (2210.0) 2619.7 (2425.5) 1888.6 (2135.3) 0.058

Treatment-related complications, n (%)

Tumor lysis syndrome 11 (5.3) 4 (9.5) 7 (4.2) 0.276
Seizure 8 (3.9) 1 (2.4) 7 (4.2) 1
Intracranial hemorrhage 2 (1.0) 2 (4.8) 0 (0) 0.037
Acute kidney injury 14 (6.8) 2 (4.8) 12 (7.3) 1
Septic shock 59 (28.5) 11 (26.2) 48 (29.1) 1
DIC 49 (23.7) 13 (31.0) 36 (21.8) 0.219
ETT intubation 41 (19.8) 8 (19.0) 33 (20.0) 1
ICU admission 46 (22.2) 11 (26.2) 35 (21.2) 0.504

Treatment outcomes, n (%)

Induction of remission 109 (67.3) 19 (59.3) 90 (69.2) 0.289
Relapse 63 (30.4) 12 (28.6) 51 (30.9) 0.915
Mortality 160 (77.3) 34 (81.0) 126 (76.4) 0.669

Values are expressed as n (%), mean (SD), or median (IQR). DIC, disseminated intravascular coagulopathy; ETT,
endotracheal tube; ICU, intensive care unit.

3.4. Survival Outcomes in Acute Lymphoblastic Leukemia

The median survival time for the 483 ALL patients was 4.32 (3.31–9.27) years, and the
5-year and 10-year overall survival rates were 48.9% and 44.9%, respectively. The median
survival times for the patients with hyperleukocytosis and those without hyperleukocytosis
were 1.84 (1.51–4.28) years and 23.2 (22.8–∞) years, respectively. The Kaplan–Meier curves
comparing overall survival (OS) between ALL patients with and without hyperleukocytosis
are presented in Figure 1. The 5-year OS and EFS rates for those with hyperleukocytosis
were both significantly lower than for those without (OS, 37.2% vs. 67.8%, respectively,
p < 0.0001, and EFS, 33.7% vs. 59.1%, respectively, p < 0.0001).

In the multivariate Cox regression analysis, risk factors for overall survival among
the ALL patients are shown in Table 3. The independent risk factors for poorer overall
survival were age, sex and WBC counts at initial presentation. Age less than 1 year and
age greater than 10 years had hazard ratios of 3.05 (95% CI: 1.57–5.96) and 1.64 (95% CI:
1.51–2.32), respectively, when compared to those aged between 1 and 9 years (p = 0.001
and p = 0.006, respectively). Males had a hazard ratio of 1.37 (95% CI: 1.05–1.79) when
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compared to females (p = 0.021). Hyperleukocytosis and extreme hyperleukocytosis had
hazard ratios of 2.04 (95% CI: 1.33–3.14) and 2.71 (95% CI: 1.74–4.21) compared with those
who had an initial WBC count less than 50 × 109/L (p = 0.001 and p <0.001, respectively).
Patients who had an initial WBC count of 50 to 100 × 109/L had a hazard ratio of 1.59 (95%
CI: 1.07–2.36) compared with those who had an initial WBC count less than 50 × 109/L
(p = 0.022).
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Figure 1. Comparison of overall survival between childhood acute lymphoblastic leukemia patients
with and without hyperleukocytosis.

Table 3. Multivariate analysis results showing independent risk factors for overall survival in
childhood acute lymphoblastic leukemia patients.

Risk Factor Crude HR (95% CI) Adjusted HR (95% CI) p Value

Age (years)
1–9 Reference Reference
<1 3.51 (1.79–6.89) 3.05 (1.57–5.96) 0.001
≥10 1.80 (1.29–2.52) 1.64 (1.15–2.32) 0.006

Male sex 1.11 (0.84–1.47) 1.37 (1.05–1.79) 0.021
Immunophenotype

T-cell Reference Reference
B-cell 0.79 (0.55–1.15) 1.37 (0.90–2.08) 0.14
FAB classification 0.56 (0.31–1.01) 0.85 (0.46–1.56) 0.6

Initial WBC count
(×109/L)

<50 Reference Reference
50–<100 1.47 (0.97–2.23) 1.59 (1.07–2.36) 0.022
≥100–<200 2.45 (1.60–4.61) 2.04 (1.33–3.14) <0.001
≥200 3.04 (2.00–4.61) 2.71 (1.74–4.21) <0.001

Early complication 1.16 (0.79–1.71) 0.88 (0.62–1.26) 0.5
HR, hazard ratio; CI, confidence interval; FAB, French–American–British classification system; WBC, white blood cell.

