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Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Novi Sad ‚ Cluj ‚ Manchester



Editors

Daniel L. Pouliquen

Inserm U1307

CNRS UMR 6075, CRCI2NA

University of Angers

Angers

France

Cristina Núñez González
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Preface

The molecular characterization of tumors, investigated particularly through proteogenomic

analyses, has led to a revolution in cancer research. Over the last decade, the development of

quantitative proteomics, together with other major technological breakthroughs, have identified

candidate biomarkers for diagnosis, prognosis, and drug efficacy/resistance follow-up. These

improvements have allowed researchers to explore the capability of cancer cells to invade,

metastasize, and finally, destroy normal tissues and organs. In parallel, new hypotheses have

been formulated, and the means cancer cells use to exploit their surrounding environment have

begun to be deciphered, leading to new therapeutic approaches. This Special Issue covers all

these aspects, revealing new, recent insights on the molecular networks controlling the tumor

invasiveness process; dynamic interactions between cancer cells; and the host stroma, stemness,

and epithelial-to-mesenchymal transition, as well as the links between inflammation and tumor

metastasis. The scope is extended to studies on all cancer histological types (original research

articles and reviews) conducted on experimental tumor models, tumor samples, and/or biofluids

from patients with cancer.

Daniel L. Pouliquen and Cristina Núñez González

Editors
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Biomarkers of Tumor Metastasis and Invasiveness
Daniel L. Pouliquen 1,* and Cristina Núñez González 2,*

1 Inserm, CRCI2NA, CNRS, Université d’Angers, Nantes Université, F-49000 Angers, France
2 Research Unit, Lucus Augusti University Hospital (HULA), Servizo Galego de Saude (SERGAS),

27002 Lugo, Spain
* Correspondence: daniel.pouliquen@inserm.fr (D.L.P.); cristina.nunez.gonzalez@sergas.es (C.N.G.);

Tel.: +33-241-352-854 (D.L.P.)

The identification of proteins as new cancer diagnostic and prognostic biomarkers con-
tinues to attract considerable attention in the oncology literature, especially in the context of
invasion and metastasis activation process [1]. In this field, the most recent developments
include, but are not restricted to, proteins linked to the epithelial-to-mesenchymal transition
(EMT), extracellular vesicles [2], co-receptors for growth factors [3], cell surface receptor
adaptor proteins [4], transcription factors [5], or scaffolding proteins [6]. In this Special
Issue, 169 authors representing 98 affiliations from 18 countries over 4 continents have
made 17 contributions, and it is a great honor and pleasure for the Editors to introduce this
collective work which summarizes important insights in this field of research.

In link with previous findings on EMT [2], Carrasco-Garcia et al. reported that a
member of the SOX transcription factors (encoded by SRY-related HMG-box genes) that
bind to the minor groove in DNA, SOX9, and linked to stem cell activity exhibited an in-
creased expression in both pancreatic ductal adenocarcinoma cell lines and human biopsies.
This observation was associated with metastasis, poor prognosis, and resistance to ther-
apy [7]. Subsequently, previously reported biomarkers of effective adjuvant chemotherapy
of non-small-cell lung cancer were reviewed by Tozuka and colleagues. They showed
that cytoskeletal protein actinin-4, (ACTN4), previously reported to induce EMT through
upregulation of a transcriptional repressor of E-cadherin, Snail, represented a possible
biomarker for identifying patients at high risk of postoperative recurrence [8]. An in silico
gene expression analysis, conducted by Rao et al., also established that, among 760 genes
examined from the PANCAN Cancer Genome Atlas, a novel association was observed
between the expression of vasoactive intestinal peptide (VIP) in gastrointestinal cancers
and ZEB1-mediated EMT [9].

EMT has also been associated with mitochondrial dysfunction, which regulates the
tumor microenvironment, leading to more aggressive tumors. Wu and colleagues reviewed
the recent progress in the regulation of cancer metastasis by mitochondrial DNA, showing
its impact on different aspects, including resistance to anoikis, promotion of angiogenesis,
cancer cell survival in the circulatory system, and colonization [10]. Moreover, mitochon-
drial dysfunction leads to metabolic reprogramming and proteome rewiring. In their
cross-species investigation of mitochondrial metabolic differences between invasive and
non-invasive mesothelioma of four experimental rat tumor models and ten patient-derived
cell lines, Pouliquen et al. showed that the most impressive expression increase concerned
one enzyme of the fatty acid oxidation, the long-chain acyl coenzyme A dehydrogenase
(ACADL) [11].

Other components of the tumor microenvironments also influence EMT. In extrahep-
atic cholangiosarcoma, another type of aggressive tumor, Oba et al. found an association
between one chemokine receptor, CCR7, which is primarily expressed in various immune
cells, and EMT in human cell lines. Interestingly, their clinicopathological examination
also revealed that high-grade CCR7 expression was one of the most adverse postoperative
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prognostic factors in patients undergoing surgical resections of this tumor and was associ-
ated with more tumor buds and mesenchymal status [12]. The involvement of immune
tumor microenvironment in clinical management was also documented in osteosarcoma by
Huang and colleagues. They highlighted the role and mechanism of three proteins associ-
ated with the immune infiltration and progression of this cancer type, BCL2 interacting
protein 3, prostaglandin I2 synthase, and the adhesion plaque protein Zyxin [13], all of
which having been previously individually classified as unfavorable prognosis biomarkers
(https://www.proteinatlas.org/, accessed on 29 August 2023). Among immune cells, the
role played by the infiltration of gastric cancer by lymphocyte subsets, combined with the
Prognostic Nutritional Index, was also emphasized by Sun and colleagues. Their study
revealed the peculiar role of CD19+ B cells to identify patients with a high risk of metastasis
and recurrence after surgery [14].

For some aggressive types of cancers such as glioblastoma multiforme (GBM), since
2021, the grading includes molecular features of the tumor. To improve its characterization,
the search for new diagnosis biomarkers has led to investigation of the protein cargo of ex-
travesicles in the blood and cerebrospinal fluid, highlighting some potential candidates [15].
However, further work is required to translate the basic research into clinical practice. To
date, a few molecular biomarkers have shown potential to predict the survival outcomes
and treatment response in patients, with some limitations [16]. As other biomarkers need
to be investigated, in this Special Issue, Marshland et al. revealed the clinical relevance
of sortilin, a membrane receptor involved in the sorting and transporting of intracellular
proteins, which represents a potential biomarker and therapeutic target for GBM [17].

Like sortilin, other proteins circulating in the blood of patients with invasive cancers
were recently investigated. In a large study conducted on 3272 patients with non-small-cell
lung cancer (NSCLC), Jiang and colleagues explored the roles of seven proteins to pre-
dict tumor metastasis and stage. They found that patients exhibiting combined increased
levels of three serum tumor markers, carcinoembryonic antigen, cytokeratin-19 fragment,
and carbohydrate antigen 199 tended to have higher tumor stages, while the two latter
were indicative of lymphatic and distant metastasis [18]. In their combined analysis of
blood plasma and bone marrow mononuclear cells proteomes from patients with mul-
tiple myeloma, Dunphy et al. also revealed that an aggressive, extramedullary form of
this disease was associated with a significant differential abundance of three promising
biomarkers, vascular cell adhesion molecule 1, pigment epithelium-derived factor, and
hepatocyte growth factor activator [19].

Another field of investigation is represented by enzymes secreted into the extracel-
lular spaces. One example was provided by the work of Chen and Chai on prostasin and
matriptase, two membrane serine proteases showing opposite effects in solid epithelial
tumors, that reciprocally activate each other. In B lymphoma cells, they explored the utility
of prostasin exosomes in matriptase activation to initiate a prostasin–matriptase activation
cascade and analyzed its impact on the invasive properties of different cell lines [20]. As
remodeling of the extracellular matrix plays an important role in tumor progression, among
zinc-dependent proteases, a growing interest concerns the A disintegrin and metallopro-
teinases family (ADAM), their involvement in gastrointestinal tumor progression being
reviewed by Lukaszewicz-Zajac et al. They highlighted the promising significance of seven
members of this family as potential prognostic biomarkers and therapeutics targets for
these cancers [21].

Distant metastasis represents a major problem for invasive cancers, which frequently
concerns lymph nodes. In this field, attempts to identify biomarkers of lymph node in-
vasion are continuously produced, which have led, for example, to recently highlighting
the role played by CD47 in the progression of colorectal cancer [22]. In the case of high-
grade endometrial cancer, Lombaers et al. reported that the increased risk of lymph node
metastasis observed in patients with stage III–IV disease was associated with elevated
levels of cancer antigen 125 (CA125) and reduced overall survival, confirming its predictive
value [23]. In patients with lung adenocarcinoma, Yu and colleagues revealed that the
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expression of one member of the mitogen-activated protein kinase family, MAPK15, was
positively correlated with lymph node metastasis. Moreover, mechanistically, MAPK15
was shown to interact with p50 to promote the expression of the prostaglandin E2 receptor
EP3 subtype at the transcriptional level, thereby enhancing cancer cell migration and metas-
tasis [24]. In patients with squamous cell carcinoma (SCC) of the skin, Klein et al. reported
that the high expression of the insulin-like growth factor 2 mRNA-binding protein 3 (IMP3)
observed in 122 cases with high-risk localizations (lip, ear) was correlated with aggressive-
ness features, including lymph node metastases [25]. Finally, for another primary tumor
site of this cancer, in the tongue tissue, Casili and colleagues used an in vivo orthotopic
model of oral SCC to demonstrate the therapeutic potential of an inhibitor of one member
of the nucleotide-binding domain leucine-rich repeat-containing receptors (NLRs), playing
essential roles in immunity and inflammation. This protein, NOD-like receptor protein
3 (NLRP3), for which the activation of induces the assembly of multiprotein complexes
known as inflammasomes, represents a potential prognostic biomarker for different cancer
types [26,27]. They showed that treatment with this molecule modulated EMT in the tongue
tissue as well as in metastatic organs such as lymph nodes [28].

In conclusion, we hope that this Special Issue will attract readers interested in this cru-
cial topic in basic cancer research, which could help generate important future biomedical
applications for the benefits of patients.
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Simple Summary: Pancreatic cancers are lethal types of cancer. A majority of patients progress to an
advanced and metastatic disease, which remains a major clinical problem. Therefore, it is crucial to
identify critical regulators to help predict the disease progression and to develop more efficacious
therapeutic approaches. In this work we found that an increased expression of the developmental
factor SOX9 is associated with metastasis, a poor prognosis and resistance to therapy in pancreatic
ductal adenocarcinoma patients and in cell cultures. We also found that this effect is at least in part
due to the ability of SOX9 to regulate the activity of stem cell factors, such as BMI1, in addition to
those involved in EMT and metastasis.

Abstract: Background: Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers
mainly due to spatial obstacles to complete resection, early metastasis and therapy resistance. The
molecular events accompanying PDAC progression remain poorly understood. SOX9 is required
for maintaining the pancreatic ductal identity and it is involved in the initiation of pancreatic
cancer. In addition, SOX9 is a transcription factor linked to stem cell activity and is commonly
overexpressed in solid cancers. It cooperates with Snail/Slug to induce epithelial-mesenchymal
transition (EMT) during neural development and in diseases such as organ fibrosis or different types
of cancer. Methods: We investigated the roles of SOX9 in pancreatic tumor cell plasticity, metastatic
dissemination and chemoresistance using pancreatic cancer cell lines as well as mouse embryo
fibroblasts. In addition, we characterized the clinical relevance of SOX9 in pancreatic cancer using
human biopsies. Results: Gain- and loss-of-function of SOX9 in PDAC cells revealed that high levels
of SOX9 increased migration and invasion, and promoted EMT and metastatic dissemination, whilst
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SOX9 silencing resulted in metastasis inhibition, along with a phenotypic reversion to epithelial
features and loss of stemness potential. In both contexts, EMT factors were not altered. Moreover,
high levels of SOX9 promoted resistance to gemcitabine. In contrast, overexpression of SOX9 was
sufficient to promote metastatic potential in K-Ras transformed MEFs, triggering EMT associated
with Snail/Slug activity. In clinical samples, SOX9 expression was analyzed in 198 PDAC cases by
immunohistochemistry and in 53 patient derived xenografts (PDXs). SOX9 was overexpressed in
primary adenocarcinomas and particularly in metastases. Notably, SOX9 expression correlated with
high vimentin and low E-cadherin expression. Conclusions: Our results indicate that SOX9 facilitates
PDAC progression and metastasis by triggering stemness and EMT.

Keywords: SOX9; pancreatic cancer; plasticity; metastasis; EMT; chemoresistance

1. Introduction

Metastasis is a complex process by which cancer cells spread from the primary tumor
and colonize distant tissues in the body. The process takes place through a sequence
of steps including invasion across the surrounding extracellular matrix, intravasation
and dissemination into the systemic circulation, and the extravasation and colonization
of distant organs. The first steps of the process have been linked to the activation of
the epithelial-mesenchymal transition (EMT), which confers to cancer cells mesenchymal
characteristics that allow their dissemination from the primary tumor. In contrast, the
“engraftment” of cancer cells in distant organs has been associated with the reverse process
(i.e., mesenchymal-epithelial transition or MET) [1,2]. In EMT, the expression of epithelial
cell adhesion molecules (E-cadherin, β-catenin and cytokeratins) is decreased, while the
expression of mesenchymal proteins related to cell migration (vimentin, N-cadherin, etc.)
is activated. Moreover, the participation of a network of transcription factors, including
Snail, Slug, Twist and Zeb1, which repress the expression of cell adhesion molecules and
trigger the manifestation of a mesenchymal phenotype, has been widely described [3,4].
It is noteworthy that EMT is not a binary process, since disseminated cancer cells can
present intermediate phenotypes that are not completely epithelial or mesenchymal [3,5].
In addition, the EMT process may have other important implications for cancer cells such
as the acquisition of stem cell-like properties [6–8], which are closely implicated in therapy
resistance [9]. However, this is not always associated with EMT processes in the context of
metastasis [1,10].

SOX9 is a member of the SOX family of developmental transcription factors, charac-
terized by containing a high mobility group (HMG) DNA-binding protein domain. SOX9
plays a relevant role in development, governing cell fate specification and lineage com-
mitment [11]. In the adult, SOX9 is involved in the regulation of homeostasis in several
tissues including the pancreas, wherein it regulates stem cell maintenance and directs
cell fate decisions in a dosage dependent manner [12,13]. Gain- and loss-of-function ex-
periments have revealed that SOX9 activates EMT during embryonic development for
neural crest delamination and cardiac valve formation [14,15], and also in different types
of cancer [16–18]. Among them, it cooperates with members of the Snail/Slug family for
metastatic progression in breast and lung cancers [8,19,20].

Pancreatic ductal adenocarcinoma (PDAC) is among the most lethal cancers, with a
5-year survival rate of less than 6% [21]. The poor prognosis of PDAC is mainly due to
late diagnosis, spatial obstacles in resection, its high metastatic potential and its resistance
to currently available chemotherapies [22–24]. The most effective therapeutic approach at
present is surgical resection, yet most patients are diagnosed with an advanced stage disease
and only a small proportion (around 15–20%) are eligible for surgery. Moreover, even in
patients who receive surgical treatment, the majority of tumors will relapse [25]. Thus,
unfortunately, pancreatic cancer still exhibits very close rates of incidence and mortality,
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with 458,918 new diagnoses and 432,242 deaths worldwide in 2018 [26], with metastasis
being the leading cause of mortality.

Several studies have demonstrated the involvement of SOX9 in the initial steps of pan-
creatic carcinogenesis. Thus, SOX9 is required for the formation of acinar-ductal metaplasias
(ADM) and their progression to pancreatic intraepithelial neoplasias (PanIN), through its
activity downstream of oncogenic K-RAS or EGFR signaling [27–29]; however, its role in
the advanced stages of pancreatic cancer is not well described. Some evidence indicates
that high SOX9 may promote pancreatic cancer cell invasion and aggressiveness [30–32],
as well as chemoresistance [33], while others have reported low levels of SOX9 expres-
sion [28,34]. In this study we wanted to address whether SOX9 promotes EMT along with
other metastatic traits in pancreatic cancer.

2. Experimental Procedures
2.1. Human Samples

Human samples arranged in tissue microarrays (TMAs) were provided by the Molec-
ular Pathology Division of the Institute of Pathology at the Basel University Hospital.
Written informed consent was obtained from all patients prior to specimen collection.

2.2. Cell Culture

The pancreatic carcinoma cell lines Panc-1, RWP-1, IMIMPC-1, IMIMPC-2, BxPC-3,
SKPC-1, SKPC-3, MiaPaca-2 and Hs766-T, were kindly provided by Dr. Real (CNIO) and Dr.
Navarro (IMIM Medical Research Institute). All cell lines were mycoplasma free confirmed
by the PCR-based detection of a conserved region of mycoplasma’s 16S rRNA using a
mycoplasma detection kit (Biotools). Cells were cultured as adherent monolayers at 37 ◦C
and 5% CO2 in a DMEM medium (Gibco) supplemented with 10% FBS (Gibco), 100 U/mL
penicillin and 100 µg/mL streptomycin. Tumorspheres were cultured in DMEM/F12
medium (Sigma) supplemented with 20 ng/mL of EGF and bFGF (Sigma) growth factors, in
the presence of N2 and B27. For the tumorsphere quantification studies, 1 × 103 cells/well
were seeded in non-treated 12-wells flat bottom plates and fresh media was added every
3 days. After 10 days, the 1ry (primary) tumorspheres were counted. Then, the spheres
were disaggregated with accutase, seeded for 2ry (secondary) tumorspheres and maintained
for another 10 days in culture. MEFs with a gain of SOX9 function have been described
previously [35].

2.3. Gene Silencing and Overexpression

For SOX9 silencing by shRNA, cell lines were lentivirally infected. The cells were
infected with lentivirus harboring the shSOX9 plasmid #40644 (sh1) and the corresponding
pLKO.1 puro control plasmid #8453 (pLKO) from Addgene, both gifts from Dr. Bob
Weinberg. For the lentiviral SOX9 overexpression, the Addgene plasmid #36979, a gift from
Bob Weinberg, was used. For BMI1 upregulation, the cells were infected with lentivirus
harboring the plasmid pLenti CMV GFP Puro-Bmi1 (a gift from Jacqueline Lees). Lentiviral
infections were performed as previously described [36]. All infections were performed at a
MOI of 10 for 6 h.

2.4. mRNA Expression Analysis

Total RNA was extracted with Trizol (Life Technologies, Carlsbad, CA, USA). Reverse
transcription was performed using the High-Capacity cDNA Reverse Transcription Kit
(ThermoFisher, Waltham, MA, USA) according to the manufacturer’s guidelines. Quantita-
tive real-time PCR was performed in an ABI PRISM 7300 thermocycler (Applied Biosystems,
Waltham, MA, USA) using a Power SYBR® Green Master Mix (ThermoFisher), 10 mmol/L
of primers and 20 ng of cDNA. GAPDH, a housekeeping gene, was used as a positive
control for quantification. The ∆∆CT method was used for relative quantification.
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2.5. Western Blot and Immunofluorescence

Immunoblots and immunofluorescence were performed following standard proce-
dures. Primary antibodies used were: SOX9 (AB5535, Millipore, Burlington, MA, USA),
E-Cadherin (610181, BD Biosciences, San Jose, CA, USA), N-Cadherin (610920, BD Bio-
sciences, San Jose, CA, USA), vimentin (M7020, Dako, Santa Clara, CA, USA), SNAIL (5243,
AB clonal, Woburn, MA, USA), SLUG (bs-1382R, Bioss, Woburn, MA, USA) and β-actin
(AC-15, Sigma, St. Louis, MO, USA).

2.6. In Vitro Assays for Migration and Invasion

For migration evaluation, wound healing (scratch) and transwell assays were per-
formed. In the wound healing assays, the cells were seeded at a 90% confluency in 24-well
flat bottom plates (triplicates) and 24 h later, a lineal artificial gap (scratch) was made with
a sterile tip at the bottom of the wells. After removing the debris, the cells were serum-
deprived for the duration of the experiment (48 h). Transwell migration was analyzed
using Corning® Transwell® polycarbonate membrane inserts (#3422, Corning, NY, USA).
Briefly, the cells were seeded into the insert compartment in medium without serum and
the inserts were placed in wells of 24-well flat bottom plates containing medium with 10%
of a fetal bovine serum as chemo-attractant. Then, 48 h later, the migrated cells were fixed
and stained with 0.2% crystal violet in 5% formalin. To quantify the migration, the stain
was dissolved and the absorbance was measured at 750 nm.

Invasion assays were performed using the QCM™ Collagen Cell Invasion Assay of
Millipore (ECM551, Burlington, MA, USA). Invading cells were quantified 48 h after the
seeding according to the manufacturer’s staining protocol.

2.7. F-Actin Staining

For cytoskeletal visualization, F-Actin was labelled with phalloidin. Cells were grown
onto 8 mm diameter coverslips and fixed in 3.7% formaldehyde at room temperature for
15 min. After washing with PBS, the cells were permeabilized with 0.2% Triton X-100
(Sigma, St. Louis, MO, USA) and blocked with a blocking solution (10% v/v donkey serum
in PBS/0.1% v/v Triton X-100; PBST) for 1 h. Then, F-actin filaments were stained using
Alexa 546-conjugated phalloidin (Molecular Probes, Eugene, OR, USA) for 20 min at room
temperature and the coverslips were counterstained with 4′,6-diamidino-2-phenylindole
(DAPI) and mounted. Images were acquired using a Leica SPE confocal microscope.

2.8. Colony Formation Assay

A total of 0.5× 103 cells were seeded in 9.5 cm2 wells (triplicates) in a DMEM medium.
The medium was added every 3 days and after 10 days of culture the colonies formed
were fixed with paraformaldehyde for 15 min at room temperature, stained with Giemsa
and counted.

2.9. Soft Agar Foci

A total of 2.5 × 103 cells were seeded in 9.5 cm2 wells (triplicates) in medium with
0.7% of agarose (top layer medium) on a bottom layer of medium with 1% of agar. The
top layer medium was added every 3 days and after 15 days of culture the foci formed
were counted.

2.10. In Vivo Carcinogenesis Assays

For subcutaneous injection, cells were harvested with trypsin/EDTA and resuspended
in PBS, with 1 × 105 cells injected subcutaneously into both flanks of Foxn1nu/Foxn1nu

nude mice (8 weeks old). External calipers were used to measure the tumor size at the
indicated time points from which tumor volume was estimated according to the formula:
1
2 (length × width2). For tumor initiation experiments, 1 × 104, 1 × 105 and 1 × 106 cells
were injected into both flanks of Foxn1nu/Foxn1nu mice and tumor appearance was moni-
tored over time.

8



Cancers 2022, 14, 916

For metastasis assays, wt and Z/Sox9tg MEFs and RWP1 and Panc-1 pLKO/sh1 cells
were injected intravenously into the tail vein of Foxn1nu/Foxn1nu mice. Metastatic foci were
detected by in vivo imaging system and at endpoint mice were euthanized and foci were
extirpated for pathologic and immunohistochemistry studies.

2.11. Immunohistochemistry

For immunohistochemistry, 4 micrometer-thick sections were incubated with primary
antibodies: SOX9 (AB5535, Millipore, Burlington, MA, USA), BMI1 (05-637, Millipore,
Burlington, MA, USA), Ki67 (ab15580, abcam, Cambridge, UK), Snail (ab85931, abcam,
Cambridge, UK), E-Cadherin (610181, BD Biosciences, San Jose, CA, USA), vimentin
(M7020, Dako, Santa Clara, CA, USA), β-Catenin (610154, BD Biosciences, San Jose, CA,
USA), and cytokeratin 19 (TROMA-III, Max Plant Institute, Freiburg, Germany). The
sections then were washed and incubated with a MACH 3 Rabbit Probe and MACH
3 Rabbit HRP-Polymer (M3R531, Biocare Medical, Pacheco, CA, USA). The color was
developed with 3,3′ diaminobenzidine (DAB, SPR-DAB-060, Spring Bioscience, Pleasanton,
CA, USA). Counterstaining with hematoxylin was performed to mark the cell nuclei.

2.12. Expression Microarrays

HuGene 2.0_st arrays from Affymetrix (Santa Clara, CA, USA) were used to analyze
the expression changes in RWP-1 cells with SOX9 silencing. The microarray data prepro-
cessing was performed using the TAC software provided by Affymetrix including batch
effect removal and the annotation file that corresponds to chip hugene_2_0_st_v1. The
design and contrast matrices simply compared the shSOX9 with the references. Functional
enrichment analysis was performed using the Overrepresentation Enrichment Analysis
provided by WebGestalt, using a hypergeometric distribution to test the GO categories
overrepresented. The enrichment analysis was performed independently for up- and down-
regulated genes. Genes are included in the list if the fold change was larger than 1.5 (or less
than −1.5 for down-regulated genes) and the p value was below 0.05. The selected universe
for the enrichment analysis were the genes included in the hugene_2_0_st_v1 array. The
functional analysis considered only the non-redundant biological processes terms. The data
discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus
and are accessible in GSE193406.

2.13. Data Evaluation

Data are presented as mean values ± S.E.M. with the number of experiments (n)
in parenthesis. Unless otherwise indicated, the statistical significance (p-values) was
calculated using the Student’s t-test. The correlation p values related to the correlation
coefficient (calculated using the Spearman method) have been calculated using the corre-
lation test. Asterisks (*, **, and ***) indicate statistical significance (p < 0.05, p < 0.01, and
p < 0.001, respectively).

3. Results
3.1. SOX9 Overexpression Confers Metastatic Potential and Promotes EMT in K-Ras
Transformed Cells

We examined whether SOX9 would facilitate the dissemination of cells to distant
organs in vivo. For this, we used mouse embryo fibroblasts (MEFs), as they lack the ability
to metastasize. E1a/Ras transformed MEFs that overexpress Sox9 and GFP (Z/Sox9tg) and
controls [35], were injected intravenously (tail vein) into nude mice. The progressive growth
of these cells was traced in vivo and was detected in mice injected with Z/Sox9tg cells, but
not in those injected with wt MEFs (Figure 1A). Consistent with these results, 100% of
the Z/Sox9tg injected mice presented metastatic masses in the lungs or brain, whereas
wt cells failed to establish metastases as judged by the absence of detectable tumors in
these two organs or elsewhere (Figure 1B). The metastases found in the Z/Sox9tg injected
mice were positive for SOX9 and GFP staining (Figure 1C), confirming that the tumors
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originated from Z/Sox9tg cells. Furthermore, along with the gain of metastatic potential,
Sox9 overexpression diminished the E-cadherin and increased Snail expression (Figure 1D).
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tification of the percentage of nude mice that developed metastatic tumors derived from Z/Sox9tg 
(n = 5) and wt MEFs. (C) Sox9 and GFP expression analyzed by immunohistochemistry in lung and 
brain metastasis established by E1a/Ras transformed Z/Sox9tg MEFs. (D) Analysis by Western blot 
of Sox9, Snail and E-Cadherin levels in neoplastically transformed wt and Z/Sox9tg MEFs. (E) Serial 
sections of K-Ras G12V-induced lung adenocarcinomas stained with Sox9, Snail and the epithelial 
markers, E-cadherin and CK19. Representative image from at least three different mice. (F) Repre-
sentative images of Sox9 expression analyzed by immunohistochemistry in sections from K-

Figure 1. SOX9 overexpression promotes EMT and confers metastatic potential in K-Ras transformed
cells. (A) Representative picture of metastatic tumors derived from intravenously injected E1a/Ras
transformed MEFs with ectopic Sox9 expression (Z/Sox9tg) (right, n = 5) or wild type MEFs (wt) (left,
n = 5) in nude mice. Images obtained with an IVIS-200 in vivo imaging system. (B) Quantification of
the percentage of nude mice that developed metastatic tumors derived from Z/Sox9tg (n = 5) and wt
MEFs. (C) Sox9 and GFP expression analyzed by immunohistochemistry in lung and brain metastasis
established by E1a/Ras transformed Z/Sox9tg MEFs. (D) Analysis by Western blot of Sox9, Snail and
E-Cadherin levels in neoplastically transformed wt and Z/Sox9tg MEFs. (E) Serial sections of K-Ras
G12V-induced lung adenocarcinomas stained with Sox9, Snail and the epithelial markers, E-cadherin
and CK19. Representative image from at least three different mice. (F) Representative images of
Sox9 expression analyzed by immunohistochemistry in sections from K-Ras/p53−/− induced primary
pancreatic tumors and metastatic tumors in lung and liver (n = 5). *** indicates statistical significance
with p < 0.001.
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The most intensely SOX9 staining cells in the K-Ras G12V-induced lung primary
adenocarcinomas were also the areas of tumor growth at invasive sites [35]. In order to
expand these observations, we analyzed these areas for different EMT markers. The cells
most strongly expressing SOX9, displayed intense staining for the EMT transcription factor
Snail and an absence or low levels of E-cadherin and CK19 epithelial markers (Figure 1E).
To further study the association between SOX9 and metastasis, we checked its expression
in pancreatic K-Ras(G12V);p53−/− mice, which develop pancreatic tumors with a highly
metastatic activity affecting lung and liver [37]. In this context, the staining of SOX9 was
very intense in primary PDAC and in both lung and liver metastatic nodes (Figure 1F).

3.2. SOX9 Overexpression Promotes EMT and Metastatic Traits in Pancreatic Cancer Cells

We tested whether high levels of SOX9 were sufficient to promote EMT in pancre-
atic cancer cells, which are classified as the tumor cell types with high SOX9 expression
(Supplementary Figure S1A). To address this, we transduced primary epithelial BxPC-3
and IMIMPC-2 PDAC cell lines, which express endogenous low levels of SOX9 (Supple-
mentary Figure S1B,C), with plasmids encoding SOX9 or GFP. Immunoblotting revealed an
overexpression of SOX9 in both cell lines (Figure 2A). In this context, SOX9 overexpression
was associated with decreased E-cadherin along with higher vimentin and N-cadherin ex-
pression (Figure 2A,B), reflecting the activation of EMT. In agreement, SOX9 overexpressing
cells presented a less cohesive organization when compared to control cells (Supplementary
Figure S2A). Surprisingly, SOX9 overexpression did not alter the expression of SNAIL
or other well-known EMT transcription factors such as SLUG or ZEB1 in BxPC-3 and
IMIMPC-2 pancreatic cancer cells (Figure 2A; Supplementary Figure S2B); however, the
expression of the BMI1 stem cell factor was elevated (Figure 2A).

As cancer cell motility and invasion into the basement membrane are associated with
the induction of EMT and metastasis [6], we investigated these capabilities in pancreatic
cancer cells overexpressing SOX9. For this, we performed scratch assays followed by live-
cell microscopy, finding that PDAC cells with SOX9 overexpression displayed significantly
enhanced migratory potential (Figure 2C; Supplementary Videos S1 and S2). Moreover,
transwell assays also demonstrated that high levels of SOX9 boost invasion into collagen
(Figure 2D). Successful colonization of distant organs requires active and highly prolifera-
tive cells to generate micrometastasis and macrometastasis [2,38]. We recently showed that
ectopic SOX9 upregulation increased the proliferation of BxPC-3 and IMIMPC-2 cells [39].
This effect was paralleled by enhanced tumor growth over time in vivo (Figure 2E). Al-
together, these observations establish that high levels of SOX9 in pancreatic cancer cells
facilitate their acquisition of the cellular and molecular traits required for the metastatic
dissemination and colonization.

3.3. Silencing of SOX9 Drives MET and Decreases Metastatic Potential

We then studied whether SOX9 knockdown could impair metastatic traits. For this, we
silenced SOX9 in Panc-1 and RWP-1, two highly invasive and metastatic human pancreatic
cancer cell lines, both with elevated endogenous levels of SOX9 (Supplementary Figure S1B).
Western blotting confirmed the knockdown of SOX9 in both cell lines (Figure 3A). Phase
contrast images and F-actin staining with phalloidin showed that cells with silenced SOX9
acquired an epithelial-like morphology (Figure 3B; Supplementary Figure S3A). According
to this, SOX9 silencing increased the E-cadherin levels and reduced N-cadherin levels
(Figure 3A,C), resembling the process of MET; however, the expression of SNAIL, SLUG,
ZEB1 or PRRX1 was not altered in the SOX9-silenced cells, whereas BMI1 levels were
reduced (Figure 3A; Supplementary Figure S3B). These results, together with the data
presented above from the SOX9 overexpressing cells, suggest that EMT transcription
factors are not linked to SOX9 functions in pancreatic cancer. Supporting this idea, their
expression correlated negatively with SOX9 expression in human pancreatic cancer samples
from the TCGA cohort (Supplementary Figure S3C).
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(B) Representative images of epithelial (E-cadherin) and mesenchymal markers (N-cadherin and 
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with GFP or SOX9 (n = 3). (C) Migration speed of IMIMPC-2 control and SOX9 cells calculated 
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ectopic SOX9 overexpression with respect to the invasion of cells transduced with GFP. Invasive 
cells analyzed using collagen transwell assays based in Boyden chamber (n = 3). (E) Tumor volume 
over time of subcutaneous tumors formed in nude mice by control and SOX9 transduced IMIMPC-
2 cells (n = 12). Asterisks (*, **, and ***) indicate statistical significance (p < 0.05, p < 0.01, and p < 0.001, 
respectively). 
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Figure 2. SOX9 overexpression promotes EMT and metastatic traits in pancreatic cancer cells.
(A) Representative Western blot of GFP, SOX9, E-CAD, SNAIL, SLUG and BMI1 in IMIMPC-2
and BxPC-3 cell lines lentivirally transduced with plasmids harboring GFP or SOX9 coding sequences.
(B) Representative images of epithelial (E-cadherin) and mesenchymal markers (N-cadherin and vi-
mentin) expression detected by immunofluorescence in IMIMPC-2 and BxPC-3 cells transduced with
GFP or SOX9 (n = 3). (C) Migration speed of IMIMPC-2 control and SOX9 cells calculated through live
imaging studies (n ≥ 3). (D) Relative invasion of BxPC-3 and IMIMPC-2 cell lines with ectopic SOX9
overexpression with respect to the invasion of cells transduced with GFP. Invasive cells analyzed
using collagen transwell assays based in Boyden chamber (n = 3). (E) Tumor volume over time of
subcutaneous tumors formed in nude mice by control and SOX9 transduced IMIMPC-2 cells (n = 12).
Asterisks (*, **, and ***) indicate statistical significance (p < 0.05, p < 0.01, and p < 0.001, respectively).