3.5. Survival Outcomes in Acute Myeloid Leukemia

The median survival times for the 42 AML patients with hyperleukocytosis and
165 AML patients without hyperleukocytosis were 1.11 (0.87–1.76) years and 0.83 (0.33–
2.03) years, respectively. The Kaplan–Meier curves showing overall survival between

434



Cancers 2023, 15, 3072

children with and without hyperleukocytosis are presented in Figure 2. The OS and
EFS rates were lower for those with hyperleukocytosis compared with those without
hyperleukocytosis, but the differences were not statistically significant (p = 0.26 and 0.29,
respectively). The 5-year OS rate for those with hyperleukocytosis was 19.0% compared
with 30.2% for those without. The 5-year EFS rate for those with hyperleukocytosis was
19.0% compared with 27.7% for those without.
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Figure 2. Comparison of overall survival between childhood acute myeloid leukemia patients with
and without hyperleukocytosis.

In the multivariate Cox regression analysis, risk factors for overall survival in child-
hood AML patients are shown in Table 4. The independent risk factors for poorer overall
survival were extreme hyperleukocytosis at initial presentation and age. Extreme hyper-
leukocytosis had a hazard ratio of 2.63 (95% CI: 1.56–4.43) compared with those who had
initial WBC count less than 50 × 109/L (p < 0.001), while those aged less than 1 year had
a hazard ratio of 1.82 (95% CI: 1.00–3.32) when compared to those aged between 1 and
9 years (p = 0.049).

Table 4. Multivariate analysis results showing independent risk factors for overall survival in
childhood acute myeloid leukemia patients.

Risk Factor Crude HR (95% CI) Adjusted HR (95% CI) p Value

Age (years)
1–9 Reference Reference
<1 1.43 (0.80–2.55) 1.82 (1.00–3.32) 0.049
≥10 0.84 (0.59–1.20) 0.70 (0.48–1.02) 0.064

Male sex 1.06 (0.77–1.47) 1.03 (0.74–1.42) 0.9
Initial WBC count
(×109/L)

<50 Reference Reference
50–<100 1.13 (0.70–1.82) 1.25 (0.76–2.03) 0.4
≥100–<200 0.83 (0.48–1.43) 0.81 (0.46–1.44) 0.5
≥200 2.16 (1.32–3.53) 2.63 (1.56–4.43) <0.001

Early complication 0.83 (0.50–1.40) 0.89 (0.53–1.50) 0.7
HR, hazard ratio; CI, confidence interval; WBC, white blood cell.
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4. Discussion

Our long-term study covered a 20-year period and included a total of 690 childhood
acute leukemia patients, consisting of 483 ALL and 207 AML patients. We found that 16.6%
of ALL patients and 20.3% of AML patients had hyperleukocytosis at initial presentation.
Previous studies have reported incidences of hyperleukocytosis at initial presentation
of childhood ALL patients ranging from 10.2 to 19.2% [4–10] and in childhood AML
patients ranging from 12.6 to 21.7% [4,6,13–16]. However, the majority of these studies were
conducted in developed countries and there are limited data from developing countries.
Two studies from India reported that 14.6% and 16.7% of childhood ALL patients had
hyperleukocytosis at presentation [11,12]. However, these studies had limited data on the
clinical characteristics and outcomes of their hyperleukocytosis patients. Our study found
that the incidence of hyperleukocytosis in childhood leukemia patients was comparable to
that of previous studies.

Hyperleukocytosis in childhood ALL has been associated with a variety of clini-
cal characteristics [5,7,8]. Eguiguren et al. reported that hyperleukocytosis was sig-
nificantly associated with age less than 1 year, T-cell immunophenotype, mediastinal
mass, massive hepatosplenomegaly, and elevated LDH [5]. Kong et al. retrospectively
reviewed 104 childhood ALL patients and found that age 1–10 years, male gender, T-cell
immunophenotype, and massive splenomegaly were associated with extreme hyperleuko-
cytosis (WBC > 200 × 109/L) [7]. A later multicenter study by Park et al. reported that
children aged ≥ 10 years were more likely to develop extreme hyperleukocytosis [8].
Nguyen et al. reported that childhood ALL with extreme hyperleukocytosis was associated
with age younger than 1 or older than 9 years of age, male, T-cell immunophenotype,
central nervous system involvement, elevated LDH, and elevated uric acid [18]. Similarly,
our study found that hyperleukocytosis in childhood ALL was associated with older age,
T-cell immunophenotype, mediastinal mass, hepatomegaly, and splenomegaly. Regard-
ing childhood AML patients, data on the associated factors that may enhance the risk of
hyperleukocytosis are limited. Sung et al. reported that hyperleukocytosis in childhood
AML patients was associated with an age less than 1 year, FAB M1, M4, and M5, and
certain chromosomal abnormalities [14]. In contrast, our study found that older age, fever,
lymphadenopathy, and splenomegaly were clinical features significantly associated with
hyperleukocytosis in childhood AML. However, factors that increase the risk of hyper-
leukocytosis in childhood ALL and AML remain inconclusive. Further studies, including
cytogenetic ones, with larger sample sizes, multicenter designs, and diverse populations
are needed.

Earlier studies found that early treatment-related complications were more common
in childhood ALL patients who had hyperleukocytosis at initial presentation. Bunin et al.
reported that metabolic complications occurred in 13.7% of 161 childhood ALL patients
with hyperleukocytosis [4]. Alba et al. found that among 84 childhood ALL cases with
hyperleukocytosis, 19.0% had respiratory complications followed by neurological compli-
cations and renal dysfunction in 7.1% and 6.0% of their cases, respectively [6]. Kong et al.
reported that metabolic complications occurred in 40% of 20 childhood ALL patients with
hyperleukocytosis, followed by neurological and respiratory complications in 20% and
10%, respectively [7]. Park et al. found that among 72 childhood ALL cases with hyper-
leukocytosis, metabolic complications developed in 59.7%, followed by respiratory and
neurologic complications in 11.1% and 9.7%, respectively [8]. Similarly, our study found
that the rates of early treatment-related complications among childhood ALL patients
with hyperleukocytosis were comparable to previous studies, namely septic shock (32.5%),
metabolic complications related to tumor lysis syndrome (30.0%), disseminated intravascu-
lar coagulation (26.3%), required endotracheal tube intubation (17.5%), acute kidney injury
(11.3%), seizure (11.3%), and intracranial hemorrhage (3.8%). The varying incidences of
treatment-related complications reported in the literature might be due, at least partly, to
differences in the definitions among the studies. Nevertheless, our study also demonstrated
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that early treatment-related complications were significantly higher in childhood ALL
patients with hyperleukocytosis compared with those without.

In a comparable pattern to the childhood ALL population, hyperleukocytosis in chil-
dren with AML has been associated with early complications. Bunin et al. reported that
metabolic complications, acute renal failure, and intracerebral hemorrhage occurred in
5.5%, 5.5%, and 11% of 73 childhood AML patients with hyperleukocytosis, respectively.
In another study serious hemorrhagic complications were reported in significantly more
childhood AML patients with hyperleukocytosis than in childhood ALL patients with
hyperleukocytosis (19% vs. 2.5%) [4]. Inaba et al. found that among 106 childhood AML
patients with hyperleukocytosis, early complications developed in 42.5%, including respira-
tory, neurological and renal complications at rates of 18.9%, 16%, and 15%, respectively [15].
Sung et al. reported that a high WBC count in childhood AML cases was significantly
associated with cerebral nervous system ischemia or hemorrhage, hypoxia, and pulmonary
hemorrhage [14]. Alba et al. found that among 18 childhood ALL cases with hyperleukocy-
tosis, respiratory, neurological, and renal complications developed in 22.2%, 22.2%, and
11.1% of their cases, respectively [6]. Our study observed that the rates of early treatment-
related complications among childhood AML patients with hyperleukocytosis were less
than in previous studies. However, the incidence of early complications may vary depend-
ing on the definitions applied and the limited sample sizes of childhood AML cases with
hyperleukocytosis in the literature. Further multicenter prospective studies are required.