We performed scratch assays with live-cell microscopy in pancreatic cancer cells with
and without SOX9 silencing. Live-cell microscopy compositions from these assays revealed an
impaired migration in SOX9 knockdown cells (Figure 3D; Supplementary Videos S2 and S3),
which were able to form protrusive structures at the leading edge but seemed not to achieve
the traction necessary to move efficiently forward. To give further insight into which cells
are most efficient at wound healing in a competence context, we co-cultured IMIM-PC2
cells transduced with GFP and shSOX9 and we observed that the scratch was mainly closed
by GFP transduced cells (Figure 3E, Supplementary Video S2). Accordingly, SOX9-silenced
cells were found to invade the collagen matrix assays less efficiently than control cells
(Figure 3F).
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Figure 3. SOX9 knockdown drives MET and impairs metastasis. (A) Representative Western blot
of SOX9, E-CAD, SNAIL, SLUG and BMI1 protein levels in Panc-1 and RWP-1 cell lines lentivirally
infected with virus harboring a specific short hairpin RNA against SOX9 (shSOX9) or the corre-
sponding empty vector (pLKO) (n ≥ 4). (B) Images show filamentous actin (F-actin) labeled with
phalloidin in RWP-1 pLKO and shSOX9 cells. Nuclei were marked with DAPI, and the merged images
are presented in right panel. (C) Representative images of E-Cadherin and N-Cadherin expression
determined by immunofluorescence in Panc-1 and RWP-1 pLKO and shSOX9 cells (n = 3). (D) Relative
migration determined by transwell assays based in Boyden chamber (n ≥ 4) in indicated cells and
genotypes. (E) Frame at the time of wound closure (from Supplementary Video S2: down, middle
panel) obtained in a scratch assay performed with a mix of IMIMPC-2 cells transduced with GFP or
shSOX9. (F) Relative invasion of Panc-1 and RWP-1 cell lines with shSOX9 with respect to pLKO cells.
Invasive cells analyzed in vitro using collagen transwell assays based in Boyden chamber. (G) Tumor
volume at the indicated time points of subcutaneous tumors formed by control pLKO and shSOX9
RWP-1 cells (n = 12). (H) Representative images of SOX9, E-Cadherin and β-Catenin expression
determined by immunohistochemistry in subcutaneous tumors represented in 3G. (I) Percentage of
nude mice that developed metastatic foci derived from Panc-1 and RWP-1 pLKO and shSOX9 cells
in tail vein injection assays (n = 5). Asterisks (*, **, and ***) indicate statistical significance (p < 0.05,
p < 0.01, and p < 0.001, respectively).
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We performed in vivo studies in immunodeficient mice. When a subcutaneous inoc-
ulation route was used, tumors derived from SOX9-silenced cells exhibited a markedly
reduced growth with respect to the tumors derived from control cells (Figure 3G). Of
note, tumors derived from SOX9-silenced cells presented higher E-cadherin and β-catenin
expression (Figure 3H), further supporting the link between SOX9 and the EMT process.
Then, we compared the ability of control and shSOX9 transduced cells to form metastatic
foci in the lungs after intravenous injection in the tail vein. These experiments revealed a
reduced metastatic potential in SOX9-silenced cells, with less than 20% of mice injected
with shSOX9 presenting foci, compared to almost 100% of the mice with controls that
developed metastatic foci in their lungs (Figure 3I). These results altogether, support the
notion that SOX9 activity is necessary for pancreatic cancer dissemination and colonization.

3.4. SOX9 Is Necessary for Pro-Metastatic Cancer Self-Renewal

We evaluated whether SOX9 might function in the maintenance of CSCs. We carried-
out colony formation, soft agar and tumorsphere formation assays to examine the ability
of cells to grow independently of attachment and their self-renewal potential in vitro.
Silencing of SOX9 in the RWP-1 and Panc-1 cells resulted in a significant decline in the
number of colonies and foci in soft agar (Figure 4A,B), and reduced the tumorsphere
formation ability in stem-cell selective media (Figure 4C). To examine this further we
analyzed the expression of the well-established pancreatic CSCs markers, CD133, CD44,
BMI1, and ALDH1 (39), which were significantly lower in shSOX9 tumorspheres (Figure 4D).
Consistent with these observations, SOX9 expression positively correlated with CD44 and
BMI1 in the TCGA cohort samples (Supplementary Figure S3C). Moreover, the expression of
CD44 and SOX9 increased according to tumor grade in the samples of patients (Figure 4E).

We determined the effect of SOX9-silencing on tumor initiation by performing subcu-
taneous injections upon limiting dilution transplantation in immunocompromised mice
in vivo. We found that SOX9-silencing in both Panc-1 and RWP-1 cells resulted in a sig-
nificant impairment of their tumorigenic ability (Figure 4F). The analysis using the ELDA
software application revealed a diminished frequency of tumor-initiating/cancer stem cells
in SOX9-silenced cells, with frequencies of 1/422,319 and 1/5,255,599 for the control and
shSOX9 cells, respectively (Figure 4G). Altogether, these results confirm that SOX9 sustains
the self-renewal and tumor initiation activity in pancreatic cancer.

3.5. Transcriptomics Reveal Multiple Processes Differentially Expressed in SOX9-Silenced Cells

We performed expression microarrays in RWP-1 pLKO and shSOX9 cells. An amount
of 1091 genes were differentially expressed between conditions with p values below 0.05
and a fold change higher than 1.5 (or less than −1.5 for down-regulated genes). Func-
tional enrichment analysis developed using the Overrepresentation Enrichment Analysis
provided by WebGestalt and a hypergeometric distribution to test the GO categories over-
represented, revealed an alteration of different biological processes in agreement with the
cellular features observed with SOX9 modulation. Thus, the establishment or maintenance
of cell polarity, and the centriole assembly or regulation of microtubule-based processes,
which are related to motility and migration, were downregulated in SOX9-silenced cells
(Figure 5A). The two latter processes were also important in cytokinesis and cell division,
which is concordant with the less proliferative phenotype exhibited by SOX9-silenced cells.
Moreover, downregulation of neural tube development and post-embryonic development
were detected in SOX9-silenced cells (Figure 5A). On the contrary, the stem cell differentia-
tion processes were upregulated with SOX9-silencing (Figure 5B), which is in agreement
with the SOX9 function in stem cell activity. Among the list of genes differentially ex-
pressed, genes involved in EMT and metastasis including FGFR4, mTOR-RICTOR, PLK4,
and PIK3CB were found; however, EMT factors were not detected (Figure 5C). This result
further supports that SOX9 controls different EMT states in pancreatic cancer cells.
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Figure 4. SOX9 is necessary for pro-metastatic cancer self-renewal. (A) Number of colonies formed by
Panc-1 and RWP-1 pLKO and sh1 (n ≥ 4). (B) Relative number of soft agar foci formed by Panc-1 and
RWP-1 sh1 cells (n = 4). (C) Representative image and quantification of the number of primary (1ry)
and secondary (2ry) tumorspheres formed by control and sh1 RWP-1 cells (n = 6). (D) mRNA levels
of cancer stem cell markers in 2ry tumorspheres (n = 4). (E) SOX9 and CD44 expression according to
tumor grade in pancreatic cancer samples from the TCGA cohort (SOX9: p = 0.0289, n = 147; CD44:
p = 0.0038, n = 147). (F) Tumor incidence in nude mice injected with Panc-1 and RWP-1 pLKO and sh1
cells. (G) Plot representing the fraction of mice without tumors with respect to the dose of Panc1 cells
subcutaneously injected. The slopes of the depicted solid lines correspond to the fraction of cells with
tumor-initiating ability (black color: pLKO cells; red color: sh1 cells. Chi square test for differences
in stem cell frequencies: p = 2.63 × 10−9. Analysis performed using the ELDA software application
(http://bioinf.wehi.edu.au/software/elda/). Accessed on 6 September 2021. Asterisks (*, **, and ***)
indicate statistical significance (p < 0.05, p < 0.01, and p < 0.001, respectively).

3.6. BMI1 Stem Cell Factor Mediates SOX9 Activities

We have previously found that the transcriptional repressor BMI1, which is an impor-
tant regulator of self-renewal, linked to EMT and metastasis in different cancers [40,41]
including PDAC [42,43], is an effector of SOX9 activity [39]. We tested whether it could
be involved in SOX9-mediated EMT and self-renewal activity. For this, we ectopically
re-expressed BMI1 in SOX9-silenced cells. Interestingly, ectopic BMI1 restoration rescued
the expression of N-cadherin and diminished the expression of E-cadherin (Figure 6A). In
agreement with this, cells with SOX9-silencing and BMI1 restoration exhibited a 3-fold
increase in their invasive potential compared to cells with SOX9-silencing (Figure 6B). More-
over, the BMI1 restoration increased in 3.4-fold the tumorsphere formation capacity of cells
(Figure 6C). Accordingly, BMI1 significantly fostered in vivo tumor growth (Figure 6D), as
well as the number of Ki67 positive cells in vivo (Figure 6E). The link between SOX9 and
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BMI1 was translated to clinical samples since their levels positively correlated in PDACs
from the TCGA cohort (Figure 6F).
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Figure 5. Multiple biological processes differentially expressed in SOX9-silenced cells. (A,B) Bio-
logical processes (BPs) altered in shSOX9 RWP-1 cells. Gene ontology enrichment analysis from the
differentially expressed genes were performed with WebGestalt (WEB-based Gene SeT AnaLysis
Toolkit). Bar charts represent −log10 of the p-values and the percentage of genes belonging to
the different BPs whose expression is altered. BPs (A) downregulated are represented in red and
(B) upregulated in blue. (C) Differentially expressed genes in SOX9-silenced cells belonging to the
identified BPs.

3.7. High Levels of SOX9 Confer Chemoresistance

Since our data indicated that SOX9 induces EMT and stemness, we reasoned that
SOX9 might be involved in resistance to chemotherapy. Therefore, we exposed BxPC-3 cells
to cytotoxic doses of gemcitabine in order to obtain drug-resistant cells (Figure 7A). These
resistant cells were highly proliferative (Figure 7B), formed a higher number of tumor-
spheres (Figure 7C), and presented higher tumor initiation activity than the parental cells
(Figure 7D). Gemcitabine-resistant cells exhibited a significantly elevated SOX9 expression
5.2- and 6-fold in 1 µM and 10 µM concentrations, respectively, as well as increased levels of
stem cell markers such as CD133, BMI1, CD44 and ESA (Figure 7E). Moreover, the reduction
in tumor volume exerted by the gemcitabine was significantly lower in tumors overex-
pressing SOX9 (Figure 7F). These results support the notion that SOX9 confers gemcitabine
chemoresistance in pancreatic cancer.
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herin expression analyzed by immunofluorescence in SOX9-silenced RWP-1 cells transduced with 
BMI1 (shSOX9 BMI1), and SOX9-silenced RWP-1 cells transduced with the corresponding empty 
plasmid (shSOX9 GFP). (B) Relative invasion determined by transwell assays for shSOX9 BMI1 re-
ferred to shSOX9GFP (n = 4). (C) Relative number of tumorspheres (n = 3). (D) Average volume at 
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Figure 6. BMI1 is relevant in the metastatic potential induced by SOX9. (A) E-Cadherin and N-
Cadherin expression analyzed by immunofluorescence in SOX9-silenced RWP-1 cells transduced
with BMI1 (shSOX9 BMI1), and SOX9-silenced RWP-1 cells transduced with the corresponding empty
plasmid (shSOX9 GFP). (B) Relative invasion determined by transwell assays for shSOX9 BMI1 re-
ferred to shSOX9GFP (n = 4). (C) Relative number of tumorspheres (n = 3). (D) Average volume at the
indicated time points of tumors derived from Panc-1 shSOX9 BMI1 and GFP (10 × 104 cells/injection).
(E) Representative images of SOX9, BMI1 and Ki67 expression determined by immunohistochemistry
in subcutaneous tumors represented in 6D. (F) Correlation between the expression of SOX9 and
BMI1 in pancreatic tumors of the TCGA cohort (cor = 0.19; p = 0.0137). * and *** indicate statistical
significance with p < 0.05 and p < 0.001, respectively.

3.8. High Levels of SOX9 Are Associated with Reduced Survival and Correlate with EMT Markers

We investigated SOX9 expression in a large number of samples of healthy human
pancreatic tissue, and in PanIN and PDAC by immunohistochemistry on a tissue mi-
croarray (TMA) [44]. SOX9 was expressed, although generally at low levels, in healthy
pancreatic tissue, while its expression increased in PanIN lesions and was highest in
PDAC (Figure 8A). Interestingly, metastatic samples (lymph nodes and distant organs)
displayed very high SOX9 expression (+++) (Figure 8B). Consistent with this, the levels
of SOX9 were higher in metastatic cell lines such as IMIMPC-1, RWP-1, Hs766T, and the
highly pro-metastatic cell line Panc-1, than in the primary pancreatic cancer cell lines
(Supplementary Figure S1B). Patient-derived xenografts (PDXs) represent to a certain
extent the original human pancreatic tumors [45]. The distribution of SOX9 in a set of
53 engrafted tumors was reminiscent of patient data, with all of them displaying higher
SOX9 mRNA expression (from 20- to 178-fold) compared to the average expression found
in a group of 36 normal human pancreatic tissue samples (Figure 8C).
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Figure 7. High levels of SOX9 confer chemoresistance. (A) Representative images of BxPC-3 cells
untreated (parental) and gemcitabine-resistant cells after 120 h of treatment with different concen-
trations of gemcitabine (0.1, 1 and 10 µM). (B) Representative image and representation of the
proportion of BxPC-3 and BxPC-3 gemcitabine-resistant cells (Gem-resistant) positive for the mitosis
marker phospho-histone H3 (p-H3). (C) Representative image and quantification of the number of
tumorspheres derived from BxPC-3 and BxPC-3 gemcitabine-resistant cells. (D) Percentage of subcu-
taneous tumors formed from BxPC-3 parental and gemcitabine-resistant cells (1 × 106 cells/injection).
(E) SOX9, CD133, BMI1, CD44 and ESA mRNA expression in BxPC-3 control and gemcitabine-
resistant cells (n = 4). (F) Volume of tumors from IMIM-PC2 GFP and SOX9 cells in nude mice treated
intraperitoneally once per week with vehicle or gemcitabine 5 mg/Kg (n = 5). Asterisks (*, **, and ***)
indicate statistical significance (p < 0.05, p < 0.01, and p < 0.001, respectively).

Next, we investigated whether SOX9 expression was associated with EMT markers.
For this, we analyzed the expression of E-cadherin (epithelial) and vimentin (mesenchy-
mal) on the TMA. Consistent with previous studies [46,47], we observed high vimentin
expression (≥10% of cells) coupled with a total or partial loss of E-cadherin (≤90% of
cells) in PDAC (data not shown). Interestingly, the correlation analysis showed a positive
association between SOX9 and vimentin expression (chi square, p = 0.0006) (Figure 8D).
Alongside, there was an inverse correlation between SOX9 and E-cadherin expression
(chi square, p = 0.003) (Figure 8D). Moreover, the analysis of the available information
from The Cancer Genome Atlas (TCGA) project associated high SOX9 expression with
reduced overall survival (p = 0.011) (Figure 8E), showing the relevance of SOX9 in the
clinical progression of pancreatic cancer.
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Figure 8. High levels of SOX9 are associated with PDAC progression and reduced survival. (A) SOX9
intensity analyzed by immunohistochemistry in a tissue microarray (TMA) composed by human
samples of healthy pancreas (n = 38), PanIN (n = 30) and PDAC (n = 198). (−): 0–20 intensity grade;
(+): 30–50 intensity grade; (++): 60–80 intensity grade; (+++): 90–100 intensity grade. (B) Distribution
of SOX9 expression analyzed by immunochemistry in PDAC samples according to stage. Primary
PDAC (n = 58), lymph node metastases (n = 123) and distant metastases (n = 12). (C) SOX9 mRNA
expression in 53 pancreatic tumors from patient-derived xenografts (PDXs) relative to the average
SOX9 expression level found in 36 samples of normal human pancreas. Expression in normal tissue
is included as first line (GSM388076), whereas the remaining lines are the independent PDXs with
the respective number in the bottom. (D) Negative association between SOX9 and vimentin protein
expression (chi square, p = 0.0006) and positive association between SOX9 and E-Cadherin expression
(chi square, p = 0.003) in human PDAC. Data obtained by immunohistochemistry in the TMA of 198
human PDAC samples. (E) Overall survival analysis of pancreatic cancer patients from the TCGA
cohort according to SOX9 expression (p = 0.011, n = 178).

4. Discussion

Metastasis is the main cause of cancer deaths and remains the least understood process
of cancer progression. This challenge is particularly important in pancreatic cancer, whereby
the metastatic dissemination of cells occurs even at premalignant stages [48]. In this work,
we demonstrate that SOX9 is necessary and sufficient for the activation and modulation of a
tumorigenic EMT in pancreatic cancer, in a process that requires the activation of stemness
pathways, but not critical EMT factors. Moreover, we ascertain that high levels of SOX9 are
associated with poor patient survival and chemoresistance to gemcitabine.

We confirmed in clinical samples that SOX9 expression was particularly high in sam-
ples from metastases in both lymph nodes and distant organs. Importantly, through both
gain- and loss-of-function approaches, we functionally demonstrated that SOX9 promotes
the migration and invasion of pancreatic cancer cells and facilitates the metastatic dissemina-
tion and colonization of distant organs in vivo. Consistent with these observations, several
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studies have linked SOX9 activity to invasion and metastasis in pancreatic cancer [31,32,49]
and additional types of cancer [20,50–53]. Our results are in agreement with the findings
revealing that SOX9 activates context-dependent tumorigenic EMT programs [20,54–56].
Indeed, both gain- and loss-of-function approaches revealed that its activity is necessary
for the induction of EMT and MET in K-Ras transformed cells and pancreatic tumor cells.
Moreover, SOX9 correlated negatively with E-cadherin (epithelial marker) and positively
with vimentin (mesenchymal marker) in human PDAC samples and pancreatic cells; how-
ever, the activation of EMT seems to be independent of SNAIL/SLUG or additional EMT
transcription factors such as ZEB1 or PRRX1 in the advanced stages, because these tran-
scription factors are not affected in pancreatic cancer cells with an altered expression of
SOX9. Thus, our results show that SOX9 acts similarly to other EMT inducers including
SNAIL, SLUG and ZEB1, which induce EMT along with stemness [6–8], and in contrast to
PRRX1, which governs a pro-tumorigenic EMT not linked to stem cell properties [1,10].

Our results also support the notion that metastasis is in most cases dependent on EMT
processes, which could be partial and are necessary for primary tumor cells to become
motile and invasive [57]. Indeed, particularly in pancreatic cancer, a study using a mouse
model with pancreas-specific alteration of pancreatic cancer driver genes, that harbored a
lineage system to track the cells of epithelial origin, revealed that cancer circulating cells
expressing mesenchymal markers were able to seed the liver [58]. In contrast, another
study also using genetically engineered mouse models affirmed that EMT is dispensable for
pancreatic cancer metastasis, but it is essential for therapy resistance [59], a phenomenon
also observed in lung cancers [60]. This study showed that EMT specifically driven by Snail
or Twist was not necessary for pancreatic cancer metastasis.

Our results also demonstrate that SOX9 confers resistance to chemotherapy in PDAC.
In accordance with other studies, we observed an enrichment of the CSC compartment after
gemcitabine exposure [61–64]. Importantly, SOX9 expression was elevated in gemcitabine
resistant cells to a level only reached by CD133, one of the best-established stem cell markers
in pancreatic cancer [62]. Additional studies also reported an increase of SOX9, although
one of them of smaller magnitude, with lower concentrations of gemcitabine [30,33], sug-
gesting a dose dependent effect of this agent. Taken together, these data link SOX9 to
pancreatic CSCs and chemoresistance. In addition, our results further support the link
between EMT and chemoresistance observed in pancreatic cancer [59,65]. Finally, we found
that high levels of SOX9 correlated with poor patient survival. These results are in line
with previous studies [33,66] and support the idea that SOX9 is a prognostic biomarker of
pancreatic cancer.

5. Conclusions

In summary, we demonstrate that the developmental transcription factor, SOX9, con-
fers cellular plasticity and promotes EMT in pancreatic cancer cells. This facilitates metas-
tasis and promotes resistance to therapies, being both directly responsible for disease
relapse and death. At the cellular level, SOX9 is a pleiotropic regulator of cancer cell
activity governing additional functions to its well-known function regulating quiescence
and self-renewal, such as EMT and metastasis. Mechanistically, we have identified stem
cell factors rather than EMT factors as important mediators of the oncogenic activity of
SOX9 in pancreatic cancer. Altogether, our findings highlight the relevance of SOX9 in
pancreatic cancer outcomes due to its role in metastasis and to recurrence after therapy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14040916/s1, Figure S1: High levels of SOX9 in pancreatic
cancer cells, Figure S2: Characteristics of SOX9 overexpressing cells, Figure S3: Characteristics of
SOX9 knock-down cells; Video S1: Frame composition showing motility and migration of IMIMPC-2
control (GFP) and SOX9 up-regulated (SOX9) cells in an in vitro scratch (wound healing) assay.
Composition made from images acquired with a live cell imaging system over night, Video S2:
Frame composition showing motility and migration performed by IMIMPC-2 cells with ectopic SOX9
overexpression or silencing in scratch (wound healing) assays. Up: Left panel: control cells (IMIM
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empty vector). Middle panel: IMIMPC-2 cells with ectopic SOX9 overexpression (IMIM OE SOX9).
Right panel: SOX9-silencing cells (IMIM shSOX9). Down: Left panel: mix of IMIMPC-2 control
cells harboring the empty vector with GFP (green cells) and IMIM-PC2 cells with ectopic SOX9
overexpression (IMIM empty vector+ IMIM OE SOX9). Middle panel: mix of IMIM-PC2 control
cells harboring the empty vector with GFP (green cells) and IMIMPC-2 cells with SOX9-silencing
(IMIM empty vector+ IMIM shSOX9), Video S3: Frame composition showing motility and migration
performed by RWP-1 control (pLKO) and RWP-1 SOX9-silenced cells (sh1) in an in vitro scratch
(wound healing) assay. Composition made from images acquired with a live cell imaging system
over night.
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Simple Summary: The establishment of biomarkers that can identify individuals at high risk of early
recurrence after surgery will be an important issue in decision-making for perioperative therapy. In
this review, we describe potential biomarkers for predicting the likelihood of recurrence in patients
who undergo surgery for stage I NSCLC. ACTN4 is a possible biomarker for identifying patients at
high risk of postoperative recurrence, and patients with gene amplification of ACTN4 might thus
benefit the most from adjuvant chemotherapy.

Abstract: Surgical treatment is the best curative treatment option for patients with non-small cell
lung cancer (NSCLC), but some patients have recurrence beyond the surgical margin even after
receiving curative surgery. Therefore, therapies with anti-cancer agents also play an important role
perioperatively. In this paper, we review the current status of adjuvant chemotherapy in NSCLC and
describe promising perioperative therapies, including molecularly targeted therapies and immune
checkpoint inhibitors. Previously reported biomarkers of adjuvant chemotherapy for NSCLC are
discussed along with their limitations. Adjuvant chemotherapy after resective surgery was most
effective in patients with metastatic lesions located just outside the surgical margin; in addition, these
metastatic lesions were the most sensitive to adjuvant chemotherapy. Thus, the first step in predicting
patients who have sensitivity to adjuvant therapies is to perform a qualified evaluation of metastatic
ability using markers such as actinin-4 (ACTN4). In this review, we discuss the potential use of
biomarkers in patient stratification for effective adjuvant chemotherapy and, in particular, the use of
ACTN4 as a possible biomarker for NSCLC.

Keywords: non-small cell lung cancer; adjuvant chemotherapy; biomarker; actinin-4; metastatic ability

1. Introduction

Lung cancer is the leading cause of cancer death worldwide [1]. (NSCLC) non-small
cell lung cancer (NSCLC) accounts for 85% of all lung cancers [2]. Almost 20% of patients
have early-stage disease (stage I–II) and around 30% of patients have locally advanced
disease (stage III) at the time of diagnosis of NSCLC [3]. Surgical resection is the best
curative treatment option for patients with NSCLC. However, local or systemic relapse of
the disease is common despite complete resection. Five-year overall survival (OS) rates are
reported to be about 70%, 50–60%, and 35% for pathological stages IB, IIA–IIB, and IIIA
NSCLC, respectively [4].

Adjuvant chemotherapy is performed to prevent recurrence in patients who undergo
complete resection of NSCLC. Adjuvant cisplatin-based chemotherapy is the standard
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treatment for postoperative patients with stage IIA–IIIA NSCLC. Pooled analysis of several
clinical trials has shown that adjuvant cisplatin-doublet chemotherapy improved the 5-year
disease-free survival (DFS) rate by 5.8% and the 5-year OS rate by 5.4% [5] Moreover,
the IMpower 010 trial demonstrated that atezolizumab after adjuvant platinum-based
chemotherapy improved DFS in postoperative patients who were selected by programmed
death-ligand 1 [PD-L1] expression [6]. The ADAURA trial demonstrated that osimertinib
improved DFS in epidermal growth factor receptor (EGFR) mutation-positive stage IB–IIIA
disease following complete resection [7]. However, a pooled analysis of several clinical
trials showed that some patients without adjuvant chemotherapy achieved five-year DFS
and that the rate of overall grade 3 to 4 toxicity was 66% in patients with adjuvant platinum-
based chemotherapy [5]. As a result, some patients with lung cancer were cured by chest
surgery alone, and adjuvant chemotherapy may be overtreatment for such patients [5]. An
economic analysis of a randomized trial of adjuvant vinorelbine plus cisplatin suggested a
high cost-effectiveness of this combined treatment compared with other standard health-
care interventions [8]. However, a pilot study revealed that patients undergoing cancer
treatment may change their treatment to defray out-of-pocket costs because of financial
burden [9]. In particular, molecularly targeted therapies and immune checkpoint inhibitors
(ICIs) may increase economic toxicity for cancer patients due to the high prices of these
drugs [10]. From the perspective of reducing adverse events and saving on the medical
costs of adjuvant chemotherapy, biomarkers that can predict the likelihood of recurrence
after surgery would be of great interest. In contrast, some patients with completely resected
NSCLC may have minimal residual disease (MRD) that is undetectable radiographically
due to the limits of imaging resolution. Therefore, it is important to establish biomarkers
that can predict the risk of recurrence of lung cancer. To date, many studies have investi-
gated specific gene expression, gene signature, and excision repair cross-complementation
group 1 (ERCC1), which is related to cisplatin (CDDP) sensitivity, as candidate biomarkers
for adjuvant chemotherapy in patients with NSCLC [11–25]. However, a robust biomarker
has not yet been established and clinical application has been challenging because it is diffi-
cult to quantify the biomarkers and determine the cutoff values. It is generally considered
that patients with MRD are the best candidates for adjuvant chemotherapy, as the presence
of MRD beyond the surgical margin is known to be a strong indicator of the metastatic
ability of the primary site. Thus, there is a need for biomarkers that can accurately evaluate
the metastatic ability of the primary site and thus help decide the strategy for precision
adjuvant chemotherapy.

Actinin-4 (ACTN4) is an anti-binding protein involved in cancer invasion and metasta-
sis [23]. In various cancers, including lung cancer, increased protein expression of ACTN4
indicates malignancy and metastatic potential [26–28]. Gene amplification of ACTN4 lo-
cated on 19q13 is also significantly associated with metastatic potential in various types
of cancer [29–31]. We have recently reported that increased protein expression and gene
amplification of ACTN4 can be a promising biomarker for adjuvant chemotherapy in
postoperative patients with NSCLC [32–34]. In this review, we discuss the role of ACTN4
in the process of tumor progression and the usefulness of ACTN4 as a potential biomarker
for selecting patients most likely to benefit from adjuvant chemotherapy.

2. Adjuvant Chemotherapy in NSCLC

Previous clinical trials have demonstrated improvements in DFS and OS following adju-
vant cisplatin-based chemotherapy for resected NSCLC [35–37]. A meta-analysis including
five clinical trials also showed that cisplatin-based adjuvant chemotherapy prolonged OS com-
pared with surgery alone (hazard ratio [HR], 0.89; 95% confidence interval [CI], 0.82–0.96).
Adjuvant cisplatin-doublet chemotherapy achieved a 5.4% improvement in the 5-year
OS rate [5]. However, some of these patients had severe adverse events (AEs). In the
meta-analysis, the rates of grade 3 or 4 AEs and of grade 4 AEs were reported to be 66%
and 32%, respectively. Although toxicity types differed according to the chemotherapeutic
regimen, the most frequent AE was neutropenia. Treatment-related deaths were reported
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as 0.9%. Subset analysis by stage of cancer showed possible harm in stage IA (HR, 1.40;
95%CI, 0.95–2.06) [5]. The clinical benefits of adjuvant chemotherapy tend to be higher at
more advanced stages [5]. In Japan, adjuvant therapy with tegafur/uracil (UFT) is recom-
mended for patients with stage IA–IB NSCLC after complete resection [38]. A meta-analysis
of adjuvant UFT in NSCLC demonstrated that surgery plus UFT prolonged OS compared
with surgery alone (HR, 0.74; 95%CI, 0.61–0.88) [38,39].

Molecular targeted therapy has been a standard treatment for advanced NSCLC pa-
tients with driver mutations such as EGFR mutation or anaplastic lymphoma kinase (ALK)
rearrangement. Clinical trials of adjuvant chemotherapy using tyrosine kinase inhibitors
(TKIs) have been conducted perioperatively in patients with EGFR-mutant NSCLC. In
the RADIANT randomized controlled trial, Erlotinib was compared to placebo in pa-
tients with completely resected stage IB-IIIA NSCLC [40]. In a subgroup analysis of the
RADIANT trial, erlotinib prolonged DFS (HR, 0.61; 95%CI: 0.38–0.98) but not OS (HR,
1.09; 95%CI: 0.55–2.16) compared to placebo in patients with EGFR-mutant NSCLC. The
ADJUVANT trial compared gefitinib (oral for two years) with cisplatin plus vinorelbine
(four cycles) in stage II–IIIA NSCLC patients with common EGFR mutations (exon 19
deletion or exon 21 L858R mutation) after complete resection [41]. DFS was significantly
longer in the gefitinib group (HR, 0.60; 95%CI, 0.42–0.87), but there was no significant
difference in OS between the groups (HR, 0.92; 95%CI, 0.62–1.36). In the IMPACT trial,
adjuvant gefitinib (oral for two years) did not prolong DFS and OS compared with cis-
platin plus vinorelbine (four cycles) in patients with completely resected Stage II–IIIA
NACLC with common EGFR mutations [42]. The ADAURA trial compared osimertinib
(oral for three years) with placebo in stage IB–IIIA NSCLC patients with common EGFR
mutations after complete resection. In that study, the physician decided whether patients
received adjuvant platinum-based chemotherapy before administration of osimertinib
or placebo. Adjuvant osimertinib significantly prolonged DFS compared with placebo
(HR, 0.17; 99.06%CI, 0.11–0.26), although OS was immature [7]. These results suggest that
adjuvant chemotherapy using EGFR-TKI may become a treatment option in the near future,
but toxicity and medical cost should be considered. Therefore, it is necessary to identify
biomarkers for detecting patients with a high risk of recurrence and those who would
benefit from adjuvant EGFR-TKI.

ICIs including anti-programmed cell death 1 (PD-1) antibodies, anti-PD-L1 antibodies,
and anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) antibodies have greatly
improved prognosis in patients with metastatic NSCLC. ICIs have recently moved from
the second-line to the first-line setting for metastatic NSCLC patients without driver muta-
tions [43–47]. At present, ICIs play an important role in the treatment of locally advanced
NSCLC. The PACIFIC trial revealed that durvalumab after chemoradiotherapy prolonged
progression-free survival (PFS) and OS in unresected stage IIIA NSCLC patients [48].
Moreover, ICI has become a promising treatment in perioperative patients with NSCLC.
The IMpower 010 trial demonstrated that atezolizumab after adjuvant platinum-based
chemotherapy significantly prolonged DFS in postoperative patients with PD-L1 (SP263)
positive stage II–IIIA NSCLC (HR, 0.66; 95%CI, 0.50–0.88) [6], but there were no survival
benefits in patients without PD-L1 expression (HR, 0.97; 95%CI, 0.72–1.31). Neoadjuvant
chemotherapy has not become a standard perioperative treatment in patients with NSCLC
because it can lead to increased perioperative complications [49]. However, there are many
clinical trials of neoadjuvant chemotherapy using ICIs, and neoadjuvant immunotherapy is
a promising treatment [50]. The Checkmate 816 trial showed that neoadjuvant nivolumab
plus platinum-based chemotherapy achieved a significantly longer event-free survival
(HR, 0.63; 97.38%CI, 0.43–0.91; p = 0.005) and a higher pathological complete response
rate (odds ratio, 13.94; 99%CI, 3.49–55.75) compared with neoadjuvant platinum-based
chemotherapy alone in patients with stage IB-IIIA NSCLC [51]. However, neoadjuvant
chemotherapy in patients with NSCLC can induce severe adverse events preoperatively
that may cause surgery to be postponed or canceled. In the Checkmate 816 trial, definitive
surgery was canceled in 16% of patients included in the nivolumab plus chemotherapy arm.
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The reasons for canceled surgery were disease progression (7%), AEs (1%), or other scenar-
ios (8%). Patient selection by appropriate biomarkers is important in both the adjuvant and
neoadjuvant settings.

3. Current Biomarker Candidates for Perioperative Patients with NSCLC

Many previous studies have attempted to identify useful biomarkers for adjuvant
chemotherapy, but none have yet been established in clinical practice.

Numerous studies have reported that signatures based on gene expression are prog-
nostic factors in patients with NSCLC [11–22]. However, none of these signatures are
ready for clinical application as they require statistical validation and reproducibility of
the signatures. In addition, their actual medical utility and medical cost are unknown. It is
also difficult to standardize the quantification methods and set cutoff levels because most
studies have been based on microarray analysis of mRNA expression levels [11–22]. There
is no consensus regarding the usefulness of genetic analysis in determining a treatment
strategy for patients with postoperative lung cancer.

High expression of ERCC1 was reported to be a prognostic factor in patients with
early-stage NSCLC who had received surgery alone [23]. DNA repair capacity is strongly
associated with cisplatin resistance. In particular, the ERCC1 protein is considered to play
an important role in nucleotide excision repair [24]. Therefore, several studies have investi-
gated the association between ERCC1 expression and the efficacy of adjuvant platinum-
based chemotherapy. A previous study suggested that ERCC1 was related to the resistance
of NSCLC to cisplatin-based chemotherapy [24]. It included patients with completely
resected NSCLC and found that patients with ERCC1-negative tumors benefited from adju-
vant cisplatin-based chemotherapy but patients with ERCC1-positive tumors did not [24].
However, another study that performed immunohistochemical analysis of patients in two
independent phase 3 trials was unable to validate ERCC1 protein expression as a predic-
tive marker for the efficacy of adjuvant-chemotherapy [25]. Therefore, the usefulness of
ERCC1 expression has not been established in therapeutic decision-making for patients
with completely resected NSCLC.

Previous studies have verified the prognostic and predictive effects of the tumor sup-
pressor gene tumor protein p53 gene (TP53) in patients with completely resected NSCLC.
TP53 is considered to have important roles in the prevention and suppression of abnor-
mal cell proliferation through multiple mechanisms, including cell cycle arrest, apoptosis,
and DNA repair [52–54]. The Lung Adjuvant Cisplatin Evaluation Biomarker (LACE-
Bio) pooled analysis demonstrated that TP53 mutations were marginally predictive of OS
benefits from adjuvant platinum-based chemotherapy [54]. However, a study including
197 NSCLC patients enrolled in a randomized trial of postoperative radiation therapy and
chemotherapy showed that TP53 mutations and increased expression of P53 protein were
not significant prognostic factors in resected stage II–IIIA NSCLC [55]. A previous study
suggested that HOXA9 promoter methylation was a prognostic factor that, in combination
with mRNA and miRNA-based biomarkers, could identify patients with stage I adenocar-
cinoma at high risk of recurrence [11]. However, its usefulness is unclear for patients with
completely resected NSCLC who have received adjuvant chemotherapy.