Our study found that the survival outcomes for childhood leukemia patients in the
entire cohort were comparable to previous studies from developing countries but were
lower than studies conducted in developed countries [34,35]. The subgroup of child-
hood ALL cases with hyperleukocytosis has been associated with poor survival outcomes.
Eguiguren et al. reported that the 4-year EFS rate of 64 childhood ALL patients with hyper-
leukocytosis was significantly lower than in those without (52% vs. 75%, respectively) [5].
Kong et al. reported that the 3-year OS and EFS rates of 104 childhood ALL cases with
hyperleukocytosis were 81.2% and 75%, respectively [7]. Park et al. found that the 10-year
OS and EFS rates among 72 childhood ALL cases with hyperleukocytosis were 82.6%
and 78.3%, respectively [8]. Maurer et al. reported that the EFS for 106 childhood ALL
patients with an initial WBC count > 200 × 109/L was 55% at 3 years [36]. However,
most of these studies were conducted in developed countries, and there have been few
studies from developing countries. Our study found lower survival rates for childhood
ALL with hyperleukocytosis (5-year EFS rate of 33.7%) than all studies from developed
countries, and that children with hyperleukocytosis had poorer survival rates than children
without hyperleukocytosis. When focusing on the subgroup of childhood AML cases with
hyperleukocytosis, a study by Inaba et al. reported that those with hyperleukocytosis had
a lower 10-year EFS rate compared with those without, but the difference in the 10-year OS
rates was not significant. Similarly, our study found that the OS and EFS rates were lower
for the AML patients with hyperleukocytosis compared with those without, however the
difference was not statistically significant.

Several factors, including age, male sex, WBC count at diagnosis, central nervous sys-
tem involvement, T-cell immunophenotype, race, and cytogenetics have been considered
as adverse prognostic factors in childhood ALL [37–40]. Age and WBC count at initial
diagnosis were factors used by The National Cancer Institute (NCI) risk classification to
separate high and standard risk groups [41]. Eguiguren et al. reported that only leukocyte
count was identified as a significant prognostic factor for EFS [5]. A study by Kong et al.
found associations between EFS and WBC count, age, splenomegaly, mediastinal mass,
immunophenotype, and chromosomal abnormalities. However, multivariate analysis was
not performed [7]. Maurer et al. reported that a WBC count at diagnosis greater than
600 × 109/L and massive splenomegaly were the only two significant adverse prognostic
factors for survival on multivariate analysis with hazard ratios of 2.60 and 2.42, respec-
tively [36]. Our study found that on multivariate analysis, age, male sex, and WBC count
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at initial presentation were independently associated with overall survival in childhood
ALL patients, consistent with results from other studies.

Several factors associated with early mortality in the AML population have been
reported in the literature. Bunin et al. found that early mortality in childhood AML
cases with hyperleukocytosis (23.3%) was significantly higher than in childhood ALL
cases with hyperleukocytosis (5%) [4]. Abla et al. reported the rate of early death was
16.7% in 18 childhood AML patients with hyperleukocytosis compared with 1.2% in
634 childhood ALL patients. They also found that early death due to hyperleukocytosis
in childhood leukemia was associated with neurologic complications, AML diagnosis,
and initial coagulopathy [6]. Creutzig et al. found that early mortality from hemorrhage
or leukostasis occurred in 30.8% of 65 childhood AML patients with hyperleukocytosis
and the risk factors for early death were FAB M5, hyperleukocytosis and the presence of
extramedullary organ involvement [42]. Nevertheless, the literature on the factors that
affect overall survival in the population of children with AML is still sparse. Our study
found that extreme hyperleukocytosis and age less than 1 year were independent associated
factors for overall survival in childhood AML patients. Our opinion is that treatment
recommendations for hyperleukocytosis in both AML and ALL patients should be modified
to be more intensive in those who have identified risk factors to reduce complications
secondary to leukostasis while being aware of the risk of developing consequences resulting
from treatment by close monitoring and providing intensive care.