ICIs targeting PD-1/PD-L1 have improved the survival of patients with many types of
cancer. PD-L1 is currently the most commonly used biomarker for selecting patients who
would receive clinical benefits from anti-PD-1/PD-L1 antibodies [56]. Several studies have
examined the relationship between PD-L1 expression and the benefit of postoperative adju-
vant chemotherapy. A recent study suggested that PD-L1 expression in tumor cells is associ-
ated with improved survival with adjuvant chemotherapy (HR, 3.02; 95%CI, 1.69–5.40) [57].
In contrast, the LACE-Bio study showed that neither tumor nor immune cell PD-L1 ex-
pression is predictive of clinical benefits from adjuvant chemotherapy [58]. Therefore,
it is controversial whether PD-L1 expression in tumor cells is a biomarker for adjuvant
chemotherapy in patients with completely resected NSCLC.
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Recent studies have attempted a method of verifying cancer characteristics and prog-
nosis by detecting tumor cells and tumor-derived DNA in the blood. Detection and
quantification of circulating tumor DNA (ctDNA) by personalized mutation detection
panels or cancer personalized profiling by deep sequencing (CAPP-Seq) may help to detect
MRD that cannot be detected by imaging [59–61]. A recent study showed that postopera-
tive ctDNA positivity is significantly associated with shorter recurrence-free survival. In
patients with completely resected stage II–III NSCLC, patients with postoperative ctDNA
positivity received benefits from adjuvant chemotherapy, whereas those with postoperative
ctDNA negativity had a low risk of relapse without adjuvant chemotherapy [62]. However,
its usefulness may be limited in patients with early-stage NSCLC because ctDNA levels in
the blood are reported to be associated with tumor size and stage. A study that included
640 cases of various types of cancer showed that ctDNA levels were 100 times higher in
stage IV than in stage I disease [63]. The detection sensitivity of ctDNA in early-stage
NSCLC is considered to be an issue that requires addressing. CAPP-Seq is a comprehensive
mutation analysis method for measurement of ctDNA that is considered to have high
sensitivity and may help to detect recurrence of lung cancer in postoperative patients with
NSCLC in the future [64]. However, it remains unclear whether measurement of ctDNA
using CAPP-Seq is useful as a biomarker for the efficacy of adjuvant chemotherapy in pa-
tients with NSCLC. Further studies are needed for the practical use of ctDNA measurement
in early-stage NSCLC.

4. ACTN4 as a Biomarker for Evaluation of Metastatic Ability

Even if the primary tumor is completely removed grossly, microscopic metastases
may remain that cannot be detected by diagnostic imaging. Therefore, indicators of tumor
malignancy and high metastatic ability may be useful candidate biomarkers in assessing
patient suitability for postoperative adjuvant chemotherapy. Cancer metastasis advances
in a multiple-step process. Cancer cells break through the basement membrane, invade
the extracellular matrix, and intravasate through the endothelium into the vascular and
lymphatic systems to finally establish distant metastatic sites [65–68]. The dynamic as-
sembly of the actin cytoskeleton plays an important role in the formation processes of
cancer metastases. ACTN4 was isolated as a novel isoform of alpha-actinin, which is the
actin-binding protein [26,28]. Alpha-actinin has several isotypes in humans, and ACTN4
is classified as the non-muscle type of alpha-actinin [26,28]. Non-muscle types of alpha-
actinin, including ACTN4, are related to cell adhesion and cell migration. ACTN-4 has been
reported to show increased protein expression in several types of cancers, such as colorectal
cancer, pancreatic cancer, ovarian cancer, oral squamous cell carcinoma [29,69–72], salivary
gland carcinoma [73], and lung cancer [28,74–76]. Cancer cells at the invasive front of the
primal site have high migration and metastatic ability. These cells lose their epithelial
cell characteristics, resulting in epithelial–mesenchymal transition [77,78]. Cancer cells at
the invasive front show increased expression of ACTN4 protein and EMT-like changes in
colorectal cancer tissues [71]. In an in vitro study using cell lines of lung adenocarcinoma, a
decrease of ACTN4 expression by siRNA reduced metastatic ability [32]. A previous study
showed that siRNA suppression of ACTN-4 protein expression diminished cell protrusion
associated with cancer invasion in colon cancer cells [27]. In pancreatic cancer cells, siRNA
knockdown of ACTN4 reduced the invasive potential of cancer cells [27]. These results
show that ACTN4 is associated with the migration and invasion of cancer cells and plays an
important role in the metastasis of cancer. Moreover, ACTN4 directly regulates cell motility
by remodeling the actin cytoskeleton [26]. These preclinical studies suggest that ACTN4
may indicate the metastatic ability and malignancy of cancer. Figure 1 shows the possible
roles of ACTN4 in cancer metastasis and invasion. ACTN4 mediates the cytoskeleton to
sites of cell adhesion and is modulated to enable cell migration [26,79]. ACTN4 has also
been reported to induce epithelial–mesenchymal transition (EMT) through upregulation of
Snail, which is a transcriptional repressor of E-cadherin expression and one of the main
inducers of EMT [80]. Moreover, Snail upregulated by ACTN4 induces cell migration
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and cancer invasion via Snail-mediated matrix metalloproteinase-9 expression. ACTN4
is involved in the stabilization of β-catenin. The accumulation of β-catenin induced by
ACTN4 upregulates cyclin D1 and c-myc, leading to tumorigenesis [81]. Nuclear factor-
kappa B (NF-κB) is a transcription factor that regulates cell proliferation, cell differentiation,
cellular immunity, and apoptosis [82]. Actinin-4 is related to the transcriptional activity of
NF-κB and the NFκB pathway promotes tumor-cell proliferation and survival [83]. NF-κB
also plays an important role in both the induction and maintenance of EMT [84]. Further
studies are needed to identify the molecular mechanisms of ACTN4 in cancer metastasis
and invasion in more detail.
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Recent studies using clinical specimens have also examined the usefulness of evaluat-
ing ACTN4 in NSCLC. Among these, Miura et al. reported that increased expression of
ACTN4 mRNA may be a biomarker for adjuvant chemotherapy in patients with stage IB–II
NSCLC. They reported that in a subgroup of patients with increased expression of ACTN4
mRNA, the OS of patients treated with adjuvant cisplatin plus vinorelbine was significantly
longer than that of patients who underwent observation without adjuvant chemotherapy
(HR, 0.273; 95%CI, 0.079–0.952) [32]. In another study, ACTN4 protein expression was re-
ported to be a promising biomarker in patients with completely resected stage II–IIIA lung
adenocarcinoma. In an ACTN4 immunohistochemistry (IHC)-positive subgroup, the OS of
patients with adjuvant platinum-based chemotherapy was significantly longer than that of
patients without adjuvant platinum-based chemotherapy (HR, 0.307; 95%CI, 0.107–0.882).
The five-year relapse-free survival (RFS) rate was 56.5% in patients with adjuvant platinum-
based chemotherapy and 33.5% in those without adjuvant platinum-based chemotherapy.
In the ACTN4 IHC-negative subgroup, however, there was no significant difference be-
tween patients with and without adjuvant platinum-based chemotherapy [33].

Moreover, recent studies have suggested the usefulness of ACTN4 for the evaluation
of patients with early-stage lung adenocarcinoma. Even in patients with stage I lung
adenocarcinoma, some have recurrence and poor prognosis after curative surgery. ACTN4
gene amplification is determined by fluorescence in situ hybridization (FISH) in cancer
tissues and has been shown to be a prognostic factor in several cancers. Noro et al. reported
that ACTN4 gene amplification was a promising biomarker for predicting the prognosis
of chemo-naive patients with stage I adenocarcinoma of the lung, with 5-year DFS and
OS rates of patients with ACTN4 gene amplification of 37% and 64%, respectively. In
contrast, the 5-year DFS and OS rates of patients without ACTN4 gene amplification
were 86% and 92%, respectively [85]. In addition to its potential as a prognostic factor,
ACTN4 gene amplification may also be a predictive biomarker for adjuvant UFT therapy in
patients with completely resected stage I lung adenocarcinoma. In a retrospective study
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that included a total of 1136 patients with stage I adenocarcinoma, a subgroup analysis
in patients aged ≥ 65 years showed that RFS was significantly longer in the adjuvant UFT
therapy group than in the observational group in the ACTN4 gene amplification positive
cohort (HR, 0.084; 95%CI, 0.009–0.806) (Figure 2A) [34]. Among patients who did not
receive adjuvant UFT therapy, those with ACTN4 gene amplification negative had a longer
RFS than those with ACTN4 gene amplification positive (HR, 0.475; 95%CI, 0.239–0.946)
(Figure 2B). In contrast, there was no difference in RFS between the adjuvant UFT therapy
group and the observational group among ACTN4 gene amplification negative patients
(HR, 0.923; 95%CI, 0.566–1.506) (Figure 2C).
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Figure 2. Analyses of patients aged ≥65 years with stage I adenocarcinoma who received adjuvant
tegafur/uracil (UFT) therapy or underwent observation. (A) comparison of RFS between the adjuvant
UFT therapy group and the observational group in patients who were actinin-4 (ACTN4) gene
amplification positive, (B) comparison of RFS between ACTN4 gene amplification negative and
positive patients in the observational group, and (C) comparison of RFS between the adjuvant UFT
therapy group and the observational group (Noro, R. et al., 2022 [34]).

Evaluation of ACTN4 may be beneficial in patients with lung adenocarcinoma as
well as those with lung squamous cell carcinoma. The mRNA expression of ACTN4
evaluated by quantitative real-time PCR was a factor significantly associated with cancer-
specific mortality in patients with stage I–II lung squamous cell carcinoma (HR, 2.68;
95%CI, 1.21–5.92) [86].

Table 1 summarizes the findings of previous studies that have examined the usefulness
of ACTN4 as a predictive or prognostic biomarker in patients with completely resected
carcinoma of the lung. These findings suggest that ACTN4 is a promising candidate
biomarker for decision-making in postoperative adjuvant chemotherapy in stage I as well
as stage II–III patients with NSCLC.
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Table 1. Previous studies of ACTN4 in patients with early-stage non-small cell lung cancer.

Histology Stage Adjuvant
Chemotherapy

Evaluation
Methods

Miura et al. (2016) [32] NSCLC IB-II CDDP + VNR mRNA expression
Shiraishi et al. (2017) [33] Ad II-IIIA CDDP + VNR Protein expression

Noro et al. (2021) [34] Ad IA/IB UFT Gene amplification
Miyanaga et al. (2013) [75] HGNT resected Not specified cDNA sequencing

Noro et al. (2013) [85] Ad IA-IB Not specified Gene amplification
Noro et al. (2017) [86] Sq I-II Not specified Gene expression

Yamagata et al. (2003) [87] NSCLC resected Not specified cDNA microarrays
Footnotes: Ad, adenocarcinoma; CDDP, cisplatin; cDNA, complementary DNA; HGNT, high-grade neuroen-
docrine tumor; NSCLC, non-small cell lung cancer; mRNA, messenger RNA; Sq, squamous cell carcinoma;
UFT, tegafur/uracil; VNR, vinorelbine.

The curves in Figure 3 were created using a Kaplan–Meier plotter, which can assess
the relationship between gene expression and survival in a variety of cancers, including
lung cancer (https://kmplot.com/analysis/ (accessed on 24 May 2022) [88]. The sources
are the Gene Expression Omnibus (GEO), European Genome-phenome Archive (EGA),
and The Cancer Genome Atlas (TCGA) databases. Figure 3A,B shows that among lung
adenocarcinoma patients, the OS of patients with high ACTN4 is significantly shorter
than that of those with low ACTN4. Figure 3C,D shows that among lung squamous cell
carcinoma patients, the OS of patients with high ACTN4 is significantly shorter than in
those with low ACTN4. These results indicate that ACTN4 is a useful prognostic marker in
patients with non-small cell lung cancer regardless of histology.
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5. Summary of the Advantages and Limitations of Perioperative Biomarkers

Table 2 summarizes the advantages and limitations of candidate biomarkers for the
efficacy of adjuvant chemotherapy in lung cancer patients. ERCC1 and TP53 may indicate
sensitivity to chemotherapeutic agents including cisplatin rather than MRD [24,52]. Like-
wise, PD-L1 expression is a predictor of ICI efficacy but not MRD [56]. Therefore, ERCC1,
TP53, and PD-L1 may be difficult to use when deciding whether to perform adjuvant
chemotherapy, although those biomarkers can be useful for selecting chemotherapeutic
agents for perioperative treatment. In contrast, ACTN4 can be useful for decision-making
for adjuvant chemotherapy because it indicates tumor metastatic potential and cancer inva-
siveness rather than sensitivity to specific chemotherapeutic agents [26,28]. CtDNA testing
may also be a useful method for predicting postoperative MRD. However, medical cost
is one of the challenges regarding its clinical application, as ctDNA testing may increase
out-of-pocket expenses for patients [61]. ACTN4 can be evaluated by relatively simple and
inexpensive methods such as real-time PCR, IHC, and FISH [32–34]. By combining ACTN4
with factors related to sensitivity to certain drugs, such as ERCC1 and PD-L1, it may be
possible to provide more appropriate treatment for perioperative patients with lung cancer.
The utility of ACTN4 needs to be verified in clinical trials.

Table 2. Advantages and limitations of perioperative biomarker candidates.

Biomarker Function Advantage Limitation

Gene expression
signature

Gene combinations for poor
prognosis and poor

chemotherapeutic response

More accurate prognostication of a
signature from multiple genes compared

with individual genes alone

Statistical validation and reproducibility
of the signatures/Not a predictor for MRD

ERCC1
Removal of DNA intrastrand

crosslinks by nucleotide excision
repair

Predictor for the efficacy of cisplatin Negative results in randomized phase III
clinical trials/Not a predictor for MRD

TP53

Prevention and suppression of
abnormal cell proliferation

through mechanisms including
cell cycle arrest, apoptosis, and

DNA repair

One of the most frequently mutated genes
in lung cancer regardless of histologic type Not a predictor for MRD

PD-L1

Binding to its receptor PD-1
expressed by T cells and other

immune cells to regulate
immune responses

Predictor for the efficacy of
anti-PD-1/PD-L1 antibody Not a predictor for MRD

ctDNA Tumor-derived DNA released in
the blood Possibility of MRD detection Cost/Not a predictor for the efficacy of the

specific chemotherapeutic agents

ACTN4 Involvement in cancer invasion
and metastatic potential

Evaluating tumor metastatic potential and
cancer invasiveness

Not a predictor for the efficacy of specific
chemotherapeutic agents

Footnotes: ACTN4, actinin-4; ctDNA, circulating tumor DNA; ERCC1, excision repair cross-complementation
group 1; MRD, minimal residual disease; PD-1, programmed cell death 1; PD-L1, programmed death-ligand 1;
TP53, tumor protein p53 gene.

6. Conclusions

In this review, we have outlined the circumstances under which adjuvant chemother-
apy is beneficial in NSCLC and discussed the biological roles of ACTN4 related to cancer
invasion and metastases. Increased expression of ACTN4 protein and ACTN4 gene amplifi-
cation may be indicators of cancer invasive ability and metastatic ability in all patients with
NSCLC. In patients with completely resected NSCLC, ACTN4 may be a useful biomarker
of clinical benefit from adjuvant chemotherapy, which may lead to personalized adjuvant
chemotherapy.
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Simple Summary: The downstream signaling mechanisms and importance of the autocrine secretion
of the vasoactive intestinal peptide (VIP) in cancer remains poorly understood. We hypothesized that
VIP expression may promote cancer-associated signaling pathways. We analyzed gene sequencing
data from cancer and healthy tissues based on the co-expression data of the VIP with 760 cancer-
related genes. We identified a meaningful and novel association between the VIP and transcription
factor ZEB1 in healthy and malignant human gastrointestinal tissues. ZEB1 is a known regulator of
cancer EMT (epithelial–mesenchymal transition). Gene set analysis further supports the overlap in
the EMT and cell cycle pathways. Our results identify a potentially novel function of the autocrine
VIP as an important signaling peptide and biomarker of ZEB1-mediated EMT.

Abstract: VIP (vasoactive intestinal peptide) is a 28-amino acid peptide hormone expressed by cancer
and the healthy nervous system, digestive tract, cardiovascular, and immune cell tissues. Many
cancers express VIP and its surface receptors VPAC1 and VPAC2, but the role of autocrine VIP
signaling in cancer as a targetable prognostic and predictive biomarker remains poorly understood.
Therefore, we conducted an in silico gene expression analysis to study the mechanisms of autocrine
VIP signaling in cancer. VIP expression from TCGA PANCAN tissue samples was analyzed against
the expression levels of 760 cancer-associated genes. Of the 760 genes, 10 (MAPK3, ZEB1, TEK,
NOS2, PTCH1 EIF4G1, GMPS, CDK2, RUVBL1, and TIMELESS) showed statistically meaningful
associations with the VIP (Pearson’s R-coefficient > |0.3|; p < 0.05) across all cancer histologies. The
strongest association with the VIP was for the epithelial–mesenchymal transition regulator ZEB1 in
gastrointestinal malignancies. Similar positive correlations between the VIP and ZEB1 expression
were also observed in healthy gastrointestinal tissues. Gene set analysis indicates the VIP is involved
in the EMT and cell cycle pathways, and a high VIP and ZEB1 expression is associated with higher
median estimate and stromal scores These findings uncover novel mechanisms for VIP- signaling in
cancer and specifically suggest a role for VIP as a biomarker of ZEB1-mediated EMT. Further studies
are warranted to characterize the specific mechanism of this interaction.

Keywords: VIP; ZEB1; cancer; EMT; gastrointestinal cancers

1. Introduction

Vasoactive Intestinal Peptide (VIP) is the final 28-amino acid (AA) product following
multiple processing steps starting from prepro-VIP, a 170 AA precursor peptide [1,2] to
which VIP primarily binds and signals through using two GPCRs (G-protein coupled
receptors), VPAC1 and VPAC2 [3]. VIP, VPAC1, and VPAC2 are all broadly expressed
in multiple healthy tissue types, in particular, tissues of the nervous system, digestive
tract, and the respiratory, cardiovascular, and immune systems [4,5], and physiologically,
VPAC/VIP signaling regulates embryonal development and growth, neuronal and epithe-
lial cell signaling, gut absorption and motility, endocrine-mediated glycemia and circadian
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rhythms, immune cell responses, and carcinogenesis [6,7]. In the immune system, the VIP
functions as a Type 2 cytokine [8]. VPAC1 is constitutively expressed in various immune
cell populations, including T lymphocytes, macrophages, and dendritic cells [1,9]. Studies
using transgenic mice have demonstrated that Th2 CD4+ T cells up-regulate VIP expression
upon antigen presentation, while Th1 CD4+ T cells do not [10].

The importance of autocrine VIP as a biomarker or therapeutic target in cancer has
remained elusive for many years. An in vitro study of >400 human primary tumors, tumor
metastases, and normal tissues using subtype selective VPAC receptor autoradiography has
established that most cancers express VPAC, with VPAC1 being the predominant receptor
subtype in cancers and healthy tissues [11]. In clinical studies, radiolabeled-VIP binds
VPAC and detects primary and metastatic tumors in a variety of cancer histologies [12,13],
and serum VIP levels are > two-fold higher in patients with colon adenocarcinoma [14,15].

To date, the primary function of autocrine VIP signaling was thought to drive cancer
cell proliferation. Mechanistically, VIP binds to surface VPAC1 and VPAC2 and generates
downstream signals through adenylate cyclase to catalyze cyclic AMP (cAMP) synthesis
and protein kinase A (PKA) activation [16]. The PKA phosphorylation of the CREB (cAMP-
response element binding) transcription factor subsequently activates oncogenes such as
c-Myc to drive cancer proliferation. In practice, in vitro studies with exogenous VIP or the
pharmacologic inhibition of VIP signaling using VPAC1 and VPAC2 peptide antagonists
have shown mixed results. No consistent increase in the proliferation rates of colon
and pancreatic cancer cell lines was seen when adding exogenous VIP to cancer cells
in vitro, and, in certain cell lines, exogenous VIP even inhibited growth [14]. Similarly, the
pharmacologic inhibition of VIP signaling using VPAC1 and VPAC2 peptide antagonists
in vitro demonstrated variable anti-tumor responses depending on cancer histology and
the cell line tested, with positive responses primarily seen in pancreatic, colorectal, gastric,
and breast cancer models [5,17–21]. Recent studies showed exogenous VIP feeds back to
induce EGFR (epidermal growth factor receptor) and HER2 (human epidermal growth
factor receptor 2) phosphorylation in breast cancer cells and inhibits the apoptotic effects of
the RAS/RAF inhibitor sorafenib on cancer stem cells, suggesting there remain unknown
downstream mechanisms of VIP [22–25].

The consistent co-expression of VIP and VPAC in cancer and the availability of ra-
diotracers to follow the VIP/VPAC as predictive or prognostic biomarkers, coupled with
the ability to inhibit VIP signaling via VPAC1 and VPAC2 peptide antagonists, supports
the need to further characterize the VIP signaling landscape and determine its importance
in the properties of cancer that have been described as the “hallmarks of cancer” [24,25].
In this exploratory analysis, we utilized an in silico gene expression model to uncover
new downstream signaling pathways of VIP in cancer and corroborate these pathways in
analyses of healthy tissues.

2. Materials and Methods

Gene association and expression: Cancer mRNA expression data for VIP and Pear-
son’s correlation (R) for VIP versus 760 other genes (gene panel based on the Nanostring
nCounter® Tumor Signaling 360™ profiling panel) were abstracted from the TCGA (The
Cancer Genome Atlas) PANCAN dataset using the University of California Santa Cruz
(UCSC) Xena platform and recorded into Microsoft Excel by cancer hallmark (per Nanos-
tring designation) (Supplemental Table S1) [26–28]. The date of cutoff for data abstraction
was 1 December 2020 and of the 12,839 samples available for analysis, 2036 null values
were excluded (Supplemental Figure S1.1). Individual tissue sample mRNA expression
levels and R coefficients for VIP and 10 identified lead genes were further abstracted for
all TCGA tumor histologies. Histologies were also organized into sub-groups by the tis-
sue germ layer of origin (ectoderm, endoderm, and mesoderm) (Supplemental Table S2).
Healthy tissue gene expression data was obtained from the Genotype-Tissue Expression
(GTEx) Project on 19 April 2023 (https://www.gtexportal.org/home/ (19 April 2023)) [29].
Cancer cell line-specific gene expression data was downloaded on 4/19/23 from the CCLE
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(cancer cell line encyclopedia) using the DepMap resource (Public Expression Dataset 22Q4)
(https://depmap.org/portal (accessed on 19 April 2023)).

Statistical analysis: The strength of association between VIP and comparator genes’
expression data from the TCGA, GTEX, and CCLE datasets was determined using a Pear-
son’s correlation test (R). For initial screening, R-coefficients > |0.3| and corresponding
p-value < 0.05 were considered statistically meaningful [30]. Gene expression data (RNA-
Log2(norm_count+1)) for VIP and ZEB1 in healthy (GTEX) and cancer (TCGA) tissues
were analyzed per a Mann–Whitney U test for non-parametric data with p < 0.05 defined
as statistically significant using GraphPad Prism (v9.5.1).

VIP and ZEB1 Expression and Cancer Pathway Activity: Gene set analysis was per-
formed to assess the pathway activity of VIP and ZEB1 in gastrointestinal malignancies,
including COAD (colon adenocarcinoma), ESCA (esophageal carcinoma), PAAD (pancre-
atic adenocarcinoma), and STAD (stomach adenocarcinoma). The analysis was conducted
using the GSCA (Gene Set Cancer Analysis) tool, as previously described [31], with path-
way activity scores assigned in ten critical cancer-related pathways (TSC/mTOR, RTK,
RAS/MAPK, PI3K/AKT, hormone ER, hormone AR, EMT, DNA damage response, cell cy-
cle, and apoptosis) based on a total of 7876 TCGA samples across 32 different cancer types.
Pathway activity was determined by stratifying samples into high and low-expression
groups based on the median gene expression, and a score was then calculated using
a student t-test, with p-values adjusted by the false discovery rate (FDR). Reported re-
sults were considered significant when the FDR was <0.05, indicating a low likelihood of
false positives.

Estimate, Stromal, and Immune Scoring: Estimate, stromal, and immune scores were
used to compare tumor purity, stromal cell presence, and immune cell infiltration in stomach
adenocarcinoma samples based on VIP and ZEB1 high vs. low tumor expression using the
ESTIMATE scoring system, as previously described (https://bioinformatics.mdanderson.
org/estimate/index.html (accessed on 8 June 2023)) [32]. A total of 377 of the 415 STAD
samples with scoring available were evaluable (nulls removed and primary tumor only).
The median estimate, stromal, and immune scores were analyzed per the Mann–Whitney U
test for non-parametric data with p < 0.05 defined as statistically significant using GraphPad
Prism (v9.5.1)

3. Results
3.1. VIP Expression in Cancer

The protein expression of VIP, VPAC1, and VPAC2 was investigated using immuno-
histochemistry data from the Human Protein Atlas (HPA) (Figure 1) [33,34]. Consistent
with previous research [11], the HPA protein analysis revealed that VPAC1 is expressed
in nearly all cancer histologies. In fact, VPAC1 expression was observed in over 70% of
tissue samples from breast, carcinoid, head and neck, ovarian, and pancreatic cancers.
On the other hand, the expression of VIP varied among different tumor histologies, with
several histologies showing no detectable protein expression. However, it is noteworthy
that many of the VIP non-expressing histologies still exhibited the expression of VPAC1
or VPAC2 receptors. For example, cancers of the breast, endometrium, prostate, testis,
urothelium/bladder, and melanoma showed an expression of VPAC1 or VPAC2 despite
lacking VIP expression. The differential expression patterns of VIP and its receptors across
different histologies suggest distinct roles and potential interactions between VIP-receptor
signaling and other pathways in cancer. Therefore, we undertook further investigations to
elucidate the functional significance of these observations in the context of specific cancers.

To further characterize the signaling landscape, VIP mRNA expression was com-
pared against a panel of 760 cancer-pertinent genes across all evaluable tissue samples
in the TCGA PANCAN database. The selected gene panel was based on the Nanostring
nCounter® Tumor Signaling 360TM testing panel [28]. A total of 285 genes showed positive
R associations with VIP expression, while 475 were negatively associated (Figure 2A).
Only ~10% of each cohort of positively or negatively associated genes demonstrated an
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R > |0.2| (25/285 positive correlation, 52/475 negative correlation). Based on our pre-
specified cutoff of R > |0.3|, five positively correlated and five negatively correlated lead
genes were identified (positive correlation: MAPK3, ZEB1, NOS2, TEK, and PTCH1;
negative correlation: EIF4G1, GMPS, CDK2, RUVBL1, and TIMELESS) (all p < 0.05,
Supplemental Figure S1.2).
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Figure 1. Protein expression of VIP and VIP Receptors In Cancer: VIP expression is highest in gliomas
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VPAC2 expression is limited to certain cancer types including those of the head and neck, lung, skin,
kidney, thyroid, bladder, and melanoma.
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with R values > |0.3| for the entire analyzed dataset. (B) Further analysis by cancer hallmark shows
potential associations of VIP with hallmarks other than proliferative signaling.
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3.2. mRNA Expression of VIP Associated Genes by Cancer Hallmark and Tissue Histology

To provide functional context to our findings, we also examined the association of the
genes of interest with the pathways involved in the cancer hallmarks. Eight genes (CPA3,
FAM30A, FOXP3, HDC, HSD11B1, PNIC, SH2D1A, and TCL1A) were excluded due to
their primary involvement in the functions of non-malignant immune cells. Amongst the
752 genes remaining, the majority are involved in cancer hallmarks for activating sustaining
proliferative signaling (n = 223), tumor-promoting inflammation (n = 178), invasion and
metastasis (n = 146), and avoiding immune destruction (n = 122), with some overlap
in certain genes across multiple cancer hallmarks (Supplemental Figure S1.3). Further
focusing on lead gene functions, mapping by cancer hallmark, shows that VIP may be
involved in the up- or down-regulation of genes relevant to nearly all cancer hallmarks
(other than resisting cell death), with the higher number of lead gene associations seen in
the hallmark pathway of “sustaining proliferative signaling” (RUVBL1, TEK, MAPK3, and
PTCH1) (Figure 2B).

To explore the cancer histologies where the associations between VIP and lead genes
are most significant, we employed increasingly stringent R-coefficient cutoffs (>|0.4|
and >|0.5|). The R-coefficients between VIP and each lead gene were determined for all
assessable samples within each TCGA cancer histology (Supplemental Figure S2). When
using R > |0.4|, nine out of the ten lead genes exhibited histology-specific associations
with VIP. Among them, TEK showed the highest number of histology-specific associations
(n = 13), followed by ZEB1 (n = 8) (Figure 3). When further increasing the cutoff to
R > |0.5|, only four out of the ten lead genes retained significant associations with VIP.
These genes were ZEB1, TEK, GMPS, and TIMELESS. These associations showed histologic
overlap in cancers of the gastrointestinal tract (STAD and COAD), lung (LUSC), and kidney
(KICH). Notably, the strongest association observed was between VIP and ZEB1 in stomach
adenocarcinoma (R = 0.76, Figure 4A). These findings highlight the cancer histologies where
the association between the expression of VIP and lead genes is particularly meaningful,
based on progressively stricter R-coefficient criteria. The strong association between VIP
and ZEB1 in stomach adenocarcinoma warranted further investigation.
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Figure 4. VIP and ZEB1 mRNA expression in gastrointestinal cancer and health tissues: (A) Similar
VIP vs ZEB1 associations are seen in gastric, colon, esophageal, and pancreatic cancer (TCGA) and
healthy (GTEX) tissues (p < 0.0001 for all analyses). (B) Total mRNA expression of VIP and ZEB1
is reduced in cancers of the stomach, colon, and esophagus (p < 0.0001 (****)), increased ZEB1 in
cancer tissue (p < 0.0001), and similar in the pancreas for VIP p = 0.012 (*). (C) VIP and ZEB1 mRNA
expression (log2(TPM+1)) in human gastric (stomach), colon, and pancreatic adenocarcinoma cancer
cell lines (CCLE) does not show meaningful expression correlations. Positive correlation is seen in
esophageal cell lines (R = 0.8, p = 0.05).

Given the known importance of VIP in embryogenesis, we also sub-grouped individ-
ual cancer histologies by germ layer of origin and looked for germ layer-specific expression
associations (Supplemental Figure S3A, Supplemental Table S2). In this context, we also
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evaluated whether cross-reactive peptide signaling influenced our findings. The PACAP
(pituitary adenylate cyclase-activating polypeptide) peptide shares 67% homology with
VIP and is also able to bind to VPAC1 and VPAC2, in addition to its specific PAC1 receptor
(Supplemental Figure S3B) [5,35]. Associations between lead genes and VIP or PACAP strat-
ified by germinal layer did not indicate confounding functional overlap between VIP and
PACAP. Germinal layer findings for VIP revealed tumors of ectodermal and mesodermal
origin demonstrated correlations with R > |0.4| with non-meaningful R < |0.2| signals
seen in PTCH1 (mesoderm) and GMPS, CDK2, RUVBL1, and TIMELESS (endoderm).

3.3. VIP and ZEB1 Expression in Healthy Tissue and Cancer Cell Lines

Given the compelling association between VIP and ZEB1 identified in gastrointestinal
malignancies, especially of the stomach and colon, we tested VIP and ZEB1 expression in
their corresponding healthy tissues. The healthy gastrointestinal tissue expression of VIP
and ZEB1 was analyzed using the GTEX dataset [29]. Healthy gastric, colon, esophageal,
and pancreatic tissues had R coefficients between VIP and ZEB1, an expression similar to
those seen in TCGA cancer tissues (p < 0.0001 for all analyses) (Figure 4A). The biphasic
distribution of VIP/ZEB1 (low) vs. VIP/ZEB1 (high) seen in the colon and esophageal
tissues is thought to be related to the differences in the presence of mucosal and submucosal
tissue in the samples. VIP expression in healthy pancreatic tissue is likely more susceptible
to hormonal regulation of the endocrine pancreatic tissue, supporting the findings of
variable VIP expression with somewhat consistent ZEB1 expression.

To determine if VIP and ZEB1 expression is up-regulated or down-regulated in cancer
vs. healthy tissue, the total mRNA levels of VIP and ZEB1 between healthy and cancer
tissue were compared. VIP and ZEB1 expression were both lower in stomach, colon,
and esophageal cancer tissue compared to healthy tissue (p < 0.0001, Figure 4B). There
were minimally significant differences in VIP expression between normal and pancreatic
cancer tissue (p = 0.012) and increased ZEB1 expression in cancer tissue. We next analyzed
associations between VIP and ZEB1 expression in the human stomach, colon, esophageal,
and pancreatic adenocarcinoma cell lines from the CCLE (cancer cell line encyclopedia)
using the DepMap resource. Interestingly, the cell line expression data did not recapitulate
the VIP and ZEB1 associations seen in healthy and cancer tissues and showed only a
statistically significant association between VIP and ZEB1 in a limited number of esophageal
adenocarcinoma cases (p = 0.05) (Figure 4C).

3.4. Gene Set Analysis of VIP and ZEB1

The consistent association between VIP and ZEB1 expression in both healthy and
cancerous tissues suggests a potential linkage of the signaling pathways of these two
genes. To investigate this further, gene set analysis (GSA) was conducted in colon, gastric,
esophageal, and pancreatic cancers using the GSCA tool for the following cancer-related
pathways: TSC/mTOR, RTK, RAS/MAPK, PI3K/AKT, hormone ER, hormone AR, EMT,
DNA damage response, cell cycle, and apoptosis. GSA revealed that VIP and ZEB1 had
activating effects on EMT and inhibitory effects on the cell cycle pathway in both colon and
gastric cancers. Additionally, in gastric cancer, VIP and ZEB1 showed inhibitory effects
on the apoptosis pathway (FDR < 0.05, Figure 5A, Supplemental Table S3). Comparisons
between the high and low tissue expression of VIP and ZEB1 were performed based on
the GSA results, focusing on the EMT and cell cycle pathways in gastric and colon cancer
(Figure 5B). These findings indicate that VIP and ZEB1 may jointly influence the EMT and
cell cycle pathways in gastric and colon cancers. Moreover, the inhibitory effects on the
apoptosis pathway observed in gastric cancer suggest potential roles for VIP and ZEB1 in
modulating cell survival mechanisms in this specific cancer type.
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Figure 5. Gene Set Analysis of VIP and ZEB1 in colon, esophageal, gastric, and pancreatic cancers:
(A) VIP and ZEB1 share activating effects on EMT and inhibitory effects on cell cycle in gastric and
colon cancer. No pathway effects seen in pancreatic cancer (B) Representative box plots showing
impact of high vs low VIP and ZEB1 expression in gastric and colon cancer in EMT activation and
cell cycle inhibition (FDR < 0.25).

3.5. Estimate, Stromal, and Immune Scoring

VIP is also known to exert paracrine effects in cancer by supporting the immunosup-
pressive activity of CD4+CD25+ regulatory T cells and tolerogenic dendritic cells [8,36].
In vivo studies have demonstrated that treatment with VPAC peptide antagonists can
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reverse these immune effects and down-regulate T cell expression of the inhibitory marker
PD-1, promote cytotoxic T cell differentiation and expansion, and enhance intratumoral T
cell infiltration, ultimately leading to tumor elimination [15,37–39], and we have recently
shown that inhibiting VIP in murine pancreatic cancer models improves the response
to T cell checkpoint inhibitors [15]. To determine if the VIP and ZEB1 associations seen
in our analysis were confounded by immune cell-mediated paracrine VIP, we compared
whether high versus low VIP and ZEB1 expression correlated with tumor purity, stromal
tissue presence, or immune cell infiltration using the estimate, stromal, and immune scores,
respectively. ZEB1 and VIP high-expressing tumors (n = 189) were associated with higher
median estimate and stromal scores, with high expression most associated with positive
scores (Figure 6A,B). Median immune scores were positive for low and high ZEB1 and
VIP expression, with higher scores associated with increased VIP and ZEB1 expression
(Figure 6C).
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sion: (A) Median Estimate score for ZEB1 high (1569) and ZEB1 low (−348.7) and VIP high (1428)
and VIP low (−66.05) (B). Median Stromal score for ZEB1 high (568.2) and ZEB1 low (−621.5) and
VIP high (387.2) and VIP low (−397.6) (C). Median Immune score for ZEB1 high (864) and ZEB1 low
(215) and VIP high (814.2) and VIP low (264.1). p < 0.0001 for all comparisons (****).