There is no standard treatment guideline for hyperleukocytosis in Thailand. The
current practice focuses on preventing and reducing complications secondary to leukostasis
by providing intensive supportive care and prompt cytoreduction by means of hydration,
urine alkalinization, allopurinol administration, early chemotherapy induction, and occa-
sionally leukapheresis. In our center, patients with hyperleukocytosis were managed by
hydration, urine alkalinization, allopurinol administration, and early chemotherapy induc-
tion. Less than 10% of the ALL patients with hyperleukocytosis received pretreatment with
corticosteroids. None of the AML patients with hyperleukocytosis received pretreatment
with cytarabine. Leukapheresis was only performed on a small number of patients (3.5%)
since the efficacy is still controversial and the procedure is constrained by age, availability,
the requirement for central venous access, and the potential for adverse effects. Due to
the small proportion of patients who underwent leukapheresis, our study was restricted
to evaluating the efficacy of leukapheresis in patients with hyperleukocytosis. Further
multicenter studies involving a larger number of patients are needed.

The notable strength of our study was that it included a large number of patients
with a long follow-up period. However, the study also had some limitations. First, this
study covered a 20-year period during which there were significant advancements in both
treatment and supportive care for cancer patients, and these advances would undoubtedly
have had some impact on the outcomes which we were unable to assess in this study.
Second, the statistical analysis was also impacted by factors such as the multiple periods of
diagnosis where there may have been differences in classification of ALL (i.e., from FAB to
T-cell or B-cell ALL) and the method of diagnosis, which in later years additionally used
immunophenotyping of cell markers. Third, our study had a limited number of cytogenetic
studies and lack of molecular and minimal residual disease (MRD) studies.

5. Conclusions

Hyperleukocytosis in childhood leukemia was associated with higher rates of morbid-
ity and worse survival outcomes. Hyperleukocytosis, extreme hyperleukocytosis, age less
than 1 year, age greater than 10 years, and male sex were independently associated with
a poorer overall survival in childhood ALL patients. Extreme hyperleukocytosis and age
less than 1 year were independently associated with poorer overall survival in childhood
AML patients.
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in Childhood Acute Lymphoblastic Leukemia: Complications and Treatment Outcome. Turk. J. Haematol. 2006, 23, 142–146.

11. Kulkarni, K.P.; Marwaha, R.K.; Trehan, A.; Bansal, D. Survival Outcome in Childhood ALL: Experience from a Tertiary Care
Centre in North India. Pediatr. Blood Cancer 2009, 53, 168–173. [CrossRef] [PubMed]

12. Magrath, I.; Shanta, V.; Advani, S.; Adde, M.; Arya, L.S.; Banavali, S.; Bhargava, M.; Bhatia, K.; Gutiérrez, M.; Liewehr, D.; et al.
Treatment of Acute Lymphoblastic Leukaemia in Countries with Limited Resources; Lessons from Use of a Single Protocol in
India over a Twenty Year Period. Eur. J. Cancer Oxf. Engl. 2005, 41, 1570–1583. [CrossRef]

13. Creutzig, U.; Ritter, J.; Riehm, H.; Langermann, H.J.; Henze, G.; Kabisch, H.; Niethammer, D.; Jürgens, H.; Stollmann, B.; Lasson,
U. Improved Treatment Results in Childhood Acute Myelogenous Leukemia: A Report of the German Cooperative Study
AML-BFM-78. Blood 1985, 65, 298–304. [CrossRef] [PubMed]