4. Discussion

To comprehensively characterize the signaling landscape of autocrine VIP in cancer,
we conducted an in silico gene expression analysis. Determining the downstream effects
of VIP in cancer is crucial to understanding its role as a circulating biomarker and VPAC
as a diagnostic, prognostic, or predictive target. The utility of radiolabeled-VIP and the
development of VIP-targeted theranostics is severely limited by this lack of understanding.

Comprehensive gene expression studies of cancer are valuable when studying pep-
tides such as VIP. The VIP sequence is highly conserved across mammals and rarely
mutated in cancers, in support of a critical role for VIP-signaling in normal physiology [2].
Furthermore, protein expression studies, including techniques such as Western blot and im-
munohistochemistry (IHC), may not fully capture peptide expression data due to limiting
factors such as the multiple cleavage steps of the prepro peptide, variability in the antibody
binding, and the short half-life of the peptide.

Among the initial screening panel of 760 genes, our in silico model identified 10 lead
genes that showed strong associations with VIP expression. Some of these genes, such
as MAPK, NOS2, CDK2, and TIMELESS, have been previously associated with VIP in
non-cancer models [40–43]. However, our analysis also revealed several novel associations,
the most compelling being the association with the ZEB1 transcription factor.

The association between VIP and ZEB1 in gastrointestinal tissues appears to be present
in both healthy and malignant tissues. ZEB1 is a well-characterized transcription factor
known to play a role in the regulation of epithelial–mesenchymal transition (EMT) in
cancer [44]. EMT is a process in which primary tumor cells down-regulate the expression of
structural and cell adhesion molecules, such as cytokeratin and E-cadherin, and lose their
epithelial markers to acquire a more aggressive, spindle cell-like mesenchymal phenotype
to drive tumor metastasis and distant invasion [45].
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Detecting the early signs of EMT and targeting the process pharmacologically has
been a long-standing focus of cancer research, but the heterogeneity across multiple cancer
histologies and redundant downstream signaling pathways involved in E-cadherin loss
have limited the success of these efforts. Transcription factors critical to EMT, including
ZEB1, STAT, SNAIL, and TWIST, are not ideal targets for pharmacological interventions or
readily assessed through imaging techniques. Therefore, identifying upstream cell surface
targets such as VPAC1 or VPAC2 could aid in the development of EMT-targeted cancer
therapies [45]. Recently, Colangelo et al. uncovered an axis between TIMELESS and ZEB1
in colorectal cancers, demonstrating that the loss of TIMELESS promotes tumor progression
and poor prognosis by inducing ZEB1 expression and EMT. These findings align with the
negative correlation we observed between VIP and TIMELESS in our analysis [46].

However, the current study has some design limitations. The 760-gene panel used is a
limited dataset, however, this selection was deliberate to focus on well-elucidated genes
with known functions in cancer to facilitate the further translation of our findings. The
under-representation of certain histologies in the TCGA dataset may have led to histology-
specific errors and potential missed associations due to a smaller sample size. The initial
screening of lead genes by R > {0.3} may appear to be a less stringent threshold, however,
this was done only when evaluating the VIP-gene associations across all TCGA histologies
and samples. Of note, all R in the initial screen were < {0.4}.

Findings from in silico analyses can be challenging to translate into in vitro studies
or in vivo therapies. The divergent findings in VIP and ZEB1 expression associations
between tissues (healthy and malignant) and cancer cell lines highlight the need for future
studies in both settings. Factors such as culture conditions may affect VIP, ZEB1, and EMT-
related phenotypes in vitro. Heterogeneity in the tumor microenvironment and between
sequenced samples may also affect data interpretation, however, the estimate, stromal, and
immune scoring data support that our findings are not confounded by the paracrine effects
of immune cell infiltrates and are cancer cell and cancer stroma dependent. The differences
seen by the cancer-mediated stromal cell presence may also indicate why the patterns vary
between healthy tissues and cancer tissues.

The identified association between ZEB1 and VIP expression may not be causal. How-
ever, the consistent association of the expression levels for these genes across multiple
cancer histologies, healthy tissues, and gene set analyses indicates potential significance
and warrants further investigation. Furthermore, while the transition from a prolifera-
tive to invasive phenotype is considered fundamental to EMT, our findings that VIP is
involved in both processes support more recent arguments that EMT and, conversely,
MET (mesenchymal–epithelial transition) represent a continuum of states and not discrete
phenotypes [47].

Taken together, the VIP–VPAC axis offers a widely expressed and targetable biomarker
in cancer. The presence of VPAC in both VIP-expressing and non-expressing tissues
suggests that cancers may be simultaneously susceptible to both autocrine and paracrine
VIP effects. Whether targeting VPAC can be diagnostic, prognostic, and/or predictive
remains to be fully explored. Our findings indicate that in gastrointestinal malignancies,
further in vitro and in vivo validation is necessary to elucidate the mechanism of interaction
between VIP and ZEB1 and to determine how VIP supports ZEB1-mediated EMT involved
in tumor invasion and metastasis.

5. Conclusions

We performed hypothesis-generating in silico analyses of associations of autocrine VIP
gene expression with gene targets and pathways in cancer. We identified a potential novel
association of the VIP–VPAC axis with ZEB1 expression in gastrointestinal malignancies.
Further studies are necessary to understand how inhibiting or activating the VIP–VPAC
axis may serve as a prognostic biomarker of cancer metastasis or a predictive biomarker for
response to VIP-targeted therapies on EMT in gastrointestinal malignancies.
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Simple Summary: Mitochondrial dysfunction is one of the main features of cancer cells. As ge-
netic material in mitochondria, mitochondrial DNA (mtDNA) variations and dysregulation of
mitochondria-encoded genes have been shown to correlate with survival outcomes in cancer patients.
Cancer metastasis is often a major cause of treatment failure, which is a multi-step cascade process.
With the development of gene sequencing and in vivo modeling technology, the role of mtDNA in
cancer metastasis has been continuously explored. Our review systematically provides a summary of
the multiple roles of mtDNA in cancer metastasis and presents the broad prospects for mtDNA in
cancer prediction and therapy.

Abstract: Mitochondrial DNA, the genetic material in mitochondria, encodes essential oxidative
phosphorylation proteins and plays an important role in mitochondrial respiration and energy
transfer. With the development of genome sequencing and the emergence of novel in vivo modeling
techniques, the role of mtDNA in cancer biology is gaining more attention. Abnormalities of mtDNA
result in not only mitochondrial dysfunction of the the cancer cells and malignant behaviors, but
regulation of the tumor microenvironment, which becomes more aggressive. Here, we review the
recent progress in the regulation of cancer metastasis using mtDNA and the underlying mechanisms,
which may identify opportunities for finding novel cancer prediction and therapeutic targets.

Keywords: mitochondrial DNA; tumor progression; metastasis; immune escape

1. Introduction

Tumor metastasis accounts for the overwhelming number of deaths in cancer patients.
Tumor metastasis is a multi-step process [1], including the invasion, migration and adhe-
sion of tumor cells; immune escape; and repopulation in the second location. An increasing
number of underlying molecular mechanisms that are involved in tumor metastasis pro-
gression are being revealed. Among these factors, the role of mitochondrial DNA (mtDNA)
and the related mitochondrial dysfunction have attracted significant attention.

From tumorigenesis to metastasis, cancer cells depend on metabolic reprogramming
to survive [2]. Warburg proposed that unlike normal cells, cancer cells do not need to rely
on the oxidative phosphorylation (OXPHOS) system to generate ATP. Even under aerobic
conditions, cancer cells can convert glucose into lactic acid through glycolysis and produce
ATP [3]. We call this theory the Warburg effect or aerobic glycolysis, which has become
a biochemical marker of cancer. The unlimited proliferation ability of cancer cells results
in their craving for ATP and metabolites. Mitochondria are crucial for oxidizing glucose,
fats and amino acids to release energy through the tricarboxylic acid (TCA) cycle and
OXPHOS [4], which is thought to be the “energy factory” of cancer cells [5]. The transfer
mitochondria from aggressively growing tumors to less aggressive tumors can cause an
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increase in tumor aggressiveness, indicating the critical role of mitochondria in determining
the cancer cell biology [6]. With the in-depth study of the mitochondrial genome, more
evidence has revealed the relationship between mtDNA abnormalities and many diseases,
especially cancer. Moreover, the alterations of genes encoding mitochondrial components
are associated with increased cancer risk, and may even become carcinogenic factors [7].

As the core component of mitochondrial, mtDNA encodes 13 OXPHOS-system-related
protein complexes (complex I, III-V) subunits [8], which drives mitochondrial respiration
and energy production [9]. Mitochondrial dysfunction has previously been reported to
enhance the tumorigenicity and metastatic potential of lung and breast cancer cells [10–12].
Mutations in mtDNA (for example, insertion of the MT-ND6 gene) can disrupt the function
of complex I, leading to an increase in ROS, while the corresponding tendency for metastasis
is also increased [10,13]. This obstacle also leads to the upregulation of glycolysis and
metastasis-related gene transcription [13]. The altered function of complex I in metastasis
was subsequently reconfirmed in the MDA-MB-231 breast cancer cell line, and its increased
metastatic potential appeared to be associated with mutations in MT-ND6 (C12084T)
and MT-ND5 (A13966G). The missense and nonsense mutations in MT-ND6 enhanced
tumor invasion and migration, as also demonstrated in the A549 lung cancer cell line [14].
Therefore, mtDNA is an important factor in tumor initiation and progression [6,15,16].

As more in-depth studies of mitochondrial-encoded factors emerge, this may lead to
exciting advances in targeting mtDNA to inhibit tumor metastasis. This review summarizes
the structure and function of the mitochondrial genome and the relationship between
mtDNA and tumor metastasis. Our goal is to establish a framework in related fields and
address the role of the mitochondrial genome in tumor metastasis.

2. mtDNA
2.1. Structures of mtDNA

The special form of deoxyribonucleic acid is mtDNA. It is the only genetic material
outside the nucleus that can be copied, transcribed and translated independently [17].
Human mtDNA is a circular-shaped, double-stranded DNA measuring about 16,569 bp.
The mtDNA includes a G-enriched inner light strand (L-strand) and a C-enriched heavy
strand (H-strand) [9,18]. Human mtDNA is a genetically compact genome with no introns,
which overlaps in some regions. It encodes 2 rRNAs (16S RNA, 12S RNA) and 22 tRNAs for
protein synthesis, as well as 13 peptides for electron transfer and oxidative phosphorylation.
In addition to these coding areas, mtDNA also consists of a non-coding region, the displace-
ment (D)-loop, which participates in the regulation of mtDNA replication transcription [19]
(Figure 1).

Figure 1. The structure of mtDNA. It encodes 2 rRNAs and 22 tRNAs for protein synthesis, as well
as 13 peptides for electron transfer and oxidative phosphorylation. Except for these coding areas,
mtDNA has a non-coding region located in the displacement (D)-loop, which participates in the
regulation of mtDNA replication transcription. The genes coding for subunits of OXPHOS complex I
are ND1-ND6. The gene encoding for cytochrome B of complex III is abbreviated as Cyt B. Genes for
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cytochrome c oxidase (complex IV) are CO I-CO III. Additionally, the subunits of complex V are
ATPase 6 and 8, abbreviated as A6 and A8, respectively. The two ribosomal RNAs encoded by
mtDNA are 12S and 16S. Except for these coding areas, mtDNA has a non-coding region located in
the displacement (D)-loop, which participates in the regulation of mtDNA replication transcription.
The displacement loop is represented as the D-loop and contains sequences for the initiation of
replication and transcription, including the origin of heavy-strand replication (OH). The light-strand
replication’s origin is indicated by OL. The position of the light-strand promoter is shown as LSP and
the position of the heavy-strand promotor as HSP.

2.2. Characteristics and Maintenance of mtDNA

Almost every base of mtDNA is involved in gene construction, meaning any mutation
would affect an important functional region of the genome [9]. Furthermore, mtDNA
has its own unique biological environment and properties: (1) The mtDNA is vulnera-
ble to ROS damage due to its lack of histone protection [20,21]. (2) The mtDNA has a
high mutation rate [22,23], which may be due to its relatively naive protection and repair
mechanisms. Currently, mtDNA damage can usually only be repaired via base excision
repair (BER), homologous recombination (HR) and microhomology-mediated end joining
(MMEJ) [24]. (3) Due to its small molecular mass and the absence of introns, mtDNA
shows continuous synthesis throughout the cell cycle, although this is not synchronized
with the cell cycle and mainly occurs in the S and G2 phases, which makes the dynamic
process more susceptible to interference by external factors. (4) It has a high copy num-
ber. In many cells, the volume of mtDNA is higher than needed to maintain oxidative
phosphorylation. Furthermore, the poor proofreading ability of DNA polymerase and the
easy formation of a hairpin structure in the RNA transfer position results in the mtDNA
replication process being more prone to mistakes. Although its replication is independent
of nDNA replication, the trans-acting factors, copy number and integrity of mtDNA are
closely regulated and encoded by nDNA. The nDNA-encoded polymerase g (POLG) and
mitochondrial transposition factor A (TFAM) [25] are necessary to maintain the copy num-
ber and integrity of mtDNA [26–28]. Moreover, these proteins bind to the D-loop region of
mtDNA, forming NUCLEOIDS, which are considered to be units of mtDNA transmission
and inheritance [29]. TFAM is also the main component that initiates and drives mtDNA
packaging and the NUCLEOIDS structure, and is directly proportional to the mtDNA copy
number [30]. Therefore, mtDNA could bind to form complexes with TFAM rather than
being naked as previously thought [29,31].

The mtDNA copy number may also have an unknown regulatory mechanism. As
mitochondria divide randomly in daughter cells, there may be two conditions during
cell division: homoplasmy (the same genotype) and heteroplasmy (coexistence of wild-
type and mutant mitochondrial genomes) [32]. Normally, all mtDNA in a cell should be
identical. In heterogeneous cells, owing to the different mitochondrial genomes in each
cell, the ratio of mutants to wild-type mitochondria determines whether the cell is deficient
of energy; that is, when the mutation reaches a certain ratio, an impaired phenotype
occurs and lead to diseases, which is called the threshold effect [33]. The threshold level
is dependent on the tissue type, metabolic requirements and copy number of remaining
WT mtDNA (aberrant mitochondrial function in aging and cancer). It has also been shown
that a decrease in mtDNA replication machinery or enhanced mitophagy results in a
lower mtDNA copy number [34]. Meanwhile, doxorubicin (Dox)-induced mitochondrial
phagocytosis in cardiomyocytes resulted in a decrease in the copy number of mitochondrial
DNA [35]. This suggests that mitophagy is quite important in mtDNA copy number
regulation, which needs to be demonstrated by further studies. As a multi-genome with
strict control over the copy number, the regulatory mechanism of the mtDNA copy number
remains unclear. It seems to be controlled by cell-specific mechanisms and regulated by
various internal environmental stressors.
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2.3. The Release of mtDNA

Mitochondrial dynamics play an important role in the nuclear distribution of mtDNA,
cristae reorganization and the mitochondrial pro-apoptotic state [36]. The deletion of
mitochondrial TFAM significantly altered the packaging and distribution of mtDNA and
induced mtDNA release into the cytoplasm, which was considered to be “cytoplasmic
mtDNA stress” [37]. Furthermore, studies have shown that mtDNA can be released from
apoptotic mitochondria. BAX/BAK is activated during apoptosis, whereby large BAX/BAK
pores appear on the outer membrane of mitochondria, while the inner membrane of
mitochondria can herniate into the cytoplasm and carry mtDNA [38,39]. Mitochondrial
membrane damage and mitochondrial division can also cause the release of mtDNA into
the cytoplasm. When the mitochondria are subjected to stress in a variety of ways, mtDNA
breaks into fragments and then binds to the voltage-dependent anion channel (VDAC) in
the outer membrane of the mitochondria. This leads to the aggregation of multiple VDAC
monomers and the formation of a pore in the middle through which mtDNA can escape [40].
In conclusion, changes in mitochondrial morphology and dynamics can promote the release
of mtDNA. The release of mtDNA and its vulnerability to damage have been found to be
involved in tumorigenesis and progression.

3. mtDNA and Tumor Metastasis

Tumor metastasis is a series of invasive and metastatic cascades in which tumor cells
detonate from the original tumor to reach surrounding or distal tissues to form new lesions.
It is the result of the interaction between tumor cells and the tumor microenvironment [41].
Metastasis is the main cause of death in tumor patients, with most patients dying from the
spread of the cancer rather than the primary tumor [42]. The process of tumor metastasis
mainly goes through five stages: (1) local detachment of tumor cells and invasion of
surrounding tissues (resistance to anoikis) (anoilis: loss of cell adhesion to the ECM and
lead to apoptosis); (2) intravasation, where tumor cells enter the blood or lymphatic system;
(3) tumor cell transport and survival in the circulatory system; (4) exudate leakage from
circulation into distal tissues; (5) colonization, to form metastatic foci. Obstruction of any
of these steps would prevent metastasis (Figure 2).

Figure 2. Steps of tumor metastasis. The process of tumor metastasis mainly goes through five
stages: (1) local detachment of tumor cells and invasion of surrounding tissues (resistance to anoikis);
(2) intravasation, where tumor cells enter the blood or lymphatic system; (3) tumor cell transport
and survival in the circulatory system; (4) exudate leakage from circulation into distal tissues;
(5) colonization, to form metastatic foci. Obstruction of any of these steps would prevent the formation
of the metastasis. As early as 1889, Stephen Paget first proposed the seed and soil hypothesis, which
has been widely recognized as the critical theory for tumor metastasis.
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To date, there is no clear evidence of a definitive relationship between mtDNA and
tumor metastasis, but some non-random changes in the mitochondrial genome associated
with tumor progression have been reported in many tumor types [14,43,44]. We reviewed
the literature on mtDNA alterations that cause or are associated with metastatic mutations,
and there is considerable evidence that mtDNA alterations can accelerate tumor progression
by enhancing the invasiveness and metastatic potential of tumor cells. Studies have
supposed that replacing mtDNA from poorly metastatic tumor cells with mtDNA from
highly metastatic tumor cells in mice via cytoplasmic hybrid (cybrid) technology could
result in better metastatic capacity [45]. Thus, mtDNA alterations have an important
role in enhancing a tumor’s metastatic capacity. This was consistent with the conclusion
by Amanda E. Brinker [46]. They used a novel mouse model, a mitochondrial nuclear
exchange model termed MNX, to verify whether the mitochondrial genome affects the
tumor incubation period and metastasis efficiency. The mitochondrial haplotype altered
the tumorigenicity and metastasis of breast cancer in an oncogenic driver-dependent
manner [46]. As expected, there was an inherently strong relationship between mtDNA
and tumor metastasis. Here, we summarize the role played by mtDNA in the various
stages of tumor metastasis.

3.1. mtDNA during Cancer Cell Anti-Anoikis

Metastasis is not caused by the random survival of cells shed by the primary tumors,
but by the selective growth of specialized subsets of highly metastatic cells [47]. Metastatic
cells can be generated through clonal evolution or clonal selection, and mutational ge-
netic drivers within tumor cells confer proliferative and invasive properties [48]. Loss
of cell adhesion to the ECM leads to apoptosis, called anoikis. Resistance to anoikis is a
prerequisite for tumor metastasis. Deletion of mtDNA in prostate epithelial PNT1A cells
was demonstrated to prevent anoikis and promote the migratory capacity of basement
membrane proteins via the upregulation of p85 and p110 phosphatidylinositol 3-kinase
(PI3K) subunits [49]. Inhibition of PI3K, siRNA-mediated Akt2 depletion and mtDNA
reconstitution were sufficient to restore the sensitivity of tumor cells to anoikis and reduce
their migration. In addition, Akt2 activation induced glucose transporter 1 (GLUT1) ex-
pression, glucose uptake and lactate production, which is a common phenotypic change in
tumor cells [49]. Unlike normal cells, due to the Warburg effect, tumor cells are resistant to
anoikis. Tumor cells show restricted OXPHOS and ROS before detachment [50]. Pyruvate
dehydrogenase kinase (PDK) is an important mitochondrial enzyme in glucose metabolism.
High expression of PDK can block OXPHOS, promote the Warburg effect [51] and mitigate
excessive ROS produced by glucose oxidation. To some extent, it protects tumor cells from
ROS-induced anoikis to promote metastasis [52].

In addition, cancer stem cells (CSCs) present in the primary tumor can be resistant to
anoikis and have an inherent tendency to metastasize. Both clonal selection and CSCs may
synergistically produce cells with metastatic ability. In breast cancer, a decrease in mtDNA
can promote the production of breast cancer stem cells, thereby promoting breast cancer
metastasis. Similarly, mtDNA deficiency may induce stem-cell-like properties in ovarian
cancer in different ways in vitro, leading to different tumor behavior [53]. Compared to
non-cancerous tissues, the mtDNA copy number was shown to be relatively reduced in
lung, gastric, breast, renal cell, colorectal and prostate cancers, while mtDNA oxidative
damage was increased [54–59]. A decreased mtDNA copy number was also found to be
associated with metastasis to Ewing’s sarcoma [60] and shorter survival in astrocytoma
patients [61]. The mutations of mtDNA may be accompanied by decreased respiratory
enzyme complex activity and mitochondrial dysfunction, leading to a malignant phenotype
of the tumor [62]. It is interesting that the increased mtDNA copy number has also been
reported to be associated with increased malignancy of tumors. The mtDNA copy number
was increased in pancreatic, head and neck, esophageal and other cancers [63–65]. In
these tumors, a higher mtDNA copy number indicated higher biosynthetic activity and
energy activity, which was beneficial for cancer cells to achieve efficient adaption to the
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microenvironment. Furthermore, mitochondrial dysfunction caused by mtDNA mutations
was also shown to promote the cell remodeling of cancer cells. The acquisition of mtDNA
from host cells partially restored mitochondrial function in tumor cells, reestablishing the
respiration to promote tumor growth. Lung metastatic tumor cells then exhibited complete
restoration of respiratory function. These results indicated that the process of mtDNA
transfer from host cells in the tumor microenvironment to tumor cells with impaired
respiratory function overcame the pathophysiological process of mtDNA damage and
supported the high plasticity of tumor cells [66].

3.2. mtDNA during Cancer Cell Intravasation or Extravasation

The rapid proliferation of tumor cells leads to tumor ischemia and hypoxia, which
directly stimulates angiogenesis and promotes the secretion of cytokines such as matrix
metalloproteinase-9 (MMP9), C-X-C motif chemokine ligand 12 (CXCL12) and Wnt7B by
various cells, especially tumor cells. These cytokines also promote the proliferation of
endothelial cells, angiogenesis and an increase in vascular permeability [67]. The neoplastic
endothelial cells express high-adhesion molecules and connect to the original vascular
endothelial cells, allowing continued vascular extension. In the initial stage of tumor
metastasis, tumors locally infiltrate into the vascular or lymphatic system. Tumor cells can
be activated by inflammatory signals and invade the matrix by secreting proteases that
degrade extracellular matrix proteins. The tumor cells enter the neovascularization and
then metastatic spread occurs with the extension of the vessels. Lung cancer cells carrying
the 13885insC mutation of the mtDNA ND6 subunit had a higher spontaneous metastasis
potential [13]. A PCR array analysis revealed a higher level of vascular endothelial growth
factor (VEGF), CCL7 and other metastasis-associated genes. The increase in VEGF levels
was obviously an important factor in stimulating tumor blood vessel growth. CCL7 was
shown to recruit monocytes to promote tumor cell invasion, migration and infiltration
by stimulating tumor angiogenesis. In primary tumors, tumor cells produced VEGF and
fibroblast growth factor 1 (FGF1) to increase vascular density. Interactions with endothelial
cells through VEGF and matrix metalloproteinase-1 (MMP1) signaling pathways enhanced
vascular permeability, which provided favorable conditions for tumor metastasis [68].
During the process of extravasation, tumor cells could initiate metastasis by adhering
to endothelial cells through various adhesion factors, while neutrophils could enhance
tumor cell adhesion and transendothelial migration through the integrin–intercellular
adhesion molecule-1 (ICAM-1) signaling pathway [69]. In ovarian cancer cells with a
reduced mtDNA copy number, the upregulation of gene expression related to tumor
metastasis and angiogenesis more powerfully confirmed the role of mtDNA in promoting
tumor angiogenesis [53]. Neonatal tumor vessels provided essential oxygen and nutrients
for tumor growth and metastasis. In contrast to normal vessels, tumor vessels were
characterized by discontinuous pericyte coverage, an incomplete vascular matrix and high
permeability [70] (Figure 3a). It has been reported that endogenous bacterial endotoxin
lipopolysaccharides in sepsis can activate Gasdermin D and form mitochondrial pores to
release mtDNA into the cytoplasm, which may cause the activation of the cGAS-STING
pathway and suppress YAP signaling, thereby inhibiting the proliferation of endothelial
cells [71]. Endothelial cells play a significant role in tumor metastasis. It is speculated
that as a DAMP, mtDNA can promote tumor metastasis by inhibiting endothelial cell
proliferation and mediating endothelial cell dysfunction in tumor cells.

Endothelial cells and pericytes constitute the physical barrier of tumor vessels, but
some pericytes could be activated or undergo pericyte fibroblast transformation, leading
to the loss of barrier function to promote tumor metastasis [72]. This makes the tumor
vessels more susceptible to leakage, allowing tumor cells to colonize and metastasize
directly into the vessels without going through a complex invasive process. However, it is
interesting to note that in diabetic patients, palmitic acid (PA) treatment can induce damage
to endothelial cells to release mtDNA and activate the cGAS-STING-IRF3 pathway in the
cytoplasm, leading to upregulation of macrophage stimulating 1 (MST1), inactivation of
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Yes-associated protein (YAP) and inhibition of angiogenesis [73]. This is contrary to the
situation in tumors, and the specific reasons still need to be further explored.

Figure 3. The association between mtDNA and tumor metastasis. (a) Angiogenesis is a rate-limiting
factor in tumor growth. Cancer cells carrying the 13885insC mutation of the ND6 subunit have higher
spontaneous metastasis potential. A PCR array analysis showed higher levels of VEGF, CCL7 and
other metastasis-associated genes. The increase in VEGF and CCL7 levels is obviously an important
factor in stimulating tumor blood vessel growth to promote tumor cell invasion, migration and
infiltration. (b) EMT is a process in which the epithelial tumor cells lose adhesion ability and cause
the migration of mesenchymal cells to promote metastasis and drug resistance. The mtDNA depletion
can lead to a loss of characteristic epithelial cell features and to a mesenchymal phenotype being
gained. The RAF/MAPK signaling pathway is highly activated and accompanied by the expression
of TGF-β. The above suggest that the tumor cells acquire higher invasiveness. The mutations of
mtDNA may be accompanied by decreased respiratory enzyme complex activity and mitochondrial
dysfunction, which leads to the malignant phenotype of the tumor. (c) Tumor immune escape is a
critical step in tumor metastasis and malignant progression. Oxidized mtDNA can be released into
the cytoplasm, which induces IFN signals through cGAS-STING-TBK1, thereby upregulating the
expression of PD-L1 and IDO-1 to inhibit the activation of T cells. It has been reported that mtDNA
stress in HCC cells with increased mitochondrial division significantly increases CCL2 production
by activating the TLR9-mediated NF-κB signaling pathway, thereby promoting TAM recruitment
and polarization and consequently promoting tumor progression. Mitochondrial DAMP (including
mtDNA) can activate neutrophils to generate NETs, which have been shown to promote cancer-
related formation and are associated with accelerated metastasis. Immature pDC can recognize the
CpG sequence on mtDNA through TLR9, and can induce the production of CD4+CD25+Treg cells
after activation and maturation. Treg cells secrete cytokines IL10 and TGF-β, which produce powerful
immunosuppressive functions.
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In addition to affecting the tumor vasculature, mtDNA has been significantly asso-
ciated with the epithelial–mesenchymal transition (EMT) process in tumor cells. EMT
is a process in which the epithelial tumor cells lose their adhesion ability and cause the
migration of mesenchymal cells to promote metastasis and drug resistance [74]. Tumor
cells could activate the EMT process, undergoing significant cytoskeleton reconstruction
and phenotypic changes. Tumor cells transform into the mesenchymal state, then secrete
various extracellular matrix-degrading enzymes to promote their infiltration into blood
vessels and lymphatic vessels [75]. Depletion of mtDNA has led to the loss of epithelial
cell features and a mesenchymal phenotype being gained [76]. For example, in human
prostate cancer cells (LNCaP) and breast cancer cells (MCF-7), deletion of mtDNA led to
the activation of the RAF /MAPK signaling pathway. This process was also accompanied
by the expression of transforming growth factor-beta (TGF-β) and type I TGF-beta receptor
(TGF-βRI) [77]. All of these indications suggested that the tumor cells had acquired higher
invasiveness [77]. Similarly, in breast cancer, a reduced mtDNA content in human mam-
mary epithelial cells (HMECs) activated calcineurin-dependent mitochondrial retrograde
signaling pathways that induced EMT-like reprogramming [78]. The TGF-β-EMT signal
was activated in single breast tumor motile cells during this period, and was transferred to
distal organs through hematogenous spread [79]. It is also noteworthy that the reduction in
mtDNA also promoted the generation of breast cancer stem cells. Both these changes could
promote the development of metastatic breast cancer [78]. On the contrary, the relatively
high copy number of mtDNA was associated with low protein expression of E-cadherin
and high expression of Vimentin in TE1 esophageal squamous cell carcinoma (ESCC) cells.
The high mtDNA copy number appeared to contribute to the high bioenergetic function of
mitochondria and provided favorable conditions for the invasion of esophageal cancer [80].
In colorectal cancer cells (SW620), the high expression of TFAM and mtDNA encoded ND6
and cytochrome c oxidase subunit II (COX-II), together with the high expression levels
of the EMT markers N-cadherin and Vimentin, which may confer an advantage for the
migration and invasion in CRCs [62]. EMT could be regulated by various signaling path-
ways, including TGF, HIF, Snail and Notch pathways [81]. It has been shown that TGF-β
could convert mouse mammary epithelial NMUMG cells into an invasive fibroblastoid
phenotype [82]. Subsequently, TGF-β has been proven to induce EMT in varieties cell lines,
meaning it is considered to be a major EMT inducer. The inhibition of the TGF-β pathway
in mesenchymal mouse colon carcinoma CT26 cell lines reduced invasion and metastatic
formation in xenograft tumors [83]. The same phenomenon of EMT gene signal activation
was be verified in diseases other than cancer. Aldosterone reduced the expression of PGC-
1α to increase its acetylation and injure the mtDNA. It induced mitochondrial dysfunction
and EMT to promote renal tubulointerstitial fibrosis [84] (Figure 3b). This also provided us
with a new direction to prevent the metastasis of tumor cells through EMT.

3.3. mtDNA during Cancer Cell Survival in the Circulatory System

Tumor cells are shed from tumor tissue into the circulatory system for distant metas-
tasis, but most of the scattered cells are not viable [85,86]. Disseminated cells are placed
under extreme stress (from the immune system, ROS, hypoxia, hypotrophy and matrix
changes), which greatly increases the pressure on their survival from one organ to an-
other [6]. Studies have reported that the increased antioxidant capacity of tumor cells helps
them survive after they shed from the tumor. In lung cancer mouse models, antioxidants
can reduce oxidative stress and promote tumor progression [87]. Mutations in the mtDNA
ATP synthase subunit 6 gene (MTATP6) can mediate resistance to apoptosis and promote
survival in tumor cells [88]. When tumor cells were subjected to external stress or attack,
mitochondrial released mtDNA to initiate their own protection programs to face the threats.
At this point, a group of genes known as interferon stimulated gene (ISGs) came into play
to protect their own nDNA, which was also the reason for the chemotherapy resistance
of melanoma [37]. The mtDNA could also affect the level of p-glycoprotein (P-gp) and
anti-apoptotic molecules such as Bcl-2, while P-gp is known to play an important role in
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mediating multi-drug resistance (MDR) in tumors [89,90]. Various evidence has indicated
that aberrant mtDNA greatly enhanced the ability of tumor cells to cope with different
threats, ensuring their survival in harsh environments and promoting metastasis. Hy-
poxia is widespread in tumor tissues [91], and overcoming hypoxic conditions is very
important for tumor cell survival and metastasis [92]. Under hypoxic conditions, HMGB1
could mediate the binding of mtDNA and TLR9, thereby activating the protumorigenic
signaling pathways to promote the growth and metastasis of hepatocellular carcinoma cells
(HCC) [92]. In cancer cells with mutation in the mtDNA ND6 subunit G13997A, the ex-
pression of HIF1-α and MCL-1 was increased [19,93]. HIF1-α is one of the main regulators
that adapt to hypoxia, and MCL-1 is an anti-apoptotic factor under hypoxia. Therefore,
the high expression of these genes enabled tumor cells to survive under harsh conditions
and effectively induce metastasis [94]. HIF-1 also regulates lactate dehydrogenase (LDH),
monocarboxylate transporter (MCT) and other glycolytic enzymes, which is conducive to
glycolytic conversion [95,96]. Furthermore, it can upregulate PDK, an inhibitor of pyruvate
dehydrogenase (PDH), to inhibit the oxidative metabolism and promote metastasis [97].
Once tumor cells enter the circulatory system they became circulating tumor cells (CTCs),
and they have to alter their metabolism in response to changes in environmental stress,
especially hemodynamic shear stresses [98]. For example, compared to primary tumor
cells, CTCs from breast cancer were mainly dependent on OXPHOS and increased ATP
production. The transcriptional coactivator PGC-1α may play an important role in this.
Overexpression of PGC-1α could promote the mitochondrial OXPHOS and enhance the
invasion ability of breast cancer cells [99]. Some experiments have designed a variety of
heterogeneous m.8993 T > G mutations in the mitochondrial gene MT-ATP6, which is called
mTUNE line [100,101]. It has been shown that high levels of heterogeneity caused mTUNE
cells to undergo glycolysis and metabolic conversion, while low levels of heterogeneity
did not occur [102], suggesting that high heterogeneity levels of mtDNA mutations can
promote tumor growth and metastasis.

During the various steps of metastasis, tumor cells are exposed to the immune system
and recognized and killed by immune cells. However, tumors and their metastatic deriva-
tives have developed strategies to overcome immune mechanisms. Tumor cells are able to
induce the body to generate immunosuppressive cells and humoral suppressive factors, and
are able to reprogram tumor-infiltrating immune cells to differentiate into immunosuppres-
sive cells during metastasis [103]. CTCs can secrete LDH5 and cause ADAM10-mediated
shedding of NKG2D ligand MICA/MICB, which prevents the identification and elimi-
nation of cells by NK-cell-mediated lysis [104]. Otherwise the immunosuppressive cells
suppress the function of CD8+ T cells and NK cells by secreting cytokines such as EGF,
TNF-α, CXCL12, IL-10 and IL-6, thereby ensuring the survival of tumor cells [105]. Previ-
ously, mtDNA was thought to affect inflammation and immune responses. It can activate
the cGAS-STING pathway, triggering the innate immune system and eliciting the type I
IFN response [38,39]. We generally assume that the activation of SING should enhance the
anti-tumor immunity of the body. However, advanced tumor necrosis was found to release
DAMP, while mitochondrial DAMP (including mtDNA) could activate neutrophils to
generate neutrophilic extracellular traps (NETs) [106], which have been shown to promote
cancer-related formation and are associated with accelerated metastasis [107]. The depletion
of CD8+ T cells and NK cells could increase tumor metastasis without affecting the progres-
sion of the primary tumor [108]. CD8+ T cells restrict the metastatic growth of cancer cells
from the primary tumor; when MERTK, a tyrosine kinase receptor that inhibits NK cells
activation, is inhibited, NK cells have the ability to reject metastatic tumor cells [109,110].
Mitochondrial Lon protease (LON) is a chaperone and DNA-binding protein. When LON
is overexpressed in oral cancer, oxidized mtDNA is released into the cytoplasm, which
then induces interferon (IFN) signals through cGAS-STING-TBK1. This upregulates the
expression of programmed cell death ligand 1 (PD-L1) and indoleamine2,3-dioxygenase1
(IDO-1), which inhibits the activation of T cells [111].
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3.4. mtDNA in Cancer Cell Colonization

Tumor cells produce a variety of soluble factors that can induce the formation of a non-
maturing pre-metastatic tumor microenvironment at new organ tissue sites or non-in situ
tumor sites in the same organ. Micrometastasis foci are formed when tumor cells arrive and
colonize in the pre-metastatic microenvironment. With the exception of tumor cells, various
cell types mix in the tumor microenvironment, such as fibroblasts, adipocytes, endothelial
cells and myocytes. In prostate cancer, mtDNA mutations in potentially bone-metastatic
cells may preferentially alter the bone and bone matrix microenvironment. These mtDNA
mutations increase the secretion and expression of fibroblast growth factor 1 (FGF-1) and
focal adhesion kinase (FAK) to promote prostate cancer bone metastasis [112]. Tumor cells
could recruit immunosuppressive cells such as myeloid-derived suppressor cells (MDSCs),
tumor-associated macrophages (TAMs), regulatory T cells (Tregs), T helper 17 cells (Th17)
and tumor-associated neutrophils (TANs) to the primary and secondary tumor sites, creat-
ing an immunosuppressive microenvironment. It has been reported that mtDNA stress
in HCC cells with increased mitochondrial division significantly induced the increase in
CCL2 production by activating the TLR9-mediated NF-κB signaling pathway. CCL2 could
promote the recruitment and polarization of TAMs, consequently advancing the progres-
sion of HCC [113]. By secreting cytokines to promote the recruitment and polarization of
TAM, HCC cells can induce the formation of the immunosuppressive microenvironment
and promote tumor cell metastasis and colonization [114]. Analogously, IL-1β induced
IL17 expression in γδ T cells, leading to systemic granulocyte colony-stimulating factor
(G-CSF)-dependent expansion and neutrophil polarization, inhibiting the function of CD8+

T cells and promoting tumor metastasis. In addition to recruiting immunosuppressive
cells, tumors can also regulate the function of immunosuppressive cells to enhance metas-
tasis [115]. For instance, tumor-derived factors such as galectin-1 can promote systemic
immunosuppression by regulating the clonal expansion and function of Treg, thereby
enhancing breast cancer metastasis [116]. Additionally, tumor-infiltrating plasmacytoid
dendritic cells (ρDCs) could increase MDSCs and Tregs in transplanted breast cancer tis-
sues and reduce the cytotoxicity of CD8+ T cells to promote tumor bone metastasis [117]
(Figure 3c). Immature pDC recognized the CpG sequence on mtDNA through TLR9 [118],
and then induced the generation of CD4+CD25+Treg cells after activation and maturation.
Treg cells secrete cytokines IL10 and TGF-β, which produce powerful immunosuppressive
functions. We inferred that mtDNA exerts an immunosuppressive effect by enabling ρDC
maturation. Inhibition of cytosolic DNA sensing is a strategy that tumor cells use for
immune evasion [119]. The mtDNA induced by myocardial infarction could inhibit the
secretion of IL-6 and TNF-α in granulocytes, which may account for the patients’ suscep-
tibility to infection after injury or myocardial infarction [120]. The equal reaction may
also occur in tumor patients. The mtDNA reduced the secretion of cytokines such as
IL-6, decreasing the body’s anti-tumor immune capacity and promoting the progress of
the tumor. Furthermore, fascin, a type of actin, promotes metastatic colonization in lung
cancer by enhancing metabolic stress resistance and mitochondrial OXPHOS. Fascin was
directly recruited to mitochondria in response to metabolic stress to stabilize mitochondrial
actin filaments (mtF-actin). Mechanistically, Fascin and mtF-actin controlled the balance of
mtDNA to promote mitochondrial OXPHOS. The results suggested that the dysregulated
actin cytoskeleton in metastatic lung cancer could be targeted to realign mitochondrial
metabolism and prevent metastatic recurrence [121].

4. Future Prospects
4.1. mtDNA as a Potential Indicator for Cancer Diagnosis

Furthermore, mtDNA affects the occurrence and progression of tumor. Large-scale
data from the International Cancer Genome Consortium (ICGC) and the Cancer Genome
Atlas (TCGA) have confirmed that approximately 60% of solid tumors have at least one
mtDNA mutation [122–124]. Additionally, mtDNA is connected with the mitochondrial
inner membrane, which is rich in lipids, and the relatively high ratio of fat to DNA in the
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mitochondria makes mtDNA extremely sensitive to liposoluble substances. As a result,
lipophilic carcinogens often tend to choose mtDNA as their primary site for binding and
attack. Compared to nDNA, carcinogens prefer mtDNA, causing mtDNA mutations [125].
Endogenous damage factors such as oxygen free radicals produced by tumor cells can
easily attack mtDNA. Additionally, mtDNA is susceptible to mutation after being attacked,
which in turn disturbs the respiratory chain and affects the normal mitochondrial oxidative
phosphorylation system and metabolic reprogramming [10,13]. Furthermore, mtDNA
mutations lead to respiratory chain disorders that can increase the level of ROS, which in
turn generate new mtDNA mutations, forming a vicious cycle. When mtDNA mutations
accumulate to a certain extent, they can trigger cancer and promote its metastasis and other
malignant processes. Additionally, one of the pathogenesis mechanisms of cancer is the
inhibition of cell apoptosis. Mitochondria can regulate cell apoptosis well, whereas mtDNA
mutations can lead to mitochondrial dysfunction. Therefore, this can inhibit cell apoptosis
to accelerate the formation of cancer. Furthermore, mtDNA mutations are considered
to be an early event of tumorigenesis. In addition to mtDNA mutations, alterations
in copy number, transcription and expression levels of mtDNA may also be important
causes of cancer occurrence and metastasis. The alterations in the amount of mtDNA in
tumor cells may be associated with a loss of mtDNA replication ability. The amounts of
mtDNA vary in different tumors, and even at different stages of the same tumor. In breast
cancer, mtDNA decreased during stage 0-II and increased during stage II-IV, suggesting
that mtDNA can be used as an indicator for breast cancer risk assessment [126]. Some
studies have found that changes in mtDNA can be used as an indicator to assess tumor
aggressiveness, and mtDNA plays a unique role in the treatment of a variety of cancers [127].
Recently, some researchers have analyzed the mtDNA defects in triple-negative breast
cancer (TNBC) and divided TNBC into different invasive subgroups [128]. Based on
the differences in mtDNA in patient tumor cells, the risk of the patient could be better
evaluated, thereby providing more appropriate treatment options for the patient [128].
When exposed to physical or biochemical damage, mitochondrial dynamics are changed,
followed by the release of mtDNA, which randomly integrate with nDNA through the
nuclear membrane. Accordingly, the stability of the nuclear genome and cellular energy
metabolism is altered, causing malignant transformation of cells. Although there was not
enough evidence to show a direct link between mtDNA and tumorigenesis or metastasis,
all of the indications suggested that mtDNA is at least involved in the mechanism of
tumorigenesis and development, and that it may be a potential indicator for early diagnosis
of cancer, or even a marker for cancer metastasis; this still needs to be further explored.
If we can summarize the characteristics of mtDNA mutation between tumorigenesis and
metastasis, this may provide a great direction for the early diagnosis of cancer and the
prediction of tumor aggressiveness.

4.2. mtDNA as a Therapeutic Target for Cancer

Surgery, radiotherapy and chemotherapy have always been referred to as the three
major traditional treatments for cancer, although targeted molecular therapy is not a new
term. The role of mtDNA in inflammation and innate immunity means it can influence
the sensitivity of tumor cells to radiotherapy and chemotherapy. Changes in mtDNA itself
may also lead to malignant changes in cells. HeLa cells in cervical cancer showed increased
radiosensitivity after mtDNA deletion [129], while most of other cancer cells (e.g., lung
cancer A549 cell) showed significant radioresistance after mtDNA deletion. Apoptosis is
considered to be one of the major forms of radiotherapy, while cell lines lacking mtDNA
have shown greater resistance to apoptosis, mediating their radioresistance. Nevertheless,
the increased radiosensitivity of the HeLa cell line with mtDNA deletion may be due to
its infection by human papillomavirus and subsequently the inactivated p53 gene [130].
Ionizing radiation could upregulate the mRNA and protein expression of TFAM, while
inhibition of TFAM could increase the radiation sensitivity of tumor cells. Similarly, mtDNA
has also been found to affect the sensitivity of tumor cells to chemotherapy. In prostate
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cancer, the chemotherapeutic drug BMD188 (a fatty-acid-containing hydroxamic acid) was
also effective against multi-drug-resistant cancer cells, but its action was dependent on the
mitochondrial respiratory chain to induce apoptosis, whereas tumor cells with defective
mtDNA demonstrated significant resistance to BMD188 [131]. In MDA-MB-231 cells with
mtDNA deletion, the amount and volume of mitochondria increased, the mitochondrial
cristae showed air-like changes (vacuolation) and the sensitivity to chemotherapy drugs
was decreased. NADH dehydrogenase subunit 4 (MT-ND4) mutations made cells resistant
to paclitaxel carboplatin therapy [132]. Both radiotherapy and chemotherapy can disrupt
the mitochondrial structure, leading to mutations or the release of mtDNA. This could
affect the level of ROS and adjust the tolerance of cells to radiotherapy and chemotherapy.
Using mtDNA as the therapeutic target to sensitize radiotherapy and chemotherapy or
reverse the malignant transformation of tumors and inhibit tumor metastasis may be a new
avenue for clinical treatment.

5. Conclusions

Tumor cells exhibit genetic instability and are prone to mutations, deletions and
translocations. Extensive research has been conducted on changes in the nDNA of tumor
cells, while the exploration of mtDNA changes has only been noticed in recent years.
Although there is much evidence that mtDNA plays an important role in cancer, there is
still much debate about mtDNA’s role in tumors. It is not yet clear whether it acts as a
promoter, a bystander, a terminator or an accomplice in tumor progression. Furthermore,
mtDNA may be able to affect different signal transduction mechanisms and changes in
energy metabolism, and the production of ROS is involved in tumor development and
progression. However, the specific role of mtDNA in cancer has not been discovered,
and there are many complex links between mtDNA and cancer and its treatment. As an
important organelle, mitochondrial participates in a variety of important physiological
functions, such as energy generation and signal exchange. Additionally, mtDNA, the
mitochondrial genome, plays a regulatory role in inter-mitochondrial, intra-cellular and
inter-cellular communication. Due to the complexity and redundancy of the mitochondrial
genome, it still needs to be further explored. In this review, we summarized the role of
mtDNA in tumor metastasis and proposed certain directions for mtDNA research. With
the deepening understanding of mtDNA, its mtDNA is becoming more promising. It is
expected to be used as a cancer detection index and therapeutic target to improve the
prognosis and treatment of patients.
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BER Base excision repair
CSCs Cancer stem cells
CTCs Circulating tumor cells
CXCL 12 C-X-C motif chemokine ligand 12
Cybrid Cytoplasmic hybrid
ESCC Esophageal squamous cell carcinoma
FAK Focal adhesion kinase
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FGF-1 Fibroblast growth factor 1
G-CSF Granulocyte-colony-stimulating factor
GLUT 1 Glucose transporter 1
HCC Hepatocellular carcinoma cells
HR Homologous recombination
ICAM-1 Integrin/intercellular adhesion molecule-1
IDO-1 Indoleamine2,3-dioxygenase1
ISGs Interferon-stimulated gene
LDH Lactate dehydrogenase
MCT Monocarboxylate transporter
MDR Multidrug resistance
MMEJ Microhomology-mediated end joining
MMP 9 Matrix metalloproteinase-9
MST 1 Macrophage-stimulating 1
mtDNA Mitochondrial DNA
NETs Neutrophilic extracellular traps
OXPHOS Oxidative phosphorylation
PA Palmitic acid
PDK Pyruvate dehydrogenase kinase
PD-L1 Programmed cell death ligand 1
PI3K Phosphatidylinositol 3-kinase
POLG Polymerase g
TAMs Tumor-associated macrophage
TANs Tumor-associated neutrophils
Tregs Regulatory T cells
TCA Tricarboxylic acid
TFAM Transposition factor A
TGF-β Transforming growth factor-beta
VDAC Voltage-dependent anion channel
VEGF Vascular endothelial growth factor
YAP Yes-associated protein
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Simple Summary: This study aims to investigate mitochondrial metabolic differences between
invasive and non-invasive malignant mesotheliomas in order to find new biomarkers for invasive
properties and new potential actionable targets with the goal of improving the diagnosis and treatment
of such tumors, which are highly resistant to current treatments.

Abstract: Cross-species investigations of cancer invasiveness are a new approach that has already
identified new biomarkers which are potentially useful for improving tumor diagnosis and prognosis
in clinical medicine and veterinary science. In this study, we combined proteomic analysis of four
experimental rat malignant mesothelioma (MM) tumors with analysis of ten patient-derived cell
lines to identify common features associated with mitochondrial proteome rewiring. A comparison
of significant abundance changes between invasive and non-invasive rat tumors gave a list of
433 proteins, including 26 proteins reported to be exclusively located in mitochondria. Next, we
analyzed the differential expression of genes encoding the mitochondrial proteins of interest in five
primary epithelioid and five primary sarcomatoid human MM cell lines; the most impressive increase
was observed in the expression of the long-chain acyl coenzyme A dehydrogenase (ACADL). To
evaluate the role of this enzyme in migration/invasiveness, two epithelioid and two sarcomatoid
human MM cell lines derived from patients with the highest and lowest overall survival were studied.
Interestingly, sarcomatoid vs. epithelioid cell lines were characterized by higher migration and
fatty oxidation rates, in agreement with ACADL findings. These results suggest that evaluating
mitochondrial proteins in MM specimens might identify tumors with higher invasiveness. Data are
available via ProteomeXchange with the dataset identifier PXD042942.

Keywords: malignant mesothelioma; metabolism; mitochondria; long-chain specific acyl-CoA
dehydrogenase; fatty acid β-oxidation; biomarker

1. Introduction

The role of mitochondria, at the crossroads of many studies related to cancer invasive-
ness, has been extensively investigated over the last fifteen years [1]. Their involvement
in motility and invasion, microenvironment, plasticity, and colonization was recently re-
viewed [2]. Since the pioneering work of Ishikawa et al. demonstrating the role of mtDNA
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transfer in the acquisition of high metastatic potential [3], cancer cells were shown to
acquire mitochondria from neighboring cells in order to acquire phenotypic characteristics,
including stemness, representing a gain of function for tumors, i.e., enhancing their invasive
properties [4]. The interplay between mitochondrial dynamics and extracellular matrix
(ECM) remodeling was emphasized [5], and the molecular mechanisms linking dysregu-
lated fission/fusion to tumor progression and metastasis were deciphered [6]. Together
with an updated view of the effects of mitochondria dysfunction on tumor glycolysis [7],
these important breakthroughs are having a profound impact on new therapeutic strategies
aiming at overcoming hypoxic and chemorefractory tumors [8]. Finally, the upregulation
of mitochondrial proteins involved both in ATP production and drug resistance [9], and/or
immune-resistance [10] could lead to new therapies. In parallel, all these studies could also
shed light on new biomarkers for better predictions of cancer chemosensitivity [11].

In this context, proteomics-based investigations provide crucial insights into the role of
mitochondrial proteome rewiring [11–13]. The development of high-throughput proteomics
techniques, combined with the use of experimental models of increasing invasiveness, has
led to the identification of new proteins of interest both in rats and humans [14]. Given
this methodological background, in this study, we aim to focus on mitochondrial proteins,
which appear to play an important role in metabolic rewiring and the invasiveness process,
both in experimental tumor models and tumor cells from patients.

2. Materials and Methods
2.1. Collection of Rat Tumor Tissues for Proteomic Analyses

The formalin-fixed paraffin embedded (FFPE) tissue samples used in this study
were collected from the same groups of Fisher F344 rats with four different experimen-
tal mesotheliomas at increasing stages of invasiveness, as previously described [15]. To
generate the tumors, the experimental procedures used for in vivo manipulations at the
Unité Thérapeutique Expérimentale de l’Institut de Recherche en Santé de l’Université
de Nantes (UTE-IRS UN) between 2011 and 2015 followed the European Union guide-
lines for the care and use of laboratory animals in research (approval #01257.03 from
the French Ministry of Higher Education and Research (MESR)). The rats were pur-
chased from Charles River Laboratories (L’Arbresle, 69210, France), and the experiments
were approved by the ethics committee for animal experiments (CEEA) of the Pays de
la Loire Region and registered under the number 2011.38. The non-invasive M5-T2,
mildly invasive F4-T2, moderately invasive F5-T1 and deeply invasive M5-T1 tumors
were collected after intraperitoneal injection of 3 × 106 cells of the corresponding cell
lines (https://technology-offers.inserm-transfert.com/offer/, accessed on 30 January 2023,
recorded as RT00418, RT00419, RT00421 and RT00417, respectively) into syngeneic rats.

2.2. Proteomic Analyses

For each sample analyzed, four or five 20-µm-thick sections of tumor tissue were
scratched with a scalpel and collected in a 1.5-mL Eppendorf® microtube. Next, all the ma-
terial collected was deparaffinized in three successive xylene washes and then rehydrated in
100%, 95%, 70% and 50% ethanol solutions. The pellets were vacuum-dried, and the dried
tissues resuspended in 200 µL of Rapigest SF (Waters, Milford, MA, USA). Dithiothreitol
(AppliChem, Darmstadt, Germany) was then added (5 mM final concentration), and the
samples were incubated in a thermo shaker at 95 ◦C for one hour before being sonicated
twice (ultrasonic processor 75185, Bioblock Scientific, Illkirch, France). Cystein residues
were alkylated by adding 200 mM S-Methyl methanethiosulfonate at 37 ◦C (10 mM final
concentration). Sequencing-grade trypsin was added at a ratio ≥ 2 µg mm−3 tissue (at
37 ◦C overnight). The reaction was stopped with formic acid (9% final concentration, incu-
bation at 37 ◦C for one hour), and the acid-treated samples were centrifuged at 16,000× g
for 10 min. After removing the salts from the supernatant, the peptides were collected
in a new Eppendorf® microtube using C18 STAGE tips, and their concentration finally
determined using the Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific, St Herblain,
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France). The rat spectral library, SWATH-MS analysis, peptide identification, and relative
quantification were performed as previously described [15]. The statistical analysis of the
SWATH data set and peak extraction output data matrix from PeakView were imported
into MarkerView (v.2, AB Sciex Pte, Ltd., Framingham, MA, USA) for data normalization
and relative protein quantification. Proteins with a statistical p-value < 0.05, estimated by
MarkerView, were considered to be differentially expressed under different conditions.

2.3. Histology and Immuno-Histochemical Analyses

The FFPE blocs were cut with a Leica RM2255 microtome (Leica Biosystems, Nussloch,
Germany). Areas of interest for both proteomic and histological analyses were selected
based on examination of sections of all samples stained with hematoxylin phloxine saf-
fron (HPS), scanned on a Nanozoomer 2.0 HT Hamamatsu. For immuno-histochemistry,
tumor sections were stained with anti-ACADL NBP2-92854 polyclonal antibody (Novus
Biologicals, Centennial, CO, USA).

2.4. Chemicals

Cell line culture medium and fetal bovine serum (FBS) were from Invitrogen Life
Technologies (Carlsbad, CA, USA). Cell culture plasticware was from Falcon (Becton
Dickinson, Hongkong, China). A BCA Kit from Sigma Chemical Co. (Saint Louis, MO, USA)
was used to determine protein contents. Reagents for electrophoresis were bought from
Bio-Rad Laboratories. All the other reagents, unless otherwise specified, were purchased
from Sigma Chemical Co.

2.5. Cells

Ten primary human MM cell lines (5 epithelioid and 5 sarcomatoid), obtained dur-
ing diagnostic thoracoscopies, were collected from the S. Antonio e Biagio e Cesare
Arrigo Hospital Biological Bank of Malignant Mesothelioma (Alessandria, Italy) after
obtaining written informed consent. The local Ethics Committees approved the study
(#9/11/2011; #126/2016). Primary MM cells were used until passage 10. Table 1 contains
clinical and pathological data of the MM patients. Primary MM cells were cultured in
HAM’s F12 medium and supplemented with 10% v/v fetal FBS and 100 U/mL penicillin-
100 µg/mL streptomycin.

Table 1. Origin and characteristics of human mesothelioma cell lines.

UNP
(Number) Histotype Gender Age

(Years)
Asbestos
Exposure

First Line of
Treatment

Second
Line of

Treatment

TTP
(Months)

OS
(Months)

1 Epithelioid M 74 Unknown Carbo + Pem No 7 11
2 Epithelioid F 58 Yes Carbo + Pem Pem 6 13
3 Epithelioid M 76 Unknown CisPt + Pem No 3 8
4 Epithelioid M 68 Yes Carbo + Pem Pem 4 9
5 Epithelioid F 84 Yes CisPt + Pem No 7 8
6 Sarcomatoid M 80 Yes Carbo + Pem Trabectedin 3 5
7 Sarcomatoid F 78 Unknown Pem No 4 6
8 Sarcomatoid M 69 Yes Carbo + Pem Trabectedin 7 10
9 Sarcomatoid F 74 Unknown Carbo + Pem No 5 7

10 Sarcomatoid M 78 Yes Carbo + Pem Trabectedin 4 9

UNP: unknown patient; M: male; F: female; Carbo: carboplatin; Pem: pemetrexed; CisPt: cisplatin; TTP: time to
progression; OS: overall survival.

2.6. Immunoblotting

Cells were rinsed with lysis buffer (150 mM NaCl; 1.0% Nonidet P-40; 50 mM Tris-
Cl; pH 7.4), supplemented with the protease inhibitor cocktail, sonicated and centrifuged
(13,000× g, for 10 min at 4 ◦C). Then, 20 µg of proteins were probed with antibodies ACADL
(ab152160, Abcam, Cambridge, UK), GAPDH (sc-47724, Santa Cruz Biotechnology Inc.,
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Dallas, TX, USA) and then with secondary antibodies conjugated with peroxidase (Bio-Rad
Laboratories, Hercules, CA, USA). After washing blots with Tris-buffered saline/Tween
0.01% v/v, blots were developed with enhanced chemiluminescence (Bio-Rad Laboratories)
and visualized using a ChemiDocTM Touch Imaging System device (Bio-Rad Laboratories).

2.7. Mitochondria Isolation

Cells were washed twice with PBS, then lysed in 0.8 mL of mitochondria lysis buffer
(50 mM TRIS, 100 mM KCl, 5 mM MgCl2, 1 mM EDTA and 1.8 mM ATP, pH 7.2) mixed
with protease inhibitor cocktail set III (100 µL). PMSF (100 µL) and NaF (25 µL). Cells
were scraped and collected in an Eppendorf® tube and then sonicated twice for 10 s at
40% power. Subsequently, samples were centrifuged at 2000 rpm for 1 min at 4 ◦C. The
supernatant was collected into a new series of Eppendorf® tubes and centrifuged again at
13,000 rpm for 5 min at 4 ◦C. Pellets containing mitochondria were washed with 0.4 mL of
mitochondria lysis buffer and centrifuged at 13,000 rpm for 5 min at 4 ◦C. Subsequently,
the supernatant was aspirated and the pellets resuspended in 0.2 mL of mitochondria
resuspension buffer (Sucrose 250 mM, K2HPO4 15 mM, MgCl2 2 mM and EDTA 0.5 mM,
pH 7.2). The resuspended mitochondria were then divided into two parts: one part was
used to measure mitochondria protein content using a BCA kit (Sigma, Saint Louis, MO,
USA), and the other was divided into 50 µL aliquots and stored at −80 ◦C until use.

2.8. ETC (Electron Transport Chain from Complex I to Complex III)

The electron transport between complexes I and III was measured in mitochondrial
extracts obtained previously. In particular, 10 µL of mitochondria samples were put in
a 96-well plate, together with 160 µL of buffer A (5 mM KH2PO4, 5 mM of MgCl2, 5%
w/v bovine serum albumin, pH 7.2), 100 µL of buffer B (50 mM KH2PO4, 5 mM MgCl2,
5% w/v serum bovine albumin, 0.05% saponin, pH 7.5) and freshly added 0.12 mM of
cytochrome c-oxidized form and 0.2 mM of NaN3. After waiting 5 min to equilibrate the
plate at room temperature, 30 µL of NADH (0.15 mM and diluted in buffer B) was added
to each well. The reaction then started, and the absorbance was read at 550 nm for 6 min,
with 1 read every 15 s. Considering only the linear part of the curve and calculating results
in accordance with Lambert-Beer equations, the results obtained were expressed as nmoles
of cytochrome C reduced/min/mg mitochondrial protein.

2.9. ATP

ATP quantities were measured following the Sigma-Aldrich protocol 213-579-1. First
50 µL of ATP assay mix (lyophilized powder containing luciferase, luciferin, MgSO4, DTT,
EDTA, BSA and tricine buffer salts, pH 7.8) was added to a vial for 3 min. Then, 50 µL
of sample (mitochondria extract obtained as described in the previous steps) was rapidly
added and the quantity of light was measured in a black 96-well plate in a microplate
reader. The results were expressed as nmols of ATP/mg mitochondrial.

2.10. β-Oxidation of Fatty Acid

Assays were performed using the fatty acid complete oxidation kit (ab222944; Abcam,
Cambridge, UK) as per the manufacturer’s instructions. Cells were plated at 40,000 cells
per well in a 96-well plate with 200 µL of medium per well and left overnight to equilibrate.
The cells were washed twice with prewarmed FA-free measurement media, incubated with
FA measurement media (150 µM FAO-Conjugate; 0.5 mM L-Carnitine) with extracellular
O2 consumption reagent (ab197243; Abcam, Cambridge, UK) and then sealed with mineral
oil. The fluorescence signal was read in a microplate reader (Ex/Em = 380/650 nM). The
results were expressed as pmoles of O2/min.

2.11. Scratch Assay

Cells were plated at 1 × 106 cells per well in a 6-well plate. After 24 h, scratches using
a 20–200 µL pipette tip were made. Cell migration was calculated measuring distance (in
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µM) between the cells at T0 (immediately after the scratch) and T1 (24 h after the scratch)
and dividing it by 24 h. The results were expressed as µM/h.

2.12. Real Time PCR (RT-PCR)

Total RNA was extracted using VWR Life Science RiboZol™ RNA Extraction Reagent
(VWR Life Science, Radnor, PA, USA) and reverse-transcribed using the iScriptTM cDNA
Synthesis Kit (Bio-Rad Laboratories). qRT-PCR was carried out using SYBR Green Super-
mix (Bio-Rad Laboratories). qPrimerDepot software (http://primerdepot.nci.nih.gov/,
accessed on 13 september 2022) was used to obtain the desired PCR primers (Supplemen-
tary Table S1). Gene Expression Quantitation software (Bio-Rad Laboratories) was used to
assess relative gene expression levels.

2.13. Statistical Analysis

All data in the text and figures are provided as means ± SEM. The results were
analyzed using a one-way ANOVA and Tukey test. p < 0.05 was considered significant.

3. Results
3.1. Mitochondrial Biomarkers Involved in the Acquisition of Invasiveness in Rat Mesotheliomas

To identify a set of mitochondrial proteins involved in the acquisition of tumor in-
vasiveness, we analyzed the proteomes of four experimental models of mesothelioma
grown in immunocompetent F344 rats presenting increasing stages of invasiveness. For
each tumor type, 1300 proteins were detected, and the comparison of abundance levels for
the three invasive tumors ((1) mildly invasive F4-T2, (2) moderately invasive F5-T1 and
(3) deeply invasive M5-T1)) versus (4) the noninvasive tumor M5-T2 (Figure 1) produced a
list of 433 proteins satisfying the condition p < 0.05. The full list of genes encoding these
proteins, together with their full names, is given in Supplementary Table S2.
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showing the location of the magnified areas.
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In a second step, the subcellular extracellular locations of these proteins were recorded
on https://www.proteinatlas.org (accessed on 29 September 2022), and 36 proteins exclu-
sively or mainly located in mitochondria were identified. A list of mitochondrial proteins
exhibiting significant abundance changes (increase or decrease in [1 + 2 + 3] vs. 4) is shown
in Table 2.

Table 2. Mitochondrial proteins exhibiting significant abundance changes (p < 0.05) in the three
invasive rat malignant mesothelioma tumors relative to the non-invasive tumor. # According to
www.uniprot.org for Rattus norvegicus. * Protein location not restricted to mitochondria. ↑ Increased
abundance, ↓ decreased abundance.

Code # Gene # Full Name # [1 + 2 + 3]
vs. 4

ACADL Acadl Long-chain specific acyl-CoA dehydrogenase, mitochondrial ↑
AL7A1 * Aldh7a1 Alpha-aminoadipic semialdehyde dehydrogenase ↑
ATP5H Atp5h ATP synthase subunit d, mitochondrial ↑
ATPO Atp5o ATP synthase subunit O, mitochondrial ↑

BCAT2 * Bcat2 Branched-chain-amino-acid aminotransferase, mitochondrial ↑
COX2 Mtco2 Cytochrome c oxidase subunit 2 ↑

COX5B Cox5b Cytochrome c oxidase subunit 5B, mitochondrial ↑
CX6C2 Cox6c2 Cytochrome c oxidase subunit 6C-2 ↑
EFTU Tufm Elongation factor Tu, mitochondrial ↑
HCD2 Hsd17b10 3-hydroxyacyl-CoA dehydrogenase type-2 ↑
IDH3A Idh3a Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial ↑
IDH3B Idh3b Isocitrate dehydrogenase [NAD] subunit beta, mitochondrial ↑
KAD2 Ak2 Adenylate kinase 2, mitochondrial ↑

MDHM Mdh2 Malate dehydrogenase, mitochondrial ↑
MYG1 * Myg1 UPF0160 protein MYG1, mitochondrial ↑
OAT * Oat Ornithine aminotransferase, mitochondrial ↑
PHB Phb Prohibitin ↑

PHB2 Phb2 Prohibitin-2 ↑
SSBP Ssbp1 Single-stranded DNA-binding protein, mitochondrial ↑

TRAP1 Trap1 Heat shock protein 75 kDa, mitochondrial ↑
ACADS Acads Short-chain specific acyl-CoA dehydrogenase, mitochondrial ↓
ACON Aco2 Aconitate hydratase, mitochondrial ↓
CISY * Cs Citrate synthase, mitochondrial ↓

DECR * Decr1 2, 4 dienoyl-CoA reductase, mitochondrial ↓
GSTP1 * Gstp1 Glutathione S-transferase P ↓
HCDH Hadh Hydroxyacyl-CoA dehydrogenase, mitochondrial ↓
IVD * Ivd Isovaleryl-CoA dehydrogenase, mitochondrial ↓

MGST1 * Mgst1 Microsomal glutathione S-transferase 1 ↓
ODO2 Dlst Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate

dehydrogenase complex, mitochondrial ↓
PRDX3 Prdx3 Thioredoxin-dependent peroxide reductase, mitochondrial ↓
RMD3 * Rmdn3 Regulator of microtubule dynamics protein 3 ↓
S10AA S100a10 Protein S100-A10 ↓
SUOX Suox Sulfite oxidase, mitochondrial ↓
THTM Mpst 3-mercaptopyruvate sulfurtransferase ↓
THTR Tst Thiosulfate sulfurtransferase ↓
TIM9 Timm9 Mitochondrial import inner membrane translocase

subunit Tim9 ↓

Twenty-six proteins were reported to be exclusively located in mitochondria, including
17 concerned with the most dramatic changes (13 increased and 4 decreased, with p < 0.01)
and involved in 11 main biological functions. Among the proteins increasing in abundance
with invasiveness, two were involved in fatty acid β-oxidation (FAO), encoded by Acadl [16]
and Hsd17b10 (Table 1 and Figure 2A) [17], and one in adenine nucleotide metabolism
(encoded by Ak2) [18]. This list also included two subunits of ATP synthase, with the
first being one of the F0 membrane-spanning components (proton channel) (encoded by
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Atp5h) [19] and the second being part of the connector linking the F1 catalytic core to
F0 (encoded by Atp5o) [20]. Other increased proteins corresponded to two subunits of
the cytochrome c oxidase (encoded by Mtco2, Cox5b, Cox6c2) [21], a chaperone regulating
cellular stress responses (encoded by Trap1), two subunits of the isocitrate dehydrogenase
(encoded by Idh3a and Idh3b) [22] and the malate dehydrogenase (encoded by Mdh2) [23],
and two mitochondrial scaffolding/chaperone proteins (encoded by Phb and Phb2) [24].
The last two increased proteins participate in protein translation in mitochondria and
contribute to mitochondrial genome stability and biogenesis (encoded by Tufm and Ssbp1,
respectively) [25,26]. Of the four main proteins decreasing in abundance with invasiveness,
two represented enzymes of sulfur metabolism (encoded by Suox and Mpst) [27], one was
a peroxide reductase playing a role in protection against oxidative stress (encoded by
Prdx3) [28] and the other modulated ion channels and receptors (encoded by S100a10) [29].
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Of the enzymes involved in mitochondrial FAO and detected in proteomic analyses,
the long-chain acyl coenzyme A dehydrogenase (encoded by Acadl) exhibited the most
dramatic changes, with a significant increase being observed for each individual invasive
tumor (1 vs. 4, 2 vs. 4, 3 vs. 4) (Figure 2A). Another enzyme in this metabolic pathway,
also involved in branched-amino acid catabolism and encoded by Hsd17b10, exhibited a
similar pattern of increase with invasiveness (Figure 2A). Conversely, for two additional
enzymes in this pathway (encoded by Acads, and Hadh), invasiveness was associated with
a decrease, while no significant change was observed for each individual comparison, i.e.,
1 vs. 4, 2 vs. 4, and 3 vs. 4 for ACADS (Figure 2A).

The evolution in ACADL and HCD2 levels was associated with a parallel increase
in two subunits of ATP synthase (Figure 2B) and three subunits of cytochrome oxidase
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(Figure 2C), suggesting a link with ATP production and flux within the electron transport
chain. A similar increased level of two enzymes in the tricarboxylic cycle, i.e., malate
dehydrogenase 2 and isocitrate dehydrogenase, also tended to demonstrate its involvement
in the invasiveness process (Figure 2D).