14. Sung, L.; Aplenc, R.; Alonzo, T.A.; Gerbing, R.B.; Gamis, A.S. AAML0531/PHIS Group Predictors and Short-Term Outcomes of
Hyperleukocytosis in Children with Acute Myeloid Leukemia: A Report from the Children’s Oncology Group. Haematologica
2012, 97, 1770–1773. [CrossRef] [PubMed]

15. Inaba, H.; Fan, Y.; Pounds, S.; Geiger, T.L.; Rubnitz, J.E.; Ribeiro, R.C.; Pui, C.-H.; Razzouk, B.I. Clinical and Biologic Features
and Treatment Outcome of Children with Newly Diagnosed Acute Myeloid Leukemia and Hyperleukocytosis. Cancer 2008, 113,
522–529. [CrossRef]

16. Creutzig, U.; Zimmermann, M.; Reinhardt, D.; Dworzak, M.; Stary, J.; Lehrnbecher, T. Early Deaths and Treatment-Related
Mortality in Children Undergoing Therapy for Acute Myeloid Leukemia: Analysis of the Multicenter Clinical Trials AML-BFM
93 and AML-BFM 98. J. Clin. Oncol. 2004, 22, 4384–4393. [CrossRef]

439



Cancers 2023, 15, 3072

17. Porcu, P.; Cripe, L.D.; Ng, E.W.; Bhatia, S.; Danielson, C.M.; Orazi, A.; McCarthy, L.J. Hyperleukocytic Leukemias and Leukostasis:
A Review of Pathophysiology, Clinical Presentation and Management. Leuk. Lymphoma 2000, 39, 1–18. [CrossRef] [PubMed]

18. Nguyen, R.; Jeha, S.; Zhou, Y.; Cao, X.; Cheng, C.; Bhojwani, D.; Campbell, P.; Howard, S.C.; Rubnitz, J.; Ribeiro, R.C.; et al. The
Role of Leukapheresis in the Current Management of Hyperleukocytosis in Newly Diagnosed Childhood Acute Lymphoblastic
Leukemia. Pediatr. Blood Cancer 2016, 63, 1546–1551. [CrossRef] [PubMed]

19. Demanelis, K.; Sriplung, H.; Meza, R.; Wiangnon, S.; Rozek, L.S.; Scheurer, M.E.; Lupo, P.J. Differences in Childhood Leukemia
Incidence and Survival between Southern Thailand and the United States: A Population-Based Analysis. Pediatr. Blood Cancer
2015, 62, 1790–1798. [CrossRef]

20. Laosombat, V.; Wongchanchailert, M.; Sattayasevana, B.; Wiriyasateinkul, A.; Watana-Arepornchai, S. The Treatment of Children
with Acute Lymphoblastic Leukemia in Thailand. Med. Pediatr. Oncol. 2002, 38, 266–268. [CrossRef]

21. Tubergen, D.G.; Gilchrist, G.S.; O’Brien, R.T.; Coccia, P.F.; Sather, H.N.; Waskerwitz, M.J.; Hammond, G.D. Improved Outcome
with Delayed Intensification for Children with Acute Lymphoblastic Leukemia and Intermediate Presenting Features: A Childrens
Cancer Group Phase III Trial. J. Clin. Oncol. 1993, 11, 527–537. [CrossRef] [PubMed]

22. Gaynon, P.S.; Steinherz, P.G.; Bleyer, W.A.; Ablin, A.R.; Albo, V.C.; Finklestein, J.Z.; Grossman, N.J.; Novak, L.J.; Pyesmany, A.F.;
Reaman, G.H. Improved Therapy for Children with Acute Lymphoblastic Leukemia and Unfavorable Presenting Features: A
Follow-up Report of the Childrens Cancer Group Study CCG-106. J. Clin. Oncol. 1993, 11, 2234–2242. [CrossRef]