3.2. Immuno-Histochemical Study of ACADL Distribution in Rat Tumors

Examination of ACADL expression by IHC in the four tumor models revealed pro-
nounced differences with the level of invasiveness. The non-invasive tumor (M5-T2) was
characterized by the absence of staining (Figure 3A). In contrast, the mildly invasive F4-T2
(Figure 3B) and moderately invasive F5-T1 (Figure 3C) tumors exhibited a weak, homo-
geneous distribution of ACADL expression within the tumor tissues. The most striking
feature was the strong staining observed in the deeply invasive M5-T1 tumor (Figure 3D).
Moreover, ACADL expression appeared heterogeneous within the tumor, with some areas
showing intense staining in external parts of the tumor, as shown on high magnification
views (Figure 3E).
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Figure 3. Distribution of ACADL expression in rat mesothelioma tumors. (A–D) Comparison
of overall IHC staining with increasing invasiveness, ×400 (the scale bars represent 50 µm).
(E) Magnifications of areas of intense staining in the most aggressive, M5-T1 tumor (the scale bars
represent 25 µm).
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3.3. Fatty Acid β-Oxidation Supports Cell Invasiveness in Human Primary Mesothelioma
Cell Lines

Next, to determine whether our findings on rat mesothelioma tumors could be con-
firmed in human malignant mesothelioma (MM), we analyzed the differential expression of
genes encoding the different mitochondrial proteins of interest listed above (in Section 3.1,
Table 1) in five primary sarcomatoid and five primary epithelioid mesothelioma cell lines.
Interestingly, the most impressive increase was observed in the expression of ACADL.
Other highly expressed genes in sarcomatoid mesothelioma cell lines were two ATP syn-
thase subunits (ATP5H, ATPO), MTCO2, COX5B, COX 6C2, IDH3A, IDH3B and TIMM9
(Figure 4A). These findings confirm proteomic data obtained in rat tumors. To evaluate the
role of ACADL in the migration/invasiveness of mesothelioma cells, we chose two primary
epithelioid mesothelioma cell lines (UP1, UP2) and two primary sarcomatoid mesothelioma
cell lines (UP 6, UP 7) derived from patients with the highest and lowest OS, respectively
(Table 1), which were therefore indicative of higher or lower invasive properties. In agree-
ment with this finding, primary mesothelioma cells were characterized by low and high
migration rates, respectively (Figure 4B,C). Migration of primary mesothelioma cells, eval-
uated with a scratch assay, was inhibited by addition of etomoxir, a drug that blocks FAO
(Figure 4B,C). Primary sarcomatoid mesothelioma cell lines have higher expression of
ACADL mRNA (Figure 5A) and protein (Figure 5B), accompanied by higher activity of
FAO in comparison with epithelioid mesothelioma cell lines (Figure 6A). Etomoxir did not
change ACADL expression (Figure 5A,B) but it functionally inhibited FAO in the primary
sarcomatoid mesothelioma cell lines (Figure 6). A higher FAO rate (Figure 6A) fuels the
electron transport chain, which works faster (Figure 6B) and causes higher ATP produc-
tion (Figure 6C). In addition to higher FAO, primary sarcomatoid mesothelioma cell lines
have more active mitochondrial respiratory complexes and produce more ATP. All these
metabolic processes are inhibited by etomoxir (Figure 6). Altogether, these data confirm
that FAO supports ATP production through electron transport chain activity, providing
energy for cell migration/invasiveness in sarcomatoid mesothelioma tumors.
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different histopathological subtypes, i.e., epithelioid (EPI, n = 5) and sarcomatoid (SAR, n = 5), was
analyzed with real time PCR. Data are expressed as relative mean fold increase SAR vs. EPI MM
cells. (B,C) MPM epithelioid (EPI UP1 and EPI UP2), and sarcomatoid (SAR UP6 and SAR UP7)
cells were grown to confluence, then scratched and incubated for 24 h in fresh medium (CTRL) or
medium with 10 µM of etomoxir (ETOM). (B) Representative bright-field images immediately after
the scratch and after 24 h. (C) Cell migration. Data are presented as means ± SEM (n = 3). * p < 0.05,
*** p < 0.001: ETOM treated cells vs. CTRL cells; # p < 0.05, ### p < 0.001: SAR cells vs. EPI cells. Scale
bar is 100 µm.
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Figure 5. Sarcomatoid MPM cells have higher expression of ACADL compared with epithelioid
MM cells. Primary MM cells derived from two different histopathological subtypes, i.e., epithelioid
(EPI UP1 and UP2) and sarcomatoid (SAR UP6 and UP7), were incubated in fresh medium (CTRL),
or in medium with 10 µm of etomoxir (ETOM) for 24 h then used for measurements. (A) ACADL
mRNA levels were measured with RT-PCR, in triplicate. Data are presented as means ± SEM (n = 3).
### p < 0.001: SAR cells vs. EPI cells. (B) ACADL protein was measured with immunoblotting in
primary MM cell lines. GAPDH was used as a loading control. The figure is representative of one out
of three experiments with similar results. The uncropped blots and molecular weight markers are
shown in Supplementary Figure S1.
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Figure 6. Sarcomatoid MM cells have more active mitochondrial metabolism compared with ep-
ithelioid MM cells. Primary MM cells derived from two different histopathological subtypes, i.e.,
epithelioid (EPI UP1 and UP2) and sarcomatoid (SAR UP6 and SAR UP7), were grown in fresh
medium (CTRL) or in medium with 10 µM of etomoxir for 24 h and then used for the following analy-
sis. (A) Fatty acid β-oxidation was measured with fluorimetric assay in triplicate. Data are presented
as means ± SEM (n = 3). *** p < 0.001: ETOM treated cells vs. CTRL cells; # p < 0.05, ### p < 0.001:
SAR cells vs. EPI cells. (B) The electron flux between Complex I and III was measured spectrophoto-
metrically in triplicate. Data are expressed as means ± SEM (n = 3). * p < 0.05, *** p < 0.001: ETOM
treated cells vs. CTRL cells, ### p < 0.001: SAR cells vs. EPI cells. (C) ATP release was measured
with a chemiluminescence-based assay in duplicate. Data are expressed as means ± SEM (n = 3).
* p < 0.05, *** p < 0.001: ETOM treated cells vs. CTRL cells; # p < 0.05, ### p < 0.001: SAR cells vs.
EPI cells.

79



Cancers 2023, 15, 3044

4. Discussion

Cross-species investigations have provided new insights into universal mechanisms
in biology, improving, for example, our understanding of oncogenic signatures in breast
cancer development in humans and dogs [30]. Applied to proteomic analyses in cancer,
common biomarkers of invasiveness have been identified in rat and human mesothe-
liomas [14]. Genomic analyses have also pointed to markers which are useful for the
diagnosis and prognosis of hepatocellular carcinomas in both species [31]. To date, cross-
species comparisons of important findings relevant to mitochondria have been very limited,
focusing, for example, on detecting heteroplasmy [32]. In this study, we identified several
biomarkers of interest that appear to play an important role in metabolic rewiring and
invasiveness in both human and rat mesotheliomas.

As biosynthetic hubs, mitochondria consume a variety of different fuels to generate
energy in the form of ATP for cancer cells, where fatty acid oxidation plays an important
role [33]. Although most cancer researchers initially focused on glycolysis, glutaminolysis
and fatty acid synthesis, the relevance of fatty acid oxidation in the metabolic repro-
gramming of cancer cells was extensively reviewed 10 years ago, and its role in NADPH
production was emphasized [34]. Linked to this statement, our results revealed a consis-
tent finding regarding the FAO enzyme ACADL, observed both in humans and rats, and
associated with the acquisition of invasive properties, i.e., higher expression of ACADL
was initially found to be positively correlated to prostate cancer progression [35].

Our data also agreed with the work of Yu et al. showing that ACADL was overex-
pressed both in cell lines and clinical specimens, being related to esophageal squamous
cell carcinoma progression and poor prognosis [16]. Another close FAO enzyme, which
is encoded by HSD17B10, is also involved in branched amino acid catabolism and steroid
metabolism. Our data are in line with previously published reports emphasizing its up-
regulation in invasive tumors. For example, Salas et al. showed its predictive value in the
response to chemotherapy in osteosarcomas [17]. Its overexpression also accelerated cell
growth, enhanced cell respiration and increased cellular resistance to cell death in pheochro-
mocytoma [36]. Finally, and even more interestingly, Condon et al. found that HSD17B10
was one of the six genes impacting the mTORC1 pathway [37], which is dysregulated and
activated in cancer cells to drive survival, neovascularization and invasion [38].

Interestingly, the increased β-oxidation rate, electron flux and ATP production ob-
served in human sarcomatoid mesothelioma cell lines were all consistent with the increased
expression of ATP synthase subunits, cytochrome c oxidase subunits, abundance changes in
these proteins in rat tumors, and with our observations concerning the long-chain acyl coen-
zyme A dehydrogenase. Fiorillo et al. have highlighted the fact that ATP-high cancer cells
are phenotypically the most aggressive, with enhanced stem-like properties, multi-drug
resistance potential and an increased capacity for cell migration, invasion and metastasis [9].
Wang et al. also pointed out that high ATP expression was linked to poor prognosis in
glioblastoma, clear cell renal cell carcinoma and ovarian, prostate, and breast cancers [39].
Moreover, an additional role of ATP synthase in the formation of the permeability transition
pore (PTP) was also recently reported as representing a mechanism controlling tumor cell
death [40]. In this process, our findings also tend to confirm the important role of the
subunit d of ATP synthase (encoded by (Atp5h/ATP5H), linked to the work by Chang et al.,
who reported the involvement of the overexpression of this subunit in venous invasion,
distant metastasis of colon cancer and, finally, poor survival [41].

Within the enzymes of mitochondrial metabolism involved in cancer progression,
besides isocitrate dehydrogenase and malate dehydrogenase, subunits of the cytochrome c
oxidase (complex IV of the respiratory chain) such as COX5B have also been reported [42].
Our results agreed with previously published literature on the impact of its high expression
on tumor invasiveness and poor prognosis in patients with breast cancer [43]. More recently,
further insights have confirmed its tremendous role as a growth-promoting gene, both
in hepatoma [44] and colorectal cancer [45]. Interestingly, the combined upregulation of
COX5B and ATP5H was also reported by Yusenko et al. in renal oncocytomas [19]. Another
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subunit of the cytochrome c oxidase, COX6C, also upregulated in relation to invasiveness in
our study, appeared to be differentially expressed in various cancers [46]. Notably, Jang et al.
detected it in extracellular vesicles (EV) in the plasma of metastatic melanoma and ovarian
and breast cancer patients, suggesting that the classic EV production and mitochondrial
pathways are interconnected [47]. In that study, an additional crucial observation was the
presence of another inner mitochondrial membrane protein in these EVs [47], encoded by
MTCO2. These breakthroughs are consistent with both the increased abundance of SODM
and the expression of this gene that we found in the most invasive rat tumors as well as in
human mesothelioma cell lines. Linked to the tremendous increase in ACADL, the greater
abundance and expression of the two subunits of isocitrate dehydrogenase tend to confirm
previous observations regarding the central role of the TCA cycle in metabolic reprogram-
ming and tumor invasiveness. Laurenti and Tennant have previously reviewed the impact
of its dysregulation in cancers in association with hypoxia and increased intracellular levels
of ROS [48]. Moreover, as shown by Zeng et al., the aberrant expression of IDH3A, which
represented an upstream activator of HIF-1, promoted tumor growth and angiogenesis in
various cancer types [22].

In addition to the dramatic changes observed in ACADL associated with tumor
invasiveness, we also identified another protein involved in the mitochondrial translation
machinery, i.e., TUFM. This observation, which is consistent with the higher abundance
and expression of proteins involved in mtDNA maintenance, may be relevant to data
from several existing reports. For example, Cruz et al. found this protein in a list of five
candidate biomarkers of drug-resistant ovarian cancer [49]. Interestingly, the mitochondrial
translation pathway is required for increased electron transport chain activity [50], and
its inhibition plays a part in sensitizing renal cell carcinoma to chemotherapy [25]. Chatla
et al. demonstrated that TUFM was required for increased mitochondrial biosynthesis [51].
Moreover, the authors of that work suggested the existence of a link with another elevated
mitochondrial protein found in our study, i.e., encoded by ALDH7A1. ALDH7A1 is an
enzyme which mechanistically appeared to provide cells with protection against various forms
of stress through multiple pathways [52]. It is involved in stem cell pathways [53,54], and
the link between its high expression and tumor invasiveness has been clearly established
through the works of van den Hoogen et al. [55] and Giacalone et al. [56] in prostate
cancer and lung cancer, respectively. Interestingly, in good agreement with our findings,
Lee et al. also demonstrated its relationship with lipid catabolism as an energy source
in pancreatic cancer cells [57]. ALDH7A1 was first known as antiquitin; the study of its
subcellular localization revealed its presence in cytosol in addition to mitochondria [58].
Finally, an intriguing feature of this enzyme, which resonates with the latter observation,
was presented in a recent work by Babbi et al., i.e., the central role played by this protein,
which is also present in the nucleus, is to interact with 23 other proteins in IntAct and 62 in
BioGRID, while ALDH7A1 represents one of the most frequent genes in KEGG metabolic
pathways [59].

5. Conclusions

In conclusion, starting from a proteomic approach and following on with ad hoc bio-
logical validation, we identified significant differences between non-invasive and invasive
mesotheliomas, developed in both rats and patient-derived cells, in terms of the expression
of mitochondrial proteins. This suggests that mitochondrial activity plays an important role
in cancer. In particular, ACADL and subunits of ATP synthase are highly expressed in inva-
sive rat mesotheliomas, as well as in more aggressive human sarcomatoid mesothelioma
cells, which have more active FAO, electron chain transport and ATP synthesis, supporting
their growth and invasiveness. Evaluating mitochondrial proteins in MM specimens might
help to identify tumors with higher invasiveness and new potential targets that could be
explored to improve the treatment of this disease.
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www.mdpi.com/article/10.3390/cancers15113044/s1, Table S1: Primers for gene expression analysis;
Table S2: Proteins with increased abundance (I) or decreased abundance (D); Figure S1: The original
whole blot of Figure 5.
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Simple Summary: Extrahepatic cholangiocarcinoma (EHCC) is an aggressive tumor. The five-year
survival rate for patients who undergo surgical resection is only 20–40% due to recurrences. Therefore,
elucidating the molecular mechanisms underlying invasion and metastasis in EHCC is crucial for
developing adjuvant therapy. The epithelial–mesenchymal transition (EMT) contributes to the
metastatic cascade in various tumors. C-C chemokine receptor 7 (CCR7) interacts with its ligand,
chemokine (C-C motif) ligand 19 (CCL19), to promote EMT. The association between CCR7 expression
and clinicopathological features and EMT status was examined via the immunohistochemical staining
of tumor sections from 181 patients with perihilar cholangiocarcinoma. This association was then
investigated in two EHCC cell lines. CCR7 mediates cell invasion and migration in EHCC by inducing
EMT, which was abrogated by a CCR7 antagonist. CCR7 may be a potential target for adjuvant
therapy in EHCC.

Abstract: The epithelial–mesenchymal transition (EMT) contributes to the metastatic cascade in vari-
ous tumors. C-C chemokine receptor 7 (CCR7) interacts with its ligand, chemokine (C-C motif) ligand
19 (CCL19), to promote EMT. However, the association between EMT and CCR7 in extrahepatic
cholangiocarcinoma (EHCC) remains unknown. This study aimed to elucidate the prognostic impact
of CCR7 expression and its association with clinicopathological features and EMT in EHCC. The
association between CCR7 expression and clinicopathological features and EMT status was examined
via the immunohistochemical staining of tumor sections from 181 patients with perihilar cholangio-
carcinoma. This association was then investigated in TFK-1 and EGI-1 EHCC cell lines. High-grade
CCR7 expression was significantly associated with a large number of tumor buds, low E-cadherin
expression, and poor overall survival. TFK-1 showed CCR7 expression, and Western blotting revealed
E-cadherin downregulation and vimentin upregulation in response to CCL19 treatment. The wound
healing and Transwell invasion assays revealed that the activation of CCR7 by CCL19 enhanced the
migration and invasion of TFK-1 cells, which were abrogated by a CCR7 antagonist. These results
suggest that a high CCR7 expression is associated with an adverse postoperative prognosis via EMT
induction and that CCR7 may be a potential target for adjuvant therapy in EHCC.
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1. Introduction

Extrahepatic cholangiocarcinoma (EHCC) and its subtypes, especially perihilar cholan-
giocarcinoma (PHCC), are aggressive tumors. PHCC is defined as a cancer that arises
predominantly in the lobar extrahepatic bile ducts, distal to the segmental bile ducts, and
proximal to the cystic duct [1]. The therapeutic gold standard for EHCC patients is com-
plete tumor resection. However, due to the incidence of local or distant recurrences, the
five-year survival rate for patients who underwent surgical resection is only 20–40% [2–4].
Moreover, PHCC, in particular, is often anatomically unresectable. Therefore, elucidating
the mechanism of invasion and metastasis in EHCC is essential for developing adjuvant
therapy for improving postoperative prognosis.

The epithelial–mesenchymal transition (EMT) is a crucial step in cancer progression [5,6].
It is a critical physiological process for embryonic development with phenotypic alterations,
such as the loss of intercellular adhesion and cell polarity as well as acquisition of migratory
and invasive abilities [7,8]. A hallmark of EMT is the downregulation of cell adhesion
molecules, such as E-cadherin, and the upregulation of mesenchymal molecules, such as
vimentin [7,8]. Aberrant EMT activation in malignant tumors can trigger tumor progression
and metastasis [8]. However, the mechanism by which EMT occurs in EHCC remains
unknown. Chemokines are a class of small molecule proteins that play significant roles
in various physiological, pathological, and immunological responses when bound to
their unique chemokine receptors on the cell surface. In the tumor microenvironment,
chemokines and chemokine receptors play essential roles in tumor proliferation, invasion,
and metastasis. C-C chemokine receptor type 7 (CCR7) is primarily expressed in B cells,
naïve T cells, memory T cells, and mature dendritic cells and interacts with chemokine (C-C
motif) ligand 19 (CCL19) [9] and CCL21 [10,11]. This interaction is vital for lymphocyte
trafficking and lymph node homing [12,13]. Müller et al. first described the expression of
CCR7 in the tumor microenvironment (in breast cancer) [9]. CCR7 expression in various
tumors has been linked to tumor cell proliferation [14], invasion [15], angiogenesis [16], and
metastasis [17]. Additionally, CCR7 induces EMT in the cells of breast [18], gastric [19], and
pancreatic cancers [20]. Furthermore, CCR7 expression is correlated with poor prognosis
in gastric cancer [21], esophageal squamous cell carcinoma [22], pancreatic cancer [23],
urinary bladder cancer [24], and renal cell carcinoma [25]. Therefore, CCR7 overexpression
in the tumor microenvironment is critical for cancer progression and metastasis. EHCC has
a poor prognosis because it is metastasis-prone. To our knowledge, no study has assessed
the frequency and impact of CCR7 expression in EHCC, which may be implicated in the
molecular mechanisms underlying EMT, invasion, and metastasis.

The present study aimed to determine the impact of CCR7 expression on the clinico-
pathological features and postoperative survival of patients with EHCC and the relationship
between CCR7 expression and EMT in human EHCC cell lines.

2. Materials and Methods
2.1. Patients

This study included patients (n = 181) with PHCC who underwent curative surgical
resection between January 1995 and December 2016 at the Department of Gastroentero-
logical Surgery II, Hokkaido University Hospital. Patients who received neoadjuvant
chemotherapy or radiotherapy were excluded from the study. Clinical and pathological
data of the patients were collected. Written informed consent was obtained from the pa-
tients and healthy volunteers from whom peripheral blood samples were collected to isolate
peripheral blood mononuclear cells (PBMCs). This study was approved by the Hokkaido
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University Institutional Review Board (No. 018-0137) and conducted in accordance with
the guidelines of the institutional review board and the Declaration of Helsinki.

2.2. Tissue Preparation and Histopathology

After gross examination, all excised specimens were fixed in 10% buffered formalin
and serially sectioned (3–6 mm). Subsequently, formalin-fixed paraffin-embedded blocks
were sliced into 4 µm thick sections and stained for microscopic analysis with hematoxylin
and eosin (H&E). Pathological primary tumor (pT) and regional lymph node metastasis
were diagnosed as defined by the Cancer Staging Manual, 8th edition, American Joint
Committee on Cancer (AJCC) [1].

2.3. Tissue Microarray

A tissue microarray [26] of all 181 samples was prepared for immunohistochemistry
(IHC) staining. We first reviewed the archived H&E slides of all cases and selected a slide to
determine two representative tumor areas (invasive front and center of the tumor) and one
representative non-neoplastic area of the bile duct as an internal control. Subsequently, a
manual tissue microarrayer (JF-4; Sakura Finetek, Tokyo, Japan) was used to inject 2.0 mm
diameter needles into the corresponding sites on paraffin blocks. An experienced patholo-
gist (T.M.) examined a section from each microarray stained with H&E, and evaluated the
adequacy of tissue sampling and histopathological diagnosis.

2.4. Immunohistochemistry

Tissue sections were deparaffinized with xylene and rehydrated using a graded ethanol
series. Heat-induced antigen retrieval was performed in a high-pH antigen retrieval
buffer (BenchMark ULTRA; Roche, Basel, Switzerland). Endogenous peroxidase was
blocked by incubation at 36 ◦C with 3% H2O2 for 4 min. Sections were subsequently
labeled using the horseradish-peroxidase-labeled polymer method (Ventana ultraView
DAB Universal Kit; Roche) and an automated immunostaining system (BenchMark ULTRA;
Roche). Immunostained sections were counterstained with hematoxylin, dehydrated in
ethanol, and cleared in xylene. Finally, sections were stained with anti-CCR7 (clone P-007,
1:100,000 dilution; NB Health Laboratory, Sapporo, Japan), anti-E-cadherin (clone 36, RTU,
RRID: AB_397580; Ventana/Roche), and anti-vimentin (clone V9, RTU, RRID: AB_306239;
Ventana/Roche) mouse monoclonal primary antibodies.

2.5. Assessment of Tumor Buds

Tumor buds, defined as dedifferentiated cancer cells or clusters of fewer than five
cancer cells at the invasive front fields [27,28], reflect the ability of cells to migrate, invade,
and metastasize. They are believed to undergo EMT and possess a mesenchymal pheno-
type [29–31]. We previously reported that the quantity of tumor buds at the invasive front
fields reflects the EMT status and is associated with tumor invasion and metastasis in EHCC
patients [32]. The tumor buds were counted in all 181 patients using previously described
methods [32] to evaluate the association between their number and CCR7 expression. Using
the International Tumor Budding Consensus Conference method, the tumor buds were
counted on the H&E-stained slides containing whole tissue sections (Figure 1A,B) [26]. The
H&E slide with the most significant tumor budding was selected for each patient. Tumor
buds were counted in a single invasive front field at 200×magnification (0.785 mm2), and
the areas with the highest density of tumor buds were labeled hot spots [26].

2.6. IHC Scoring in TMA

We evaluated IHC staining based on the intensity and proportion of positive tumor
cells in the TMA cores of 181 PHCC specimens and calculated the IHC score, previously
reported as the “H score” [33]. The ordinal values for staining intensity are as follows:
grade 0 (negative; Figure 1C), +1 (weak; Figure 1D), +2 (moderate; Figure 1E), and +3
(strong; Figure 1F). In CCR7, the staining intensity of tumor cells was regarded as strong
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(grade + 3) when the staining of the cytoplasm and tumor cell membranes was similar to
that of the surrounding lymphocytes. Next, the percentage of each grade of tumor cells in
each spot of the TMA core was estimated. Subsequently, the H scores of the samples were
calculated as the product of the percentage of stained cells and corresponding staining
intensity (0, 1, 2, or 3) as follows: H score = sum of (IHC staining grade × % of tumor cells
with each IHC staining grade). For example, when the percentages of tumor cells with IHC
staining grades of 0, +1, +2, and +3 on the spot were 10, 30, 35, and 25%, respectively, the H
score of that spot was calculated as (0× 10 + 1× 30 + 2× 35 + 3× 25) = 175. E-cadherin and
vimentin staining was assessed as described previously [32]. Briefly, the staining intensities
of tumor buds were initially classified into three groups (grade 0 (negative; E-cadherin,
Figure 1G; vimentin, Figure 1J), +1 (weak–moderate; E-cadherin, Figure 1H; vimentin,
Figure 1K), and + 2 (strong; E-cadherin, Figure 1I; vimentin, Figure 1L)), and the proportion
of tumor cells with each grade on each spot of the TMA core was estimated. Subsequently,
the H score was determined using the same formula as CCR7. Three researchers (M.O.,
Y.N., and T.M.), blinded to the clinical information of patients, independently examined
and scored each case. Differences in interpretation were resolved by consensus among the
three researchers.
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Figure 1. CCR7 expression and epithelial–mesenchymal transition status in perihilar cholangio-
carcinoma. (A,B) Representative images of hematoxylin and eosin staining for low-grade (A) and
high-grade (B) tumor budding from n = 181 samples. The arrows and arrowheads indicate neoplastic
glandular structures and tumor bud cells, respectively. (C–F) Immunohistochemical detection of
negative (C), weak (D), moderate (E), and strong (F) CCR7 expression in tumor cells. CCR7 protein
was detected in the cytoplasm and cell membranes of tumor cells and the surrounding lymphocytes.
The staining intensity of strongly stained tumor cells was comparable to that of the surrounding
lymphocytes. The arrows and arrowheads indicate neoplastic glandular structures and lymphocytes,
respectively. (G–I) E-cadherin was detected in the cell membrane of neoplastic glandular structures,
while tumor bud cells showed negative (G), weak–moderate (H), or strong (I) staining for E-cadherin.
The arrows and arrowheads indicate neoplastic glandular structures and tumor bud cells, respectively.
(J–L) Vimentin was not expressed in neoplastic glandular structures, while tumor bud cells displayed
negative (J), weak–moderate (K), or strong (L) staining for vimentin. The arrows and arrowheads
indicate neoplastic glandular structures and tumor bud cells, respectively. Scale bar = 100 µm.
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2.7. EMT Status in IHC Examination

We examined the association between the IHC staining scores for CCR7 expression in
181 PHCC specimens and EMT status defined by the combination of E-cadherin and vi-
mentin IHC staining scores using TMA. EMT status was defined and each case was divided
into three groups: (1) cases in which the epithelial status (Figure 1I,J) was high E-cadherin
with low vimentin expression (E-high/V-low); (2) cases in which the intermediate status
was low (E-low/V-low) or high (E-high/V-high) expression of E-cadherin and vimentin;
and (3) cases in which the mesenchymal status (Figure 1G,L) was low E-cadherin with
high vimentin expression (E-low/V-high). We also examined the association between the
IHC staining H scores for CCR7 expression and the number of tumor buds. Median values
established the boundaries between low and high H scores for E-cadherin and vimentin.

2.8. Cell Culture

Two human EHCC cell lines, TFK-1 and EGI-1, were used in this study. The cell
lines were obtained from the RIKEN BioResource Center (RIKEN BRC, Tsukuba, Japan)
and the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ, Braun-
schweig, Germany), respectively. TFK-1 and EGI-1 were cultured in RPMI-1640 and
EMEM supplemented with 4 mM L-glutamine and 2× MEM amino acids—both essen-
tial and non-essential. Next, 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 µg/mL streptomycin were added to each medium. All cell lines were cultured
at a density of 0.5–2.0 × 106 cells/mL at 37 ◦C and 5% CO2. Human peripheral blood
aspirates were obtained by venipuncture from a healthy volunteer with written informed
consent, and peripheral blood mononuclear cells (PBMCs) were separated by Ficoll density
gradient centrifugation.

2.9. RNA Extraction and Reverse Transcription PCR

CCR7 mRNA levels were determined using reverse transcription (RT)-PCR. Total
RNA was extracted using an RNeasy Plus Mini Kit (QIAGEN GmbH, Hilden, Germany)
according to the manufacturer’s instructions. Samples were quantified using a NanoDrop
2000c Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was syn-
thesized using the Super ScriptTM III First-Strand Synthesis System for RT-PCR (Invitrogen
Life Technologies, Carlsbad, CA, USA) using 1.0 µg of RNA following the manufacturer’s
protocol. RT-PCR was performed using a GeneTouch Thermal Cycler (Hangzhou Bioer
Technology, Hangzhou, China). The PCR conditions were as follows: initial denaturation
at 94 ◦C for 2 min, followed by 33 cycles of denaturation at 98 ◦C for 10 s, annealing at
60 ◦C for 30 s, and extension at 68 ◦C for 30 s (CCR7), followed by 25 cycles of denaturation
at 98 ◦C for 10 s and annealing and extension at 68 ◦C for 30 s (β-actin). The PCR was
performed using KOD Plus Ver.2 (TOYOBO, Osaka, Japan) according to the manufac-
turer’s instructions. Primers were synthesized at Eurofins Genomics (Tokyo, Japan) and
were as follows: CCR7 sense, 5′-ACATCGGAGACAACACCACA-3′ and antisense, 5′-
CATGCCACTGAAGAAGCTCA-3′; β-actin sense, 5′-CAACCGCGAGAAGATGACCC-3′

and antisense, 5′-GGAACCGCTCATTGCCAATGG-3′. RT-PCR products were visualized
with ethidium bromide (0.5 µg/mL) using a ChemiDoc™ XRS Plus System (Bio-Rad
Laboratories; Hercules, CA, USA). Quantitative analyses of data were carried out using
TaqMan gene expression assays (CCR7 Assay ID: Hs01013469_m1, and ACTB Assay ID:
Hs01060665_g1; Applied Biosystems/Thermo Fisher Scientific). The expression level of
CCR7 mRNA was calculated using the ratio of CCR7 mRNA to β-actin mRNA.

2.10. Western Blot Analysis

The cells were cultured with or without 100 ng/mL CCL19 for 48 h. The harvested
cells were suspended in lysis buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl,
1% (v/v) Nonidet P-40 alternative, 0.1% (w/v) sodium dodecyl sulfate (SDS), 0.5% (w/v)
sodium deoxycholate, and protease inhibitor cocktail (Promega, Madison, WI, USA) and
lysed with sonication successively. The total protein was extracted by centrifugation.
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The concentration of the extracted protein was determined using a TaKaRa BCA protein
assay kit (Takara Bio, Kusatsu, Japan) following the manufacturer’s instructions. For
immunoblotting, cell lysates were loaded at a protein concentration of 20 µg per well.
Proteins were separated by 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene fluoride (PVDF) membrane (Immobilon-P
Transfer Membrane; Merck Millipore, Darmstadt, Germany). The membrane was blocked
with 5% (w/v) skimmed milk in Tris-buffered saline (50 mM Tris-HCl, 150 mM NaCl, pH 8.0)
with Tween 20 (TBS-T). They were then probed with E-cadherin rabbit polyclonal antibody
(1:10,000 dilution; Proteintech Group, Chicago, IL, USA) and vimentin rabbit polyclonal
antibody (1:2000 dilution; Proteintech Group) for 90 min at 25 ◦C. After washing with TBS-T,
they were incubated with anti-rabbit IgG antibodies conjugated to horseradish peroxidase
(1:10,000 dilution; Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 60 min
at 25 ◦C. For β-actin, the membranes were incubated with anti-β-actin IgG antibodies
conjugated to horseradish peroxidase (1:10,000 dilution; Cell Signaling Technology, Danvers,
MA, USA). After applying Amersham ECL Prime Western blotting Detection Reagent (GE
Healthcare Limited, Buckinghamshire, UK), the protein bands were visualized using a
chemiluminescent detection system (ChemiDoc™ XRS Plus System; Bio-Rad Laboratories).
Thereafter, membranes were stripped with Western blotting stripping buffer (Takara Bio)
and then washed and re-probed with the aforementioned antibodies. Semi-quantitative
analyses of data were carried out using Image Lab™ 5.1 (Bio-Rad Laboratories). β-Actin
was used as an endogenous loading control. The experiment was repeated thrice.

2.11. Wound Healing Assay

A Culture-Insert 2 well, which is a silicon gasket with two 70-µL wells (Ibidi, Grafelfing,
Germany), was placed on a 24-well plate surface. The cells were added into each chamber
(3.5 × 104 cells) and incubated until the cells grew to confluence. Subsequently, the Culture-
Insert was removed gently, after which the cells were washed twice with PBS and then
cultured in 500 µL serum-free medium with or without 100 ng/mL CCL19 (BioLegend,
San Diego, CA, USA). Cell migration to close the gap was examined at 0, 24, and 48 h by
microscopy. Areas of the initial gap and the part filled by migration were measured on the
images, and the rate of migration area was calculated using the following formula:

Rate of migration area (%) = (area of the part filled by migration)/(area of initial gap).
The area was evaluated using a high-resolution imaging and analysis system, BZ-9000

(KEYENCE, Osaka, Japan). The experiment was performed in triplicate.

2.12. Cell Proliferation Assay

The cells were seeded at a density of 2000 cells/well in 96-well plates and incubated for
24 and 48 h with or without 100 ng/mL CCL19. Cell proliferation was assessed using a one-
step Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan). Following the
manufacturer’s instructions, 10 µL of CCK-8 solution was added to each well and incubated
for 3 h. Finally, the absorbance at 450 and 650 nm was recorded using a SpectraMax 190
reader (Molecular Devices, San Jose, CA, USA). The experiment was repeated thrice.

2.13. Migration and Invasion Assay

Transwell® inserts (6.5 mm diameter, 8 µm pores; Corning Inc., Corning, NY, USA)
were used to determine cell migration. For the invasion assay, Matrigel® invasion chambers
(6.4 mm diameter, 8 µm pores; Corning Inc.) were used. Each cell resuspended in 200 µL
of medium with or without 100 ng/mL CCL19 containing 1% FBS was added to the
upper compartment of the chamber. In the migration assay, 5.0 × 104 cells of TFK-1
and 1.0 × 104 cells of EGI-1 were seeded. In the invasion assay, 1.0 × 105 TFK-1 and
1.0 × 104 EGI-1 cells were seeded. Afterward, 500 µL of each medium containing 10% FBS
was placed into the lower chamber. In the migration assay, when required, each cell was
preincubated for 6 h with 15 µg/mL human CCR7 antibody as a neutralizing antibody
(clone 150503; R&D Systems, Minneapolis, MN, USA) or mouse monoclonal IgG as an
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isotype control (clone 20102; R&D Systems). After 48-h incubation, non-migrating cells on
the upper surface of the membrane were removed with a cotton swab. The invading cells
on the lower surface of the insert were stained with Diff-Quik stain (Sysmex Corporation,
Kobe, Japan) and digitally photographed. The tumor cell invasion area was evaluated using
a high-resolution imaging and analysis system, BZ-9000 (KEYENCE). Each experiment was
performed in triplicate.

2.14. Statistical Analyses

Qualitative variables were analyzed using the chi-square test. Quantitative variables
were analyzed using the one-way analysis of variance (ANOVA) to compare the differences
between two or more groups. Comparisons between multiple groups were performed
using analysis of variance with a post-hoc pairwise t-test. Correlations between CCR7
expression and the number of tumor buds were evaluated using Spearman’s rank method.
Overall survival (OS) was calculated using the median time between the date of surgery
and the date of the last follow-up or death. The cut-off value of the CCR7 staining H
score for discriminating postoperative OS was obtained using a recursive partitioning
technique. Kaplan–Meier estimates of OS curves were compared using the log-rank test.
In the multivariate analysis of OS, the significance of prognostic factors was investigated
using Cox proportional hazards models. The significance level was set to p < 0.05, and the
confidence interval was 95%. Statistical analysis was performed using JMP software for
Windows (version 14.0; SAS Institute, Inc., Cary, NC, USA).

3. Results
3.1. CCR7 Expression Was Observed in PHCC Tumor Tissues

In the IHC examination (Figure 1), the CCR7 protein was detected in the cytoplasm
and membranes of PHCC cells (Figure 1D–F). The medians (range) of the IHC H scores
for CCR7, E-cadherin, and vimentin expression were 90 (0–300), 80 (0–200), and 0 (0–200),
respectively. Histograms of the H scores for CCR7 expression are shown in Figure 2A.
Based on a cut-off value of 170, the H-score of CCR7 expression was classified into two
grades: low-grade, 0–169, and high-grade, ≥170. Based on their median values, the cut-off
values for low or high H scores for E-cadherin and vimentin were 70 and 10, respectively.
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displaying patient distribution according to IHC staining scores of CCR7 expression. (B) Kaplan–
Meier survival curves for the 181 patients with perihilar cholangiocarcinoma based on CCR7 expres-
sion grade. According to the log-rank test, patients with high CCR7 expression had a significantly
worse long-term overall survival rate than those with low CCR7 expression (p = 0.011). (C) The corre-
lation between IHC staining scores for CCR7 expression and the number of tumor buds was assessed
using Spearman’s rank method. High CCR7 expression grade was associated with the number of
tumor buds (p < 0.001). (D) The relationship between CCR7 expression and the combination of the H
scores of E-cadherin (E) and vimentin (V) was assessed using an analysis of variance with post-hoc
pairwise t-test. High-grade CCR7 expression correlated significantly with EMT status (p = 0.019).