23. Creutzig, U.; Ritter, J.; Schellong, G. Identification of Two Risk Groups in Childhood Acute Myelogenous Leukemia after Therapy
Intensification in Study AML-BFM-83 as Compared with Study AML-BFM-78. AML-BFM Study Group. Blood 1990, 75, 1932–1940.
[CrossRef] [PubMed]

24. Creutzig, U.; Zimmermann, M.; Ritter, J.; Reinhardt, D.; Hermann, J.; Henze, G.; Jürgens, H.; Kabisch, H.; Reiter, A.; Riehm, H.;
et al. Treatment Strategies and Long-Term Results in Paediatric Patients Treated in Four Consecutive AML-BFM Trials. Leukemia
2005, 19, 2030–2042. [CrossRef] [PubMed]

25. Seksarn, P.; Wiangnon, S.; Veerakul, G.; Chotsampancharoen, T.; Kanjanapongkul, S.; Chainansamit, S.O. Outcome of Childhood
Acute Lymphoblastic Leukemia Treated Using the Thai National Protocols. Asian Pac. J. Cancer Prev. 2015, 16, 4609–4614.
[CrossRef]

26. Lauer, S.J.; Shuster, J.J.; Mahoney, D.H.; Winick, N.; Toledano, S.; Munoz, L.; Kiefer, G.; Pullen, J.D.; Steuber, C.P.; Camitta, B.M. A
Comparison of Early Intensive Methotrexate/Mercaptopurine with Early Intensive Alternating Combination Chemotherapy for
High-Risk B-Precursor Acute Lymphoblastic Leukemia: A Pediatric Oncology Group Phase III Randomized Trial. Leukemia 2001,
15, 1038–1045. [CrossRef] [PubMed]

27. Cooper, T.M.; Franklin, J.; Gerbing, R.B.; Alonzo, T.A.; Hurwitz, C.; Raimondi, S.C.; Hirsch, B.; Smith, F.O.; Mathew, P.; Arceci,
R.J.; et al. AAML03P1, a Pilot Study of the Safety of Gemtuzumab Ozogamicin in Combination with Chemotherapy for Newly
Diagnosed Childhood Acute Myeloid Leukemia: A Report from the Children’s Oncology Group. Cancer 2012, 118, 761–769.
[CrossRef] [PubMed]

28. Chotsampancharoen, T.; Songthawee, N.; Chavananon, S.; Sripornsawan, P.; McNeil, E.B. Relapsed Childhood Acute Lym-
phoblastic Leukemia: Experience from a Single Tertiary Center in Thailand. Asian Pac. J. Cancer Prev. 2022, 23, 3517–3522.
[CrossRef]

29. Songthawee, N.; Sripornsawan, P.; Chavananon, S.; McNeil, E.B.; Chotsampancharoen, T. Relapsed Childhood Acute Myeloid
Leukemia: Experience from a Single Tertiary Center in Thailand. Asian Pac. J. Cancer Prev. 2022, 23, 4079–4084. [CrossRef]

30. Cairo, M.S.; Bishop, M. Tumour Lysis Syndrome: New Therapeutic Strategies and Classification. Br. J. Haematol. 2004, 127, 3–11.
[CrossRef]

31. Kellum, J.A.; Lameire, N.; Aspelin, P.; Barsoum, R.S.; Burdmann, E.A.; Goldstein, S.L.; Herzog, C.A.; Joannidis, M.; Kribben, A.;
Levey, A.S.; et al. Kidney Disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury Work Group. KDIGO Clinical
Practice Guideline for Acute Kidney Injury. Kidney Int. Suppl. 2012, 2, 1–138.