3.2. Clinicopathological Features and Overall Survival Were Associated with CCR7 Expression

High-grade CCR7 expression was associated with poor histological differentiation
(p = 0.003; chi-squared test) and microscopic venous invasion (p = 0.036; chi-squared
test) (Table 1). The median (range) follow-up time after surgery was 40 (3–231) months.
Table 2 summarizes the results of the univariate and multivariate analyses of the effects of
clinicopathological factors on postoperative OS in 181 patients with PHCC. Patients with
high-grade CCR7 expression exhibited a significantly worse OS than those with low CCR7
expression according to the log-rank test (p = 0.011; Figure 2B). Moreover, multivariate
analysis identified CCR7 protein expression level (HR, 1.67, 95% CI, 1.10–2.48, p = 0.017)
and pT and pN classification as the independent prognostic factors for OS in patients
with PHCC.

Table 1. Comparison of the clinicopathological features among patients with different CCR7 expres-
sion grades (n = 181).

CCR7 Expression Grades
Low-Grade

(n = 139)
High-Grade

(n = 42)

Clinicopathological feature n (%) n (%) p
Age <70 66 (47.5) 27 (64.3) 0.055

≥70 73 (52.5) 15 (35.7)
Sex Male 108 (77.7) 35 (83.3) 0.423

Female 31 (22.3) 7 (16.7)
Histological grade G1 45 (32.4) 4 (9.5) 0.003

G2 68 (48.9) 23 (54.8)
G3 26 (18.7) 15 (35.7)

pT classification (AJCC, 8th edition) T1 3 (2.2) 2 (4.8) 0.242
T2 94 (67.6) 23 (54.8)
T3 25 (18.0) 7 (16.7)
T4 17 (12.2) 10 (23.8)

pN classification (AJCC, 8th edition) N0 75 (54.0) 24 (57.1) 0.674
N1 55 (39.6) 14 (33.3)
N2 9 (6.5) 4 (9.5)

pM classification (AJCC, 8th edition) M0 137 (98.6) 41 (97.6) 0.688
M1 2 (1.4) 1 (2.4)

Microscopic lymphatic invasion Absent 66 (47.5) 18 (42.9) 0.598
Present 73 (52.5) 24 (57.1)

Microscopic venous invasion Absent 61 (43.9) 11 (26.2) 0.036
Present 78 (56.1) 31 (73.8)

Microscopic perineural invasion Absent 11 (7.9) 6 (14.3) 0.235
Present 128 (92.1) 36 (85.7)

Invasive carcinoma at resected margin Negative 124 (89.2) 34 (81.0) 0.176
Positive 15 (10.8) 8 (19.1)

Median survival time (years) 3.9 2.3 0.018

G1, well differentiated; G2, moderately differentiated; G3, poorly differentiated (according to the AJCC 8th edition).
Low-grade, H-score of CCR7 staining 0–169; high-grade, H-score of CCR7 staining ≥170. AJCC, American Joint
Committee on Cancer.
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Table 2. Univariate and multivariate analyses of factors associated with the overall survival of the
181 patients with PHCC.

No. of Patients Univariate Multivariate

Variable n (%)
Median
Survival
(Months)

p
Relative

Risk
(95% CI)

p

Age (years) <70 93 (51.4) 46 0.491
≥70 88 (48.6) 44

Sex Male 143 (79.0) 46 0.529
Female 38 (21.0) 44

Histological grade G1 49 (27.1) 56 0.221
G2 91 (50.3) 43
G3 41 (22.7) 28

pT classification (AJCC, 8th edition) T1 5 (2.8) 53 0.001 1 0.026

T2 117 (64.6) 53 1.07
(0.39–4.45)

T3 32 (17.7) 30 1.70
(0.56–7.36)

T4 27 (14.9) 21 2.14
(0.71–9.30)

pN classification (AJCC, 8th edition) N0 99 (54.7) 76 <0.001 1 <0.001

N1 69 (38.1) 29 2.32
(1.60–3.36)

N2 13 (7.2) 19 3.21
(1.54–6.16)

pM classification (AJCC, 8th edition) M0 178 (98.3) 46 0.011 1 0.265

M1 3 (1.7) 16 2.27
(0.49–7.78)

Microscopic lymphatic invasion Absent 84 (46.4) 57 0.094
Present 97 (53.6) 30

Microscopic venous invasion Absent 72 (39.8) 53 0.009 1 0.183

Present 109 (60.2) 32 1.30
(0.88–1.93)

Microscopic perineural invasion Absent 17 (9.4) 58 0.195
Present 164 (90.6) 43

Invasive carcinoma at resected margin Negative 158 (87.3) 49 <0.001 1 0.056

Positive 23 (12.7) 21 1.66
(0.98–2.67)

CCR7 expression grade Low-grade 139 (76.8) 50 0.011 1 0.017

High-grade 42 (23.2) 27 1.67
(1.10–2.48)

PHCC, perihilar cholangiocarcinoma; G1, well differentiated; G2, moderately differentiated; G3, poorly differenti-
ated (according to the AJCC 8th edition). Low-grade, H-score of CCR7 staining 0–169; high-grade, H-score of
CCR7 staining ≥170. AJCC, American Joint Committee on Cancer; CCR7, C-C chemokine receptor type 7; CI,
Confidence interval; PHCC, perihilar cholangiocarcinoma.

3.3. High CCR7 Expression Was Associated with EMT

The intensity of CCR7 expression was correlated with the number of tumor buds
(p < 0.001, r = 0. 247; Spearman’s rank method; Figure 2C). The median (range) scores of
CCR7 expression in epithelial status (E-high/V-low), intermediate status (E-low/V-low or
E-high/V-high), and mesenchymal status (E-low/V-high) were 90 (0–290), 60 (0–250), and
130 (0–300), respectively. CCR7 expression was significantly higher in the mesenchymal
state than that in the epithelial or intermediate states (p = 0.019, ANOVA; Figure 2D).

3.4. CCR7 Expression Was Observed in TFK-1 Cells

Before investigating the effect of the CCL19/CCR7 axis on the proliferation, migra-
tion, and invasion abilities of EHCC cells via EMT, we screened for endogenous CCR7
expression in TFK-1 and EGI-1. CCR7 mRNA was found in TFK-1 cells but not in EGI-1
cells (Figure 3A).

94



Cancers 2023, 15, 1878Cancers 2023, 15, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 3. CCR7 expression and the effect of CCL19/CCR7 on EMT-related proteins in cholangiocar-
cinoma cells. (A) RT-PCR analysis of CCR7 mRNA expression in each cell line. CCR7 mRNA levels 
were standardized with respect to β-actin mRNA. CCR7 mRNA was detected in TFK-1 and PBMCs 
but not in EGI-1. n.d.; not detected. (B) Changes in E-cadherin and vimentin protein levels following 
treatment with 100 ng/mL CCL19 in each cell line were evaluated using Western blotting. TFK-1 
cells showed significant downregulation of E-cadherin (p = 0.036) and upregulation of vimentin (p 
= 0.017) in response to CCL19 treatment (one-way ANOVA). Data were normalized to β-actin levels. 
n.d.; not detected. The uncropped blots are shown in Figure S1. 

3.5. CCR7/CCL19 Axis Affects the Expression of EMT-Related Proteins  
Western blot analyses were performed to determine the variation of E-cadherin and 

vimentin protein levels in each cell line following 100 ng/mL CCL19 treatment for 48 h. E-
cadherin expression was significantly decreased (p = 0.036; Figure 3B), and vimentin ex-
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treatment significantly enhanced the migration ability of TFK-1 cells at 48 h (p = 0.035). On 
the other hand, in the EGI-1 cells, CCL19 treatment did not show any effect (p > 0.05).  

Figure 3. CCR7 expression and the effect of CCL19/CCR7 on EMT-related proteins in cholangiocarci-
noma cells. (A) RT-PCR analysis of CCR7 mRNA expression in each cell line. CCR7 mRNA levels
were standardized with respect to β-actin mRNA. CCR7 mRNA was detected in TFK-1 and PBMCs
but not in EGI-1. n.d.; not detected. (B) Changes in E-cadherin and vimentin protein levels following
treatment with 100 ng/mL CCL19 in each cell line were evaluated using Western blotting. TFK-1 cells
showed significant downregulation of E-cadherin (p = 0.036) and upregulation of vimentin (p = 0.017)
in response to CCL19 treatment (one-way ANOVA). Data were normalized to β-actin levels. n.d.; not
detected. The uncropped blots are shown in Figure S1.

3.5. CCR7/CCL19 Axis Affects the Expression of EMT-Related Proteins

Western blot analyses were performed to determine the variation of E-cadherin and
vimentin protein levels in each cell line following 100 ng/mL CCL19 treatment for 48 h.
E-cadherin expression was significantly decreased (p = 0.036; Figure 3B), and vimentin
expression was significantly increased (p = 0.017; Figure 3B) in TFK-1 cells after stimulation
with CCL19. On the other hand, EGI-1 showed no significant change (p > 0.05; Figure 3B).

3.6. CCL19 Promotes Lateral Migration of TFK-1 Cells

The lateral migration ability and migration ability enhancement of each cell line
following CCL19 treatment were investigated using an in vitro wound healing assay. As
shown in Figure 4A, TFK-1 and EGI-1 cells showed slight migration. However, CCL19
treatment significantly enhanced the migration ability of TFK-1 cells at 48 h (p = 0.035). On
the other hand, in the EGI-1 cells, CCL19 treatment did not show any effect (p > 0.05).
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treatment at 0, 24, and 48 h using the WST-8 method. Absorbance at 450 nm was measured against 
a reference wavelength of 650 nm. Each bar represents the mean ± SD of three independent experi-
ments. 
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spectively). However, in the EGI-1 cells, CCL19 treatment did not show any effect (p > 
0.05; Figure 5A,B).  

Figure 4. Effect of CCL19/CCR7 on migration and cell proliferation. (A) A wound healing assay was
used to determine lateral migration ability with or without CCL19 (100 ng/mL) for 24 and 48 h. Migra-
tion was significantly enhanced by treatment with CCL19 in TFK-1 cells (p = 0.035, one-way ANOVA).
Scale bar = 500 µm. (B) Cell proliferation assay showing the effect of CCL19 (100 ng/mL) treatment
at 0, 24, and 48 h using the WST-8 method. Absorbance at 450 nm was measured against a reference
wavelength of 650 nm. Each bar represents the mean ± SD of three independent experiments.

3.7. CCL19 Did Not Affect Cell Proliferation

In the wound healing assay, there is a possibility that the gap could be filled not only by
cell migration but also by cell proliferation. Therefore, the degree of cell proliferation under
the same culture conditions as the wound healing assay was evaluated. No enhancement
in cell proliferation was observed with CCL19 treatment (p > 0.05; Figure 4B).

3.8. CCL19 Promotes the Migration and Invasion of TFK-1 Cells

The vertical migration and invasion abilities of each cell line, and enhancements in
these abilities following CCL19 treatment, were investigated using Transwell® inserts and
Matrigel® invasion chambers. CCL19 treatment significantly enhanced the migration and
invasion abilities of TFK-1 cells at 48 h (p = 0.016, Figure 5A and p < 0.001, Figure 5B,
respectively). However, in the EGI-1 cells, CCL19 treatment did not show any effect
(p > 0.05; Figure 5A,B).
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Figure 5. CCR7-dependent CCL19 promoted migration and invasion in cells. (A) The migration as-
say, used to determine the vertical migration ability for 48 h, showed that migration was signifi-
cantly enhanced by treatment with CCL19 (100 ng/mL) in TFK-1 cells only (p = 0.016, one-way 
ANOVA). (B) The invasion assay, used to determine the invasion ability for 48 h, showed that inva-
sion was significantly enhanced by treatment with CCL19 (100 ng/mL) in TFK-1 cells only (p < 0.001, 
one-way ANOVA). (C) A migration assay performed after preincubation of TFK-1 with 15 μg/mL 
anti-CCR7 antibodies for 6 h showed that anti-CCR7 antibody significantly suppressed CCL19-me-
diated migration (p < 0.001, one-way ANOVA). Panels on the left in (A–C) show representative im-
ages of cells at the end-point, while those on the right show the quantification of the area covered 
by the assayed cells. Scale bar = 100 μm. Each bar represents the mean ± SD of three independent 
experiments. 

3.9. CCR7 Antagonist Inhibits CCL19-Mediated Migration of TFK-1 Cells 
Next, we examined whether the enhanced migration of TFK-1 cells, stimulated upon 

CCL19 treatment, could be inhibited by using an anti-CCR7 antibody that could neutralize 
the effect of CCL19. Pretreatment with an anti-CCR7 antibody completely counteracted 
the CCL19-mediated migration of TFK-1 cells (Figure 5C). As a control, the IgG isotype 
control did not suppress the enhancement of CCL19-mediated migration. 

4. Discussion 
In the present study, we aimed to investigate the impact of CCR7 expression on the 

clinicopathological features and postoperative survival in patients with PHCC and the 
relationship between CCR7 expression and EMT status in human EHCC cell lines. The 

Figure 5. CCR7-dependent CCL19 promoted migration and invasion in cells. (A) The migration assay,
used to determine the vertical migration ability for 48 h, showed that migration was significantly
enhanced by treatment with CCL19 (100 ng/mL) in TFK-1 cells only (p = 0.016, one-way ANOVA).
(B) The invasion assay, used to determine the invasion ability for 48 h, showed that invasion was
significantly enhanced by treatment with CCL19 (100 ng/mL) in TFK-1 cells only (p < 0.001, one-way
ANOVA). (C) A migration assay performed after preincubation of TFK-1 with 15 µg/mL anti-
CCR7 antibodies for 6 h showed that anti-CCR7 antibody significantly suppressed CCL19-mediated
migration (p < 0.001, one-way ANOVA). Panels on the left in (A–C) show representative images of cells
at the end-point, while those on the right show the quantification of the area covered by the assayed
cells. Scale bar = 100 µm. Each bar represents the mean ± SD of three independent experiments.

3.9. CCR7 Antagonist Inhibits CCL19-Mediated Migration of TFK-1 Cells

Next, we examined whether the enhanced migration of TFK-1 cells, stimulated upon
CCL19 treatment, could be inhibited by using an anti-CCR7 antibody that could neutralize
the effect of CCL19. Pretreatment with an anti-CCR7 antibody completely counteracted the
CCL19-mediated migration of TFK-1 cells (Figure 5C). As a control, the IgG isotype control
did not suppress the enhancement of CCL19-mediated migration.

4. Discussion

In the present study, we aimed to investigate the impact of CCR7 expression on the
clinicopathological features and postoperative survival in patients with PHCC and the
relationship between CCR7 expression and EMT status in human EHCC cell lines. The
results of the clinicopathological examination showed that high-grade CCR7 expression
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was one of the most adverse postoperative prognostic factors in patients who underwent
surgical resections for PHCC, and it was associated with a higher number of tumor buds
and mesenchymal status (a combination of low E-cadherin and high vimentin expression).
These results indicate that high CCR7 expression may be associated with poor OS via EMT
in patients with PHCC.

Therefore, we investigated the association between CCR7 expression and EMT in
human EHCC cell lines in vitro. Among the two human EHCC cell lines tested, CCR7 was
detected in TFK-1 but not EGI-1. The CCR7/CCL19 interaction significantly enhanced
lateral migration ability in the wound healing assay, along with vertical migration and
invasion ability in the Transwell migration and invasion assays of TFK-1 cells. Notably,
this effect was not observed in EGI-1 cells. Furthermore, neither cell line exhibited en-
hanced proliferation after the CCL19 treatment, suggesting that the cell filling observed
in the wound healing assay was a result of enhanced migration rather than proliferation.
Following treatment with CCL19, the epithelial marker E-cadherin was downregulated,
whereas the mesenchymal marker vimentin was upregulated in TFK-1 cells. These results
suggest that CCL19 induces EMT in human EHCC cells that are positive for CCR7.

Furthermore, we found that stimulation of TFK-1 cells with CCL19 increased cell
migration, and the anti-CCR7 antibody significantly suppressed this increase. These results
confirmed that CCR7 activation is responsible for increased migration, suggesting that
CCR7 may be an effective therapeutic target. Beatriz et al. [34] revealed the efficacy of the
anti-CCR7 antibody treatment against a xenograft human mantle cell lymphoma model
in vivo. However, CCR7 is also responsible for the migration of CCR7-expressing cells,
such as natural regulatory T cells or semi-mature dendritic cells, which are involved in
immune tolerance [35,36]. Anti-CCR7 therapy may also suppress the migration of such
physiological CCR7-expressing cells, and its immediate implementation in clinical practice
needs to be carefully considered. In this regard, Winter et al. [37] demonstrated that the
chronic deficiency of CCR7 could lead to autoimmune diseases. Because certain types of
immunodeficiency may be induced with anti-CCR7 therapy, additional research is required
to develop alternative strategies, such as targeting CCR7 exclusively in cancer cells or
inhibiting CCR7-associated signal transduction pathways. In future clinical applications,
anti-CCR7 antibodies may represent an adjunct therapy to enhance the efficacy of existing
chemotherapy techniques, similar to anti-HER2 therapy in breast cancer. This may be
particularly important if CCR7 expression is high in resected or biopsy specimens, as the
combination of anti-CCR7 antibodies with gemcitabine or cisplatin may inhibit recurrence
or promote response.

The present study had several limitations. First, in this retrospective study, samples
were collected from a single Japanese center. Notably, a meta-analysis reported that the
impact of high CCR7 expression on poor OS was more significant in Asian patients than
that in Caucasians [38]. Therefore, a larger and more diverse sample must be analyzed
to eliminate the risk of bias and validate the conclusions of this study. Second, IHC
was utilized to evaluate clinical tumor samples. Although IHC staining has been widely
used in several protein expression studies, it has disadvantages, such as disparities in
technical procedures and scoring standards among facilities and studies. Therefore, a
multi-institutional prospective study is required to confirm these results. Third, this study
is focused on CCL19/CCR7 interactions, but another ligand of CCR7, CCL21, is similar to
CCL19 and may also be relevant to the topic of this study. Although CCL19 is considered
more efficient than CCL21 in activating ERK1/2 [39] related to EMT, the two ligands share
only 32% amino acid identity and have ligand bias [40]. Therefore, there is a possibility that
further knowledge will be obtained based on experiments involving CCL21. Fourth, the
present study did not explore signaling pathways nor conduct in vivo experiments with
animal models that provide a tumor microenvironment similar to that of humans.
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5. Conclusions

The present study suggests that CCR7 mediates EMT progression, and high CCR7
expression is associated with a poor prognosis owing to EMT. Therefore, in the future,
CCR7 could be a potential therapeutic target for PHCC adjuvant therapy.
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Simple Summary: Osteosarcoma (OS) is the most common primary orthopedic malignancy and
typically affects children and young adults. Its lesions often metastasize to distant sites in the body,
such as the lungs. Metastatic OS frequently recurs and has a poor prognosis. Our main objective of
this study is to provide new insights into the clinical management of patients with osteosarcoma
and to explore the risk factors affecting osteosarcoma metastasis. We established a biological marker
consisting of three genes from the perspective of defense response for the first time to predict the
prognosis of osteosarcoma and to discover new treatment methods. Our findings have implications
for both the clinical management and future research of osteosarcoma.

Abstract: Background: The defense response is a type of self-protective response of the body that
protects it from damage by pathogenic factors. Although these reactions make important contri-
butions to the occurrence and development of tumors, the role they play in osteosarcoma (OS),
particularly in the immune microenvironment, remains unpredictable. Methods: This study included
the clinical information and transcriptomic data of 84 osteosarcoma samples and the microarray data
of 12 mesenchymal stem cell samples and 84 osteosarcoma samples. We obtained 129 differentially
expressed genes related to the defense response (DRGs) by taking the intersection of differentially
expressed genes with genes involved in the defense response pathway, and prognostic genes were
screened using univariate Cox regression. Least absolute shrinkage and selection operator (LASSO)
penalized Cox regression and multivariate Cox regression were then used to establish a DRG prognos-
tic signature (DGPS) via the stepwise method. DGPS performance was examined using independent
prognostic analysis, survival curves, and receiver operating characteristic (ROC) curves. In addition,
the molecular and immune mechanisms of adverse prognosis in high-risk populations identified
by DGPS were elucidated. The results were well verified by experiments. Result: BNIP3, PTGIS,
and ZYX were identified as the most important DRGs for OS progression (hazard ratios of 2.044,
1.485, and 0.189, respectively). DGPS demonstrated outstanding performance in the prediction of
OS prognosis (area under the curve (AUC) values of 0.842 and 0.787 in the training and test sets,
respectively, adj-p < 0.05 in the survival curve). DGPS also performed better than a recent clinical
prognostic approach with an AUC value of only 0.674 [metastasis], which was certified in the subse-
quent experimental results. These three genes regulate several key biological processes, including
immune receptor activity and T cell activation, and they also reduce the infiltration of some immune
cells, such as B cells, CD8+ T cells, and macrophages. Encouragingly, we found that DGPS was
associated with sensitivity to chemotherapeutic drugs including JNK Inhibitor VIII, TGX221, MP470,
and SB52334. Finally, we verified the effect of BNIP3 on apoptosis, proliferation, and migration of
osteosarcoma cells through experiments. Conclusions: This study elucidated the role and mechanism
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of BNIP3, PTGIS, and ZYX in OS progression and was well verified by the experimental results,
enabling reliable prognostic means and treatment strategies to be proposed for OS patients.

Keywords: defense response; osteosarcoma; prognosis; metastasis; immune; therapy

1. Introduction

The defense response is the innate function of the body for resisting invasion by
internal and external pathogenic factors, which appear with the existence of a foreign body
or injury, and helps limit damage to the body or facilitate the promotion of injury recovery.
A variety of pathogenic factors and foreign bodies often threaten the human body, and the
results caused by the body’s immune response may also result in damage to the body [1,2].
Immune cells are involved in constituting the tumor microenvironment (TME) from the
early stage of tumor formation. Immune cells can recognize tumor-specific antigens and
activate the immune system, and the coordination of natural and acquired immune cells
can generate an efficient anti-tumor immune response, while tumor cells also have different
immunosuppressive mechanisms to counteract the anti-tumor immune response [3]. At
the same time, the body possesses a complete defense system that can protect it from
potential damage by disease-causing agents. The body’s defense response can influence
tumorigenesis and progression. Several studies have identified an association between
different tumors and defense response-related genes [4–7]. Defense response occurrence
helps the body to kill tumor cells and prevents their escape [8–10]. Therefore, there is a close
relationship between the development of both defense response-related genes and tumors.

Osteosarcoma (OS) is a malignant tumor that generally occurs in children and young
adults [6,7]. Osteosarcoma often metastasizes to various parts of the body, including the
lungs. Metastatic OS often relapses and the prognosis is generally poor [8]. As neoadju-
vant chemotherapy and other therapies have developed in recent decades, the five-year
survival rate of osteosarcoma has reached 70% [11]. However, the overall five-year survival
rate for patients who are diagnosed with early lung metastasis is below 20% [12], and
prognostic factors and appropriate treatment for metastatic OS patients have yet to be
determined [13,14]. Therefore, exploring a new prognostic method to further improve the
prognosis of osteosarcoma patients is essential.

A correlation may exist between the defense response of the body and tumor occur-
rence and development. A tumor is a foreign body that stimulates the human body to
produce a corresponding defense response. There are many studies exploring the relation-
ship between different tumors and the defense response, but there are few relevant studies
in osteosarcoma. The aim of this study was to explore the potential correlation between the
defense response of the body and osteosarcoma occurrence and development. A completely
new prognostic prediction method and treatment strategy for osteosarcoma was obtained,
and relevant experimental verification was conducted as a means of providing new ideas
for osteosarcoma treatment and scientific research.

2. Materials and Methods
2.1. Data Collection

We obtained 84 osteosarcoma samples with both clinical information and transcrip-
tomic data from the TARGET database (https://xena.ucsc.edu/, accessed on 6 April
2023), and we obtained microarray data for 12 MSC samples and 84 osteosarcoma sam-
ples from the GSE33383 dataset (GPL10295 platform) from the GEO database (https:
//www.ncbi.nlm.nih.gov/geo/, accessed on 6 April 2023). The collected clinical informa-
tion included survival status, survival time, metastasis, sex, and age. The tumor samples in
the TARGET database were randomly assigned to the training (n = 50) and test (n = 34) sets
using R software (version 4.1.2).
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2.2. Acquisition of Defense Response-Associated Differential Genes

We selected 12 mesenchymal stem cell samples and 84 osteosarcoma cell samples
from the GPL10295 platform in dataset GSE33383 for differentially expressed gene (DEG)
screening, and mesenchymal stem cell samples were selected as the control group for os-
teosarcoma samples. The R package “limma” was then used to identify DEGs in GSE33383;
the criterion was determined by fold-change (set as 1) and adjusted p value (set as 0.05).
The differentially expressed genes were used for GSEA analysis and they were found to
be significantly enriched in the Gene Ontology (GO) DEFENSE RESPONSE pathway. In
order to obtain DRGs, the gene set of this pathway was intersected with the differentially
expressed genes. The R package “pheatmap”(version 1.0.12) was used to draw the DRG
expression heatmaps of normal samples and tumor tissue samples.

2.3. Construction of a Prognostic DRGs Signature

The R package “survival” (version 3.5–5) was used to perform univariate Cox regres-
sion for each DRG using the survival data. Then, LASSO regression was performed to
avoid overfitting. The optimal and minimum criteria for the penalty (λ) were selected with
10 times cross-validation. Then, we used multivariate Cox regression analysis to identify
the prognostic DRGs, and DGPS was constructed. These prognosis-related DRGs were
utilized to construct an equation (DGPS) to calculate risk scores of osteosarcoma samples:
RiskScore = ∑n

i=1 Coe f ∗i Xi, where Coe f ∗i represents the coefficient (risk factor values for
different genes) and Xi represents the normalized count of the DRG (gene expression).
Risk scores were calculated for each osteosarcoma sample based only on the expression
of different DRGs (i.e., the equation described above), and the median risk score of all
osteosarcoma samples was used as the basis for classifying risk subgroups as high-risk
(above the median score) and low-risk (below the median score).

2.4. Validation of DGPS

The Kaplan–Meier (KM) method was used to demonstrate the survival prediction
value of DGPS. The accuracy and diagnostic value of DGPS were assessed using ROC
curves and AUC. Principal component analysis (PCA) was performed to verify DGPS, and
the R package “scatterplot3d” was used for visualization. The consistency index (C-index)
was used for predicting the precision of DGPS with R packages “dplyr”, “survival”, “pec”,
and “rms”. The test group and all cohorts were used in the validation of this model.

2.5. Exploration of the Relationship between DGPS and Clinical Features

To assess the suitability of DGPS for osteosarcoma with various clinical features, we
used univariate and multivariate Cox regression analyses on 84 osteosarcoma samples from
the TARGET database (https://xena.ucsc.edu/, accessed on 6 April 2023) to explore the
association between DGPS and gender, age, and metastasis in order to reveal their potential
role in OS.

2.6. Nomogram Construction of DGPS and Clinical Characteristics

Univariate and multivariate Cox regression were performed on 84 osteosarcoma sam-
ples from the TARGET database (https://xena.ucsc.edu/, accessed on 6 April 2023) in order
to study the independent prognostic role of DGPS. A nomogram was then developed using
the R packages “regplot” (version 1.1), “rms” (version 6.6-0), and “survival” (version 3.5–5).
A calibration curve was then constructed to verify its precision.

2.7. Exploration of the Relationship between Model Genes and OS Metastasis

A box plot was used to explore the relationship between BNIP3 and OS metastasis,
and then ROC, AUC, and a correlation scatter diagram were used on 84 osteosarcoma
samples from the TARGET database (https://xena.ucsc.edu/, accessed on 6 April 2023) to
verify this relationship based on the R packages “ROCR” and “ggplot2.” The expression
level of BNIP3 in each tumor was studied using GEPIA.
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2.8. Enrichment Analysis of Biologically Relevant Pathways

Then, we screened the DEGs among different risk subgroups using the R package
“DESeq2” with the following limiting condition: log2|folding change| > 1 and adjusted
p value < 0.05. The database pathways of GO and Kyoto Encyclopedia of Genes and
Genomes (KEGG) were explored to elucidate biologically relevant pathways using the R
packages “clusterProfiler” (version 4.6.2), “org.Hs.eg.db” (version 3.16.0), and “enrichplot”
(version 1.18.4).

2.9. Exploration of Immune Microenvironment Landscape

To explore the association between DGPS and the infiltration of immune microen-
vironment landscape, a single-sample gene set enrichment analysis (ssGSEA) algorithm
in the R package “GSVA” was then used on 84 osteosarcoma samples from the TARGET
database (https://xena.ucsc.edu/, accessed on 6 April 2023) to evaluate the infiltration
and functional scoring of immune cells in osteosarcoma. Immune checkpoint correlation
analysis was carried out using the R package “limma” (version 3.54.2).

2.10. Exploration of Drug Sensitivity

The sensitivity to chemotherapeutic drugs was represented by the half-maximal in-
hibitory concentration (IC50) of chemotherapeutic drugs. IC50 is a crucial indicator to
access tumor response to therapy; a smaller IC50 indicates a higher sensitivity of tumor
cells to this chemotherapeutic agent, and the opposite indicates a lower sensitivity. In order
to assess the value of DGPS in the clinical management of OS and find suitable poten-
tial chemotherapeutic drugs for patients with osteosarcoma, the drug therapy response
was evaluated for each patient using the R package “pRRophetic” (version 6) (the drug
source was the 251 anticancer drugs in the R package “pRRophetic” (version 6)). This
was accomplished by creating statistical models of gene expression and drug sensitivity
data from cell lines in the Cancer Genome Project (CGP) and then applying these models
to the oncogene expression levels in tumor samples to generate in vivo drug sensitivity
predictions [15]. The IC50 values of different subgroups were then compared using the
Wilcoxon signed-rank test.

2.11. Cell Culture

The human osteosarcoma cell line 143B (CRL-8303) was purchased from American
Type Culture Collection (ATCC) and was cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) under conditions of 5% CO2 at 37 ◦C. The medium was supplemented with 10%
fetal bovine serum (FBS), 100 IU/mL penicillin, and 100 mg/mL streptomycin [16].

2.12. Apoptosis Analysis by Flow Cytometry

Flow cytometry was used to detect cell apoptosis. The cells were washed twice with
precooled PBS. Follow-up assays were carried out according to the instructions of the
apoptosis kit. The collected cells were resuspended in a 10 mL centrifuge tube containing a
1× binding buffer to make 1 × 106 cells/mL. 5 µL Annexin V/PI was used for staining at
room temperature for 15 min. Eventually, 400 µL 1× Binding Buffer was added to detect
apoptosis of 143B cells by flow cytometry.

2.13. 5-Ethynyl-2′-Deoxyuridine (EdU) Experiment

The EyoClick EdU Cell Proliferation Kit with Alexa Fluor 594 was used to verify the
proliferation ability of cells. 143B cells with BNP3 knocked out or overexpressed were
seeded at a density of 5 × 104 cells/well in a 6-well plate covered with 24 mm × 24 mm
coverslips and synchronized with pure medium for 12 h. The medium was completely
replaced with MEM medium. The kit’s instructions were followed for washing and fixation.
The 143B cells were stained with apollo fluorescent board azide 594 under CuSO4 for 30 min
at 37 ◦C. After that, cell nuclei were stained with DAPI (10 µg/mL) for 10 min and washed
with PBST to completely remove the unbound DAPI, the cover was removed, and the glass
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was secured. Fluorescence microscopy was used to observe the fluorescence staining of
cells (Olympus, Japan).

2.14. Wound-Healing Assay

Osteosarcoma cells of different transfection types (4 × 105) were cultured on 6-well
plates for 12 h to ensure 80% cell density was achieved. Artificial wounds were made using
the tip of 200 µL pipette, and phosphate-buffered saline was used to wash the nutrient
solution twice. Finally, 3~5 mL of the serum-free nutrient solution was added and the
migration distance was measured at 0 and 24 h after injury.

2.15. Statistical Analysis

All statistical analysis was carried out using R software (version 4.1.2). RNA-seq
transcriptome data were included in the TARGET (https://xena.ucsc.edu/, accessed on
6 April 2023) and GEO (https://www.ncbi.nlm.nih.gov/geo/, accessed on 6 April 2023)
databases. The Wilcoxon rank sum test was applied to compare the differences between
different risk subgroups of quantitative data. The criterion for a statistically significant
difference was set at p < 0.05.

3. Results
3.1. Identification of Prognosis Related-DRGs

Differential gene analysis was performed using 12 normal samples and 84 osteosar-
coma samples from the GSE33383 dataset as a method to obtain the differentially expressed
genes in osteosarcoma (Figure 1A), and GSEA analysis showed that these genes were
significantly enriched in the GOBP_DEFENSE_RESPONSE pathway (Figure 1B). From the
search results of the relevant literature in PubMed Central, it was found that the number of
studies on the GOBP_DEFENSE_RESPONSE pathway in the last 10 years demonstrated
a significantly increasing trend (Figure 1C). In total, 129 DRGs were obtained from the
intersection of the gene set of this pathway and the osteosarcoma DEGs (Figure 1D). Their
expression in osteosarcoma and normal samples can be seen in the heatmap (Figure 1E).

3.2. DGPS Was Validated as an Independent Prognostic Factor of Osteosarcoma

We carried out univariate Cox regression analysis on these 129 DRGs and obtained
10 DRGs with prognostic value (Figure 2A). The correlation network map (Rcutoff = 0.2)
found BNIP3 and ZYX to be at the center of 10 risk DRGs (Figure 2B). The 10 risk DRGs
were selected by LASSO analysis (Figure 2C,D) before multivariate Cox analysis was
executed, then we screened three DRGs to establish DGPS: RiskScore = 0.42* Expression
PTGIS + 0.567* Expression BNIP3 − 1.477* Expression ZYX. We then distributed patients
into different risk subgroups based on the median risk score. We carried out univariate and
multivariate Cox regression analyses on risk scores and clinical characteristics as a means
of assessing the predictive value of DGPS. Then, statistically significant differences were
observed for risk score and metastasis (Figure 3A). Meanwhile, risk score and metastasis
retained prognostic value for OS in multivariate Cox regression analysis (Figure 3B). The
AUC values of the one-year, three-year, and five-year ROC curves reached 0.812, 0.799,
and 0.842, respectively, showing accurate prediction of the survival rate of osteosarcoma
patients at one, three, and five years by DGPS (Figure 3C). The ROC plots of DGPS and
the clinical characteristics showed that the AUC values of DGPS were higher than those of
all the other clinical characteristics (Figure 3D). The Kaplan–Meier survival curve showed
significant differences in survival status among patients in different risk subgroups based
on DGPS division (Figure 3E). The risk score distribution and survival status maps showed
that among patients classified into different risk subgroups according to the median risk
score, mortality was higher in the high-risk group (Figure 3F,G). The risk heatmap showed
that BNIP3 and PTGIS were highly expressed in the high-risk group, while ZYX was highly
expressed in the low-risk group (Figure 3H). A stratified subgroup analysis was then
performed as a means of exploring the prognostic value of DGPS among all cohorts. We
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divided the entire cohort into various sets by gender, age (<14 and ≥14), and metastasis.
Based on DGPS among different clinical groups, the KM survival curve indicated that the
low-risk group had significantly higher overall survival compared to the high-risk group
(Figure 4). These findings all demonstrated that DGPS could be an independent prognostic
factor for use in the accurate prediction of OS patient prognosis.