32. Goldstein, B.; Giroir, B.; Randolph, A. Definitions for Sepsis and Organ Dysfunction in Pediatrics. Pediatr. Crit. Care Med. 2005, 6,
2–8. [CrossRef] [PubMed]

33. Taylor, F.B.; Toh, C.H.; Hoots, W.K.; Wada, H.; Levi, M. Scientific Subcommittee on Disseminated Intravascular Coagulation (DIC)
of the International Society on Thrombosis and Haemostasis (ISTH). Towards Definition, Clinical and Laboratory Criteria, and a
Scoring System for Disseminated Intravascular Coagulation. Thromb. Haemost. 2001, 86, 1327–1330. [CrossRef] [PubMed]

34. Bonaventure, A.; Harewood, R.; Stiller, C.A.; Gatta, G.; Clavel, J.; Stefan, D.C.; Carreira, H.; Spika, D.; Marcos-Gragera, R.;
Peris-Bonet, R.; et al. Worldwide Comparison of Survival from Childhood Leukaemia for 1995–2009, by Subtype, Age, and Sex
(CONCORD-2): A Population-Based Study of Individual Data for 89,828 Children from 198 Registries in 53 Countries. Lancet
Haematol. 2017, 4, e202–e217. [CrossRef]

35. Ssenyonga, N.; Stiller, C.; Nakata, K.; Shalkow, J.; Redmond, S.; Bulliard, J.-L.; Girardi, F.; Fowler, C.; Marcos-Gragera, R.;
Bonaventure, A.; et al. Worldwide Trends in Population-Based Survival for Children, Adolescents, and Young Adults Diagnosed
with Leukaemia, by Subtype, during 2000-14 (CONCORD-3): Analysis of Individual Data from 258 Cancer Registries in 61
Countries. Lancet Child Adolesc. Health 2022, 6, 409–431. [CrossRef]

36. Maurer, H.S.; Steinherz, P.G.; Gaynon, P.S.; Finklestein, J.Z.; Sather, H.N.; Reaman, G.H.; Bleyer, W.A.; Hammond, G.D. The
Effect of Initial Management of Hyperleukocytosis on Early Complications and Outcome of Children with Acute Lymphoblastic
Leukemia. J. Clin. Oncol. 1988, 6, 1425–1432. [CrossRef]

440



Cancers 2023, 15, 3072

37. Inaba, H.; Mullighan, C.G. Pediatric Acute Lymphoblastic Leukemia. Haematologica 2020, 105, 2524–2539. [CrossRef]
38. Friedmann, A.M.; Weinstein, H.J. The Role of Prognostic Features in the Treatment of Childhood Acute Lymphoblastic Leukemia.

Oncologist 2000, 5, 321–328. [CrossRef]
39. Möricke, A.; Zimmermann, M.; Reiter, A.; Gadner, H.; Odenwald, E.; Harbott, J.; Ludwig, W.-D.; Riehm, H.; Schrappe, M.

Prognostic Impact of Age in Children and Adolescents with Acute Lymphoblastic Leukemia: Data from the Trials ALL-BFM 86,
90, and 95. Klin. Padiatr. 2005, 217, 310–320. [CrossRef]

40. Vrooman, L.M.; Silverman, L.B. Treatment of Childhood Acute Lymphoblastic Leukemia: Prognostic Factors and Clinical
Advances. Curr. Hematol. Malig. Rep. 2016, 11, 385–394. [CrossRef]

41. Smith, M.; Arthur, D.; Camitta, B.; Carroll, A.J.; Crist, W.; Gaynon, P.; Gelber, R.; Heerema, N.; Korn, E.L.; Link, M.; et al. Uniform
Approach to Risk Classification and Treatment Assignment for Children with Acute Lymphoblastic Leukemia. J. Clin. Oncol.
1996, 14, 18–24. [CrossRef] [PubMed]

42. Creutzig, U.; Ritter, J.; Budde, M.; Sutor, A.; Schellong, G. Early Deaths Due to Hemorrhage and Leukostasis in Childhood Acute
Myelogenous Leukemia. Associations with Hyperleukocytosis and Acute Monocytic Leukemia. Cancer 1987, 60, 3071–3079.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

441





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

Cancers Editorial Office
E-mail: cancers@mdpi.com

www.mdpi.com/journal/cancers

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are

solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s).

MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from

any ideas, methods, instructions or products referred to in the content.





Academic Open 
Access Publishing

mdpi.com ISBN 978-3-0365-9025-7


	Pediatric Cancers-web-F.pdf
	Book.pdf
	Pediatric Cancers-web-B.pdf