Figure 1. Screening of DEGs related to the defense response. (A) Volcano plot illustrating the DEGs
in osteosarcoma and normal groups with the threshold set at |logFC|≥ 1 and adj-p≤ 0.05. (B) DEGs
are significantly enriched in the GOBP_DEFENSE_RESPONSE pathway. (C) Trend in the number of
studies on GOBP_DEFENSE_RESPONSE pathways in recent years. (D) DRGs obtained by taking the
intersection of DEGs and GOBP_DEFENSE_RESPONSE pathway genes. (E) Heatmap showing the
expression of DRGs in osteosarcoma samples and normal samples.
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Figure 2. Obtaining DRGs associated with osteosarcoma prognosis. (A) Univariate Cox regression
analysis for identifying prognostic DRGs. (B) Interaction network diagram of prognosis-related DRGs.
(C,D) Lasso–Cox regression analysis was performed to construct prognostic prediction models.

3.3. Verification of DGPS

In order to verify the stability of DGPS, the test set and all cohorts were investigated
using ROC, Kaplan–Meier survival curves, risk score distribution, survival status maps,
and risk heatmaps. The AUC at one, three, and five years reached 0.879, 0.757, and
0.787 in the test set, respectively, and reached 0.815, 0.798, and 0.827 in the entire cohort,
respectively (Figure 5A,B). The AUC value of DGPS was higher than that of the other
clinical characteristics in the test set and all cohorts (Figure 5C,D). The KM survival curves
of the test set and entire cohort showed that the low-risk group had a higher overall
survival rate than the high-risk group (Figure 5E,F). The distribution of risk scores and
the distribution of overall survival status and risk score were verified in the test set and
all cohorts. (Figure 5G–J). The risk heatmaps of the test set and all cohorts showed that
the risk genes were expressed at the same level in the high- and low-risk subgroups as
in the training set (Figure 5K,L). PCA was carried out to explore the differences between
different risk subgroups. DGPS divided different risk subgroups into two clusters, but
there was no significant distinction based on the expression of 129 DRGs and all genes
(Figure 6A–C). The box diagrams showed that the expression of BNIP3 and PTGIS was
significantly lower in the low-risk group than in the high-risk group, while the opposite
was true for the expression of ZYX (Figure 6D–F).
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Figure 3. Evaluation of DGPS. (A) Univariate Cox analysis. Risk score and metastasis were statistically
significant. (B) Multivariate Cox analysis. (C) ROC curve of DGPS in training group. (D) ROC
demonstrating that the predictive accuracy of DGPS was superior to the other clinical parameters in
the training set. (E) Kaplan–Meier curves of overall survival in the training set. (F,G) Distribution
of risk scores and distribution of overall survival status and risk score in the training set. Blue: low
risk; red: high risk. (H) Heatmap indicating the expression degrees of BNIP3, PTGIS, and ZYX in the
training set. ROC curve, receiver operating characteristics curve; AUC, area under the curve; p < 0.05,
statistically significant.

3.4. Construction and Verification of Nomogram

We constructed a nomogram to precisely predict the one-, three-, and five-year survival
probability of OS (Figure 7A). The calibration curves indicated that the one-, three-, and
five-year survival rates calculated by the nomogram were satisfactorily consistent with
the actual OS patient survival rate (Figure 7B). In addition, the C-index indicated that the
predictive accuracy of DGPS was better than that of other clinical features (Figure 7C). ROC
curves constructed based on the nomogram at one, three, and five years showed that the
nomogram had excellent prognostic predictive value (Figure 7D). The same tests showed
good performance for both the test set and all cohorts (Figure 7E–L).
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Figure 4. Kaplan–Meier plots depicting subgroup survival analyses stratified by gender, age,
and metastasis.

3.5. Exploration of the Association of Tumor Metastasis with BNIP3

The expression of BNIP3 was detected in different metastatic subgroups. The box
diagram results demonstrated that the expression of BNIP3 was significantly lower in
the non-metastatic group than in the metastatic group (Figure 8A). The ROC curve in the
training set demonstrated that the expression of BNIP3 had satisfactory accuracy for the pre-
diction of tumor metastasis (Figure 8B), which was also verified in all cohorts (Figure 8C).
In addition, the relationship between BNIP3 expression and OS metastasis-related gene
expression can be seen in Figure 8D. BNIP3 was positively correlated with genes that
promote osteosarcoma metastasis, such as MYC, NELL1, SAR1A, and PLOD2, and nega-
tively correlated with genes that inhibit osteosarcoma metastasis, such as TNFAIP8L1 and
TRIM22, which suggested that a certain association exists between BNIP3 expression and
OS metastasis. Pan-cancer analysis performed in the GEPIA database showed that BNIP3
was lowly expressed in tumors such as CHOL and COAD and highly expressed in tumors
such as KIRC and TGCT (Figure 8E,F). The top 20 genes with the strongest positive or
negative correlations with BNIP3 expression were further screened for enrichment analysis,
and the results showed that these genes were significantly enriched in pathways such as
antigen processing and presentation of peptide antigen, regulation of angiogenesis, cellular
response to hypoxia, gap junction channel activity, etc. (Figure 9A–C).
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Figure 5. Verification of DGPS. ROC curve of DGPS in the test set (A) and in the entire cohort
(B). ROC demonstrated that the predictive accuracy of DGPS was superior to that of other clinical
characteristics in the test set (C) and in the entire cohort (D). Kaplan–Meier curves of overall survival
(OS) in the test set (E) and in the entire cohort (F). Survival status of patients with osteosarcoma in
the test set (G,I) and in the entire cohort (H,J). Blue: low risk; red: high risk. The heatmap indicates
the expression degrees of BNIP3, PTGIS, and ZYX in the test set (K) and in the entire cohort (L).
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Figure 6. PCA plots depicting the distribution of samples based on the expression of model genes
(A), DRGs (B), and all genes (C). Differential expression of model genes in the high- and low-risk
groups is shown in box plots (D–F).

3.6. Enrichment Analysis of Biologically Relevant Pathways

We carried out GO and KEGG enrichment analyses to explore the biologically relevant
functions and pathways between different risk subgroups, and we identified 3206 DEGs.
In the biological process category, the genes were mainly enriched in T cell activation, B
cell-mediated immunity, and leukocyte-mediated immunity. In the cellular component cat-
egory, they were found to be mainly enriched in the external side of the plasma membrane,
the apical part of the cell, etc. In the molecular function category, they were found to be pri-
marily enriched in antigen binding, immune receptor activity, and passive transmembrane
transporter activity (Figure 10A,C,E). KEGG enrichment analysis demonstrated that DEGs
were primarily enriched in Th17 cell differentiation, Th1 and Th2 cell differentiation, the T
cell receptor signaling pathway, etc. (Figure 10B,D,F).

3.7. Exploration of Relationship between Immune Microenvironment and DGPS

We carried out multiple immune assessment algorithms as a means of investigating
the difference in the TME landscape of OS patients in different risk subgroups. From the ES-
TIMATE results, we found that patients in the low-risk group had higher stromal, immune,
and ESTIMATE scores and lower tumor purity than the high-risk group (Figure 11A). We
found that DGPS was associated with immune checkpoint-related gene expression, with
the high-risk group showing high levels of expression of LAG3, CD274, CD27, CTLA4, etc.
(Figure 11B). In addition, the immune cell differential analysis demonstrated that B cells,
CD8+T cells, neutrophils, NK cells, pDCs, Th1 cells, Th2 cells, and TILs were significantly
downregulated in the high-risk group (Figure 11C). Immune function analysis found that
the low-risk group had higher immune function scores in categories such as CCR, check-
point, T cell co-inhibition, etc. than the high-risk group (Figure 11D). The levels of immune
characteristics were higher in the low-risk group than in the high-risk group (Figure 11E).
The relationship between immune cells (Figure 12) and immune functions (Figure 13) with
risk score and different risk subgroups was also explored. These results all indicated that
DGPS had an association with the immune microenvironment and could reveal OS patient
immunity status (Figure 14).
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Figure 7. Construction and evaluation of a nomogram based on DGPS. Nomogram used to predict
prognosis was constructed based on DGPS in the training set (A), test set (E), and entire cohort (I).
Calibration curves of the nomogram in the training set (B), test set (F), and entire cohort (J). The
C-index curves for assessing the discrimination ability of DGPS and other clinical characteristics
at each time point in the training set (C), test set (G), and entire cohort (K). ROC curves of the
nomograms at one, three, and five years in the training set (D), test set (H), and entire cohort (L).
“*”represented “p < 0.05”, “***”represented “p < 0.001”.

3.8. Anticancer Drug Sensitivity Analysis

Targeted drug therapy is a crucial strategy in tumor therapy. We performed drug
sensitivity analysis with 251 anticancer drugs using the R package “pRRophetic” (version 6).
This was achieved by creating statistical models from gene expression and drug sensitivity
data from cell lines in the Cancer Genome Project (CGP) and then applying these models to
oncogene expression levels in tumor samples in order to generate in vivo drug sensitivity
predictions. To determine the potential use of DGPS, we investigated the association
between DGPS and drug IC50 in OS therapy by comparing the differences in anticancer
drug sensitivity between the two different risk groups. The IC50 values of anticancer drugs
were compared in the different risk subgroups. The IC50 values of four anticancer drugs
were found to be statistically different between the different risk subgroups (p < 0.05),
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as can be seen in Figure 15. The IC50 values of MP470 and SB52334 were lower in the
high-risk group, proving that the high-risk group had greater sensitivity to these drugs.
In addition, the IC50 values of JNK Inhibitor VIII and TGX221 were lower in the low-risk
group, indicating that the low-risk group had greater sensitivity to these drugs. This
finding suggested that the new DGPS signal may be helpful in predicting the efficacy of
chemotherapy in patients with osteosarcoma.

Figure 8. Cont.
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Figure 8. Exploration of the association of tumor metastasis with BNIP3. (A) Correlations between
BNIP3 and osteosarcoma metastasis are displayed in box plots. ROC curve of diagnosis of osteosar-
coma metastasis by BNIP3 in the training set (B) and in the entire cohort (C). (D) Relationship between
the expression of BNIP3 and the expression of tumor metastasis-related genes MYC, NELL1, SAR1A,
PLOD2, TNFAIP8L1, and TRIM22. (E,F) Expression of BNIP3 in different tumors. “*”represented
“p < 0.05”.

Figure 9. Pathway enrichment analysis of the genes most strongly associated with BNIP3.
(A) Heatmap showing the 20 genes with the strongest positive or negative correlations with BNIP3
expression. (B,C) Pathway enrichment analysis showing the enrichment of genes in different pathways.
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Figure 10. GO and KEGG pathway enrichment analyses. (A) Bar plot of the top 10 GO enrichment
terms. (B) Bar plot of the top 30 KEGG enrichment terms. (C) Bubble chart of the top 10 GO
enrichment terms. (D) Bubble chart of the top 30 KEGG enrichment terms. (E) Circle diagram of GO
enrichment analysis. (F) Circle diagram of KEGG enrichment analysis. GO enrichment terms include
biological process, cellular component, and molecular function.
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Figure 11. Immunoassay showing that DGPS is closely related to the immune system. (A) Analysis of
TMB differences between high- and low-risk groups of patients with osteosarcoma. Box plots of the
ssGSEA scores of 15 immune checkpoints (B), 13 immune cells (C), and 12 immune-related functions
(D) between different risk groups. (E) Heatmap showing the landscape of immune characteristics
and the tumor microenvironment in the TARGET cohort determined by the ssGSEA algorithm.
“*”represented “p < 0.05”,“**”represented “p < 0.01”,“***”represented “p < 0.001”.
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Figure 12. The association between immune functions and risk scores and immune function scores
between different risk subgroups.

Figure 13. The association between immune cells and risk scores and immune cell scores between
different risk subgroups.
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Figure 14. Correlation analysis of immune-related scores and risk scores. (A–C) Analysis of the
variability of risk scores among different StromalScore (A), ImmuneScore (B), and ESTIMATEScore
(C) subgroups. (D–F) Scatter plots of correlations between risk scores and StromalScore (D), Im-
muneScore (E), and ESTIMATEScore (F).

Figure 15. Drug correlation and sensitivity analyses with JNK Inhibitor VIII, TGX221, MP470, and SB52334.
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Figure 16. BNIP3 regulates the apoptosis of osteosarcoma cells. (A–E) Apoptosis of osteosarcoma
cells after knockdown or overexpression of BNIP3. (F) Overexpression of BNIP3 inhibits apoptosis
of osteosarcoma cells, while knockdown of BNIP3 promotes apoptosis of osteosarcoma cells. “NS”
represented “No significant difference”, “***” represented “p < 0.001”.

3.9. BNIP3 Regulates Apoptosis in Osteosarcoma Cells

We investigated the regulation of apoptosis in osteosarcoma cell line 143B by BNIP3
expression levels. We knocked down BNIP3 expression in 143B cells by siRNA transfection
and overexpressed BNIP3 in 143B cells by adenoviral transfection, and the apoptosis
rate of cells was detected by flow cytometry (Figure 16). The results demonstrated that
knockdown of BNIP3 significantly elevated the apoptosis rate of osteosarcoma cells, while
overexpression of BNIP3 significantly decreased the apoptosis rate of osteosarcoma cells.
In conclusion, the experimental results confirmed that the expression level of BNIP3 played
an apoptosis-regulating role in osteosarcoma cell line 143B.

3.10. BNIP3 Promotes Osteosarcoma Progression

The proliferation of 143B cells was detected by EdU experiments. As shown in
Figure 17, the proliferation of osteosarcoma cells was significantly inhibited after knock-
down of BNIP3, while overexpression of BNIP3 significantly increased the proliferation
of osteosarcoma cells. The wound healing assay was used to detect the migration ability
of osteosarcoma cells, the results of which can be seen in Figure 18. Osteosarcoma cell
migration significantly decreased following knockdown of BNIP3, while it was significantly
enhanced following BNIP3 overexpression. These results confirmed the promoting effect
of BNIP3 on osteosarcoma progression and metastasis.

120



Cancers 2023, 15, 2405

Figure 17. BNIP3 regulates the proliferation of osteosarcoma cells. Knockdown of BNIP3 inhibits
the proliferation of osteosarcoma cells, while overexpression of BNIP3 promotes the proliferation
of osteosarcoma cells. “NS” represented “No significant difference”, “*” represented “p < 0.05”,
“**” represented “p < 0.01”, “***” represented “p < 0.001”.

Figure 18. Cont.
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Figure 18. BNIP3 regulates the migration ability of osteosarcoma cells; knockdown of BNIP3 inhibits
their migration ability, while overexpression of BNIP3 promotes the migration ability of osteosarcoma
cells. “NS” represented “No significant difference”, “**” represented “p < 0.01”, “***” represented
“p < 0.001”.

4. Discussion

Tumor formation is a complex, multi-stage process in which human cells must break
through multiple lines of defense before becoming tumor cells. Osteosarcoma is the
most common primary malignant tumor of bone in children and young adults, which is
characterized by easy recurrence, strong invasiveness, and early metastasis, and it is a
tumor with a high degree of malignancy. Combination chemotherapy and complete surgical
resection of osteosarcoma is key to a cure, but this only applies to localized osteosarcoma
and primary metastatic osteosarcoma. Surgery requires removal of all known metastatic
deposits [17], but osteosarcoma patients are prone to lung metastasis. The five-year survival
rate for patients with metastatic osteosarcoma remains low, so predicting tumor metastasis
and identifying new prognostic biomarkers are essential.

A potential relationship may exist between genes related to the defense response
and tumor occurrence and development. In the process of tumor occurrence, the body
initiates a series of defense responses, including cellular immune defense, humoral immune
defense, and producing cytokines as a response to DNA damage events, all of which are
important host defense responses [2,12]. The link between cancer and defense response
genes has been identified by several previous studies, including key prognostic genes
of osteosarcoma [4], pancreatic cancer [5] clear cell renal cell carcinoma [6], and breast
cancer [7] that are significantly enriched in the defense response pathway. Defense re-
sponse production helps the body to kill tumor cells while preventing their escape [8–10].
Therefore, defense response-related genes have a close relationship with osteosarcoma
development and progression. Relatively few studies have been conducted on the role that
defense response plays in osteosarcoma. This study established a signature composed of
three genes for predicting osteosarcoma prognosis from a defense response perspective for
the first time. The model was constructed using a GEO dataset and the TARGET database.
It demonstrated good predictive performance for the overall survival of osteosarcoma
patients and served as an independent prognosis predictor for osteosarcoma patients in
both the training and test sets divided from the TARGET database. In addition, it exhibited
excellent performance in distinguishing high- and low-risk groups. A new nomogram
was produced for the purpose of guiding osteosarcoma treatment. Three key genes were
studied to varying degrees, and BNIP3 was found to play an essential role in osteosarcoma
metastasis and progression, verified by apoptosis, proliferation, and migration experiments.
Apoptosis and EdU experiments confirmed that BNIP3 can inhibit osteosarcoma cell apop-
tosis and promote proliferation. Migration experiments confirmed that as a risk gene,
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BNIP3 can enhance osteosarcoma cell invasiveness and promote metastasis. Box plots and
ROC curves proved that BNIP3 had good performance in osteosarcoma metastasis predic-
tion. Further correlation analysis found BNIP3 to have a significantly positive correlation
with MYC, NELL1, SAR1A, PLOD2, and other genes proven to promote osteosarcoma
metastasis [18–21]. However, a significantly negative correlation was found between TN-
FAIP8L1, TRIM22, and other genes proven to inhibit osteosarcoma metastasis [22,23]. In
addition, pan-cancer analysis revealed that BNIP3 was also differentially expressed in
different tumor tissues compared to that in normal tissues, including LAML, COAD, and
KIRC, which was consistent with previous studies [24–27]. Enrichment analysis was con-
ducted on the differentially expressed genes of the BNIP3 high–low expression group.
The results indicated that the differentially expressed genes were significantly involved in
antigen processing and the presentation of peptide antigen, the regulation of angiogenesis
and cellular response to antigen hypoxia, gap junction channel activity, and other pathways,
suggesting that BNIP3 may facilitate the regulation of osteosarcoma progression via these
pathways, which needs to be explored in further experiments. All of these results suggested
that BNIP3 has the potential to be a therapeutic target for osteosarcoma, with implications
for clinical treatment and future research in osteosarcoma.

Among the three identified genes, BNIP3 has been reported to have an association with
osteosarcoma, ovarian cancer, breast cancer, and melanoma prognosis [28–31], and BNIP3
is pro-apoptotic in most studies [32], although there are still some studies indicating that
BNIP3 can inhibit apoptosis in tumor cells [33–35]. Burton et al. [35] reported that nuclear
BNIP3 acts as a transcriptional repressor by binding to the promoter region of the AIF gene,
thereby preventing apoptosis of glioma cells. Luo et al. [33] indicated that knockdown of
BNIP3 significantly increased the apoptosis rate of lung cancer cells, and low expression
levels of BNIP3 could increase the infiltration of immune cells and improve the prognosis
of lung cancer patients. Moreover, the role of BNIP3 in various tumors is inconsistent.
Vianello et al. [29] found that high levels of BNIP3 expression significantly reduced survival
in ovarian cancer patients, and that BNIP3 affected tumor cell resistance by regulating
mitochondrial autophagy and could also be a potential target for new therapeutic strategies.
Niu et al. [30] discovered BNIP3 as a tumor suppressor by alleviating FTO-dependent
breast tumor growth and metastasis. Hu et al. [36] found that BNIP3 could serve as a
prognostic biomarker for breast cancer patients, and patients with breast cancer with high
BNIP3 expression had poorer overall survival, disease-free survival (DFS, the measure of
time after treatment during which no sign of cancer is found [37]), and disease-specific
survival (DSS, the percentage of people who die from a specific disease in a defined period
of time, i.e., patients who die from causes other than the disease being studied are not
counted [38]). These studies have fully illustrated the diversity of BNIP3 modes of action
and biological functions under different conditions.

ZYX has been reported to have an association with glioblastoma, colon cancer, and
pancreatic cancer [39–42]. However, its role in various tumors is also not standardized, and
studies on its role in osteosarcoma are lacking. Michiyo et al. [43] found that inhibition of
ZYX expression could lead to tumor regression by affecting cell structure and motility in
oral squamous cell carcinoma cells, while Aleksandra et al. [44] indicated that decreased
expression of ZYX may promote the formation of non-small cell lung cancer. The role of
PTGIS in osteosarcoma has not yet been reported, but some studies have demonstrated that
PTGIS is associated with the prognosis of bladder and lung cancers [45–47]. Kai et al. [48]
revealed that PTGIS promotes proliferation, migration, and invasion of lung squamous
cell carcinoma (LUSC) and can be utilized as a therapeutic target for LUSC as well as a
biomarker for prognosis and tumor immunity. Danian et al. [49] found that high expression
of PTGIS promoted the infiltration of tumor-associated macrophages (TAMs) and Tregs in
the tumor microenvironment and deteriorated the prognosis of patients with lung, ovarian,
and gastric cancers.

Immunotherapy has been developed as a complementary treatment strategy to con-
ventional chemotherapy. To find the application value of DGPS in the immunotherapy of
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osteosarcoma, we further explored the tumor microenvironment of osteosarcoma in our
present study. We performed differential analysis of the tumor microenvironment in the
high- and low-risk groups classified based on DGPS and found that immune infiltration
was significantly higher in the low-risk group than in the high-risk group. The scores
of most immune cells in the low-risk group in this study were found to be significantly
higher than those of the high-risk group, such as B cells, macrophages, neutrophils, NK
cells, CD8+ T cells, Th1 cells, and Th2 cells. Meanwhile, the enrichment analysis of DEGs
in the different risk subgroups also revealed significant enrichment in KEGG enrichment
pathways such as Th1 and Th2 cell differentiation and in GO enrichment pathways such
as B cell-mediated immunity and T cell activation. The immune function scores of APC
co-inhibition, CCR, checkpoint, cytolytic activity, and T cell co-stimulation were also found
to be significantly higher in the low-risk group. This may serve as a basis for selecting
appropriate therapeutic targets and chemotherapeutic agents. In addition, the low-risk
group had higher stromal, immune, and ESTIMATE scores, which indicated lower tumor
purity and better immunotherapy response among patients in the low-risk group [50,51].
Additionally, we also divided all samples into high and low ImmuneScore groups ac-
cording to the median ImmuneScore for the difference analysis of DGPS risk scores, and
the results indicated that the low ImmuneScore group had a significantly higher DGPS
risk score than the high ImmuneScore group, with the same results validated for Stro-
malScore and ESTIMATEScore. Correlation scatterplots indicated that DGPS risk scores
were significantly and negatively correlated with ImmuneScore, StromalScore, and ESTI-
MATEScore. These results suggested that osteosarcoma in the high-risk group of DGPS can
be classified as a cold tumor subgroup, i.e., with poorer immune infiltration and possibly
poorer response to immunotherapy [52,53]. The expression of immune checkpoints LAG3,
NRP1, CD40LG, C10orf54, CD86, CD48, CD274, HAVCR2, CD27, CTLA4, CD200R1, LAIR1,
LGALS9, CD28, and PDCD1LG2 was significantly higher in the low-risk group than in the
high-risk group, and it was previously confirmed in the literature that LAG3 [54], CD86 [55],
HAVCR2 [56], CD27 [57], LAIR1 [58], and PDCD1LG2 [56] checkpoints play important
roles in osteosarcoma cell therapy. These results suggested that these checkpoints could be
potential targets for osteosarcoma therapy and that DGPS could provide a new criteria to
guide osteosarcoma immunotherapy.

The sensitivity to chemotherapeutic drugs was represented by the half-maximal in-
hibitory concentration (IC50) of chemotherapeutic drugs. IC50 is a crucial indicator for
assessing tumor response to therapy; a smaller IC50 value indicates higher sensitivity of tu-
mor cells to this chemotherapeutic agent. IC50 values have been used by many researchers
to predict drug sensitivity in order to explore personalized drug therapy guidance for
different patients [59–64]. At the same time, high-risk patients in this study were found to
have a greater sensitivity to MP479, SB52334, and other drugs, whereas low-risk patients
were found to be more sensitive to JNK inhibitor VIII and TGX221. It was previously
found that MP470 could be a potential therapeutic agent for osteosarcoma [65]. The re-
sults showed that DGPS has great potential for guiding clinical treatment strategies for
osteosarcoma patients.

There were several limitations to this study. Firstly, the datasets were downloaded
from the TARGET and GEO databases, and the sample quantities were limited. Secondly,
external validation of the constructed model was not conducted to improve its applicability.
Generally, the model had good prognostic value, and the role played by the BNIP3 gene in
osteosarcoma occurrence and development was verified experimentally. At the same time,
collecting more clinical samples is planned for further verification of this model.

From this study, it can be seen that the signature based on the defense response has
good application value for the prediction of osteosarcoma prognosis, and it has strong
potential for evaluation of the tumor immune microenvironment and personalized treat-
ment guidance. In particular, the potential impact of BNIP3 in osteosarcoma was further
explored. Additionally forward-looking evidence for assessing the signature’s accuracy
and applicability is required in the future.
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5. Conclusions

This study elucidated the role and mechanism of BNIP3, PTGIS, and ZYX in OS
progression and was well verified by the experimental results, enabling reliable prognostic
means and treatment strategies to be proposed for OS patients.

This study established a signature (DGPS) composed of three genes for predicting
osteosarcoma prognosis from a defense response perspective for the first time. DGPS had
excellent performance in predicting one-, three-, and five-year survival rates and metastasis
of osteosarcoma. It was also a strong predictor of survival in different clinical subgroups
of osteosarcoma patients. The risk model DGPS we constructed taps into the relationship
between osteosarcoma and the immune microenvironment; high-risk status classified by
DGPS was associated with a reduction in immune infiltration. DGPS was also found to be
instructive in the individualization of drug therapy for patients with osteosarcoma. BNIP3
was found to play an essential role in osteosarcoma metastasis and progression and was
verified by apoptosis, proliferation, and migration experiments. Our findings have guiding
significance in the clinical treatment and future research of osteosarcoma.
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Simple Summary: Gastric cancer has a high degree of malignancy, and even with comprehensive
surgical treatment, there is still a high probability of recurrence and metastasis. Finding accurate
predictive biomarkers can screen high-risk patients and intervene in a timely manner, which is
extremely important for prolonging patient survival. In addition, the value of lymphocyte subset
detection in patients with gastric cancer who underwent surgery still needs further exploration. This
study further explored the predictive ability of lymphocyte subsets on the prognosis of gastric cancer
patients who underwent surgery on a larger sample size and explored the prognostic value of CD19
(+) B cell combined with the Prognostic Nutritional Index (PNI). The results showed that lymphocyte
subsets were related to the clinical outcome, the combined index had a stronger prognostic predictive
ability than single markers and other non-invasive biomarkers, and was a powerful predictive
biomarker for gastric cancer patients who underwent surgery.

Abstract: (1) Background: The aim of this study was to explore the predictive ability of lymphocyte
subsets for the prognosis of gastric cancer patients who underwent surgery and the prognostic value
of CD19 (+) B cell combined with the Prognostic Nutritional Index (PNI). (2) Methods: This study
involved 291 patients with gastric cancer who underwent surgery at our institution between January
2016 and December 2017. All patients had complete clinical data and peripheral lymphocyte subsets.
Differences in clinical and pathological characteristics were examined using the Chi-square test or
independent sample t-tests. The difference in survival was evaluated using Kaplan–Meier survival
curves and the Log-rank test. Cox’s regression analysis was performed to identify independent
prognostic indicators, and nomograms were used to predict survival probabilities. (3) Results:
Patients were categorized into three groups based on their CD19 (+) B cell and PNI levels, with
56 cases in group one, 190 cases in group two, and 45 cases in group three. Patients in group one had
a shorter progression-free survival (PFS) (HR = 0.444, p < 0.001) and overall survival (OS) (HR = 0.435,
p < 0.001). CD19 (+) B cell–PNI had the highest area under the curve (AUC) compared with other
indicators, and it was also identified as an independent prognostic factor. Moreover, CD3 (+) T cell,
CD3 (+) CD8 (+) T cell, and CD3 (+) CD16 (+) CD56 (+) NK T cell were all negatively correlated
with the prognosis, while CD19 (+) B cell was positively associated with the prognosis. The C-index
and 95% confidence interval (CI) of nomograms for PFS and OS were 0.772 (0.752–0.833) and 0.773
(0.752–0.835), respectively. (4) Conclusions: Lymphocyte subsets including CD3 (+) T cell, CD3 (+)
CD8 (+) T cell, CD3 (+) CD16 (+) CD56 (+) NK T cell, and CD19 (+) B cell were related to the clinical
outcomes of patients with gastric cancer who underwent surgery. Additionally, PNI combined with
CD19 (+) B cell had higher prognostic value and could be used to identify patients with a high risk of
metastasis and recurrence after surgery.
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1. Introduction

According to statistical data, gastric cancer continued to be the fifth most common
type of cancer globally and was the third leading cause of cancer-related deaths, surpassed
only by lung and liver cancers [1,2]. Currently, surgery is the primary treatment for gastric
cancer. However, the recurrence and mortality rates for patients with gastric cancer remains
high even after radical resection [3,4]. Thus, it is crucial to investigate effective non-invasive
prognostic indicators.

The immune system is essential in preventing and resisting the occurrence and pro-
gression of tumors [5]. Normally, it can detect and eliminate abnormal cells in the body,
including cancer cells [6]. When the immune system identifies abnormal cells, it triggers a
complex cascade of cellular and molecular signals that activate immune cells to initiate an
immune response and ultimately eliminate these abnormal cells [7–9]. Therefore, patients
with a weakened immune status are more likely to experience tumor recurrence [10]. Detec-
tion techniques for lymphocyte subsets emerged many years ago. However, their limited
reference values for surgery and high price have hindered their usage in gastric cancer
patients receiving surgery. Unlike tumor-infiltrating lymphocytes, peripheral lymphocyte
subsets are more easily detectable and can also serve as a reflection of a patient’s immune
function [11,12]. Previous studies have demonstrated that lymphocyte subsets are reliable
biomarkers for cancer patients and are significantly associated with treatment outcomes
and prognosis, but these studies were based on a small sample size, and the results need to
be further validated [11,13–15]. The relationship between nutritional status and tumors is
closely intertwined, with many cancer patients experiencing malnutrition due to metabolic
changes, anorexia, nausea, vomiting, and other factors resulting from tumor growth and
treatment. This is especially true for patients with gastric cancer [16–18]. Malnutrition
can adversely affect the efficacy of tumor treatment and diminish the body’s immune
function, which, in turn, lowers its resistance to tumors and accelerates their growth [19,20].
The immune function of patients is closely linked to their nutritional status, meaning that
proper nutrition is essential for maintaining optimal immune function.

The Prognostic Nutritional Index (PNI) can effectively indicate the nutritional and
inflammatory status of patients, with numerous studies confirming its effectiveness in
assessing gastric cancer [21,22]. By combining PNI, which indicates nutritional and inflam-
matory status, with lymphocyte subsets that reflect immune status, a more comprehensive
evaluation of the condition of gastric cancer patients can be achieved.

2. Materials and Methods
2.1. Patients

We continuously collected data from 291 patients with gastric cancer who underwent
surgery at our institution between January 2016 and December 2017. All patients underwent
peripheral lymphocyte subset proportion testing and had complete clinical data. Clinical
and pathological information were gathered using an electronic medical records system,
and due to the retrospective nature of the study, the Ethics Committee of Harbin Medical
University Cancer Hospital waived the need for informed consent (Ethics number: 2019-
57-IIT). All analyses were conducted in accordance with the Helsinki Declaration and
its amendments.

2.2. Data Collection

The study’s endpoints were progression-free survival (PFS) and overall survival (OS),
which were determined through centralized telephone follow-up conducted in December
2021. PFS was the period between the beginning of surgery and the progression of the
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disease, and evidence of disease progression was determined through imaging tests such
as enhanced CT. For patients without evidence of disease progression, PFS also ended at
the time of the last follow-up. OS was the period from the beginning of surgery to death or
the last follow-up.

2.3. Peripheral Lymphocyte Subsets and PNI

The percentage of peripheral lymphocyte subsets were detected via flow cytometry
and including CD3 (+) T cell, CD3 (+) CD4 (+) T cell, CD3 (+) CD8 (+) T cell, CD3 (+)
CD4 (+) CD8 (+) T cell, CD19 (+) B cell, CD3 (−) CD16 (+) CD56 (+) NK cell, and CD3
(+) CD16 (+) CD56 (+) NK T cell. In addition, we also calculated the ratio of CD4 to CD8.
The sum of their proportions was approximately equal to 100%. PNI was calculated as
follows: PNI = albumin (g/L) + 5 × lymphocyte (109/L). The cut-off points for CD19
(+) B cell and PNI were obtained using the maximum Youden index [Sensitivity − (1 −
Specificity)] calculated by the receiver operating characteristic (ROC) curve. The maximum
Youden indexes for CD19 (+) B cell and PNI were 0.157 and 0.199, and their cut-off values
were 15.40% and 45.82 (Figure 1C,G). Patients with CD19 (+) B cell levels < 15.40% and
PNI < 45.82 were included in group 1, those with CD19 (+) B cell levels ≥ 15.40% and
PNI ≥ 45.82 were placed in group 3, while the remaining cases were categorized under
group 2.
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2.4. Statistical Analysis

We performed all statistical analyses using R version 4.2.2 (https://www.r-project.org,
accessed on 2 March 2023) and GraphPad Prism 8.0 (https://www.graphpad.com, accessed
on 3 March 2023). Statistical significance was set at a two-sided p value of <0.05. Differences
in clinical information were compared using Student’s t-test, Chi-square test, or Fisher’s
exact test. Survival differences were evaluated using Kaplan–Meier survival curves and
Log-rank test. Cox’s regression analysis was conducted to identify prognostic markers, with
relative risks estimated by the hazard ratio (HR) and 95% confidence interval (CI). Finally,
we developed nomograms to predict the survival probability of patients and assessed their
predictive performance using calibration curves.
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3. Results
3.1. Patient Characteristics

This study enrolled a total of 291 cases, with 203 (69.8%) men and 88 (30.2%) women,
and a mean age of 59.05 (10.45) years. All patients underwent surgery, with 274 patients
(94.2%) receiving radical resection. Due to non-normal distribution of tumor markers,
patients were categorized into two groups based on the median of tumor markers. Our
results showed that CD19 (+) B cell–PNI was associated with age, body mass index (BMI),
TNM stage, and CA724 (all p < 0.05) (Table 1).

Table 1. Patient characteristics.

CD19 (+) B Cell–PNI Group

Group 1 Group 2 Group 3 p Value

Item n = 56 n = 190 n = 45

Age (years), mean (SD) 63.73 (10.56) 58.78 (9.80) 54.40 (10.85) <0.001
Sex (%) 0.453
Male 41 (73.2) 134 (70.5) 28 (62.2)
Female 15 (26.8) 56 (29.5) 17 (37.8)
BMI (Kg/m2), mean (SD) 21.68 (3.29) 22.91 (3.00) 24.13 (3.56) 0.001
Radical resection (%) 0.191
Yes 52 (92.9) 177 (93.2) 45 (100)
No 4 (7.1) 13 (6.8) 0 (0.0)
Primary tumor site (%) 0.610
Upper 1/3 1 (1.8) 8 (4.2) 2 (4.4)
Middle 1/3 4 (7.1) 26 (13.7) 8 (17.8)
Low 1/3 42 (75.0) 135 (71.1) 31 (68.9)
Whole 9 (16.1) 21 (11.1) 4 (8.9)
Borrmann type (%) 0.193
I 2 (3.6) 21 (11.1) 9 (20.0)
II 15 (26.8) 59 (31.1) 13 (28.9)
III 36 (64.3) 97 (51.1) 20 (44.4)
IV 3 (5.4) 13 (6.8) 3 (6.7)
LNP (%) 0.080
Yes 34 (60.7) 83 (43.7) 21 (46.7)
No 22 (39.3) 107 (56.3) 24 (53.3)
Tumor size (%) <0.001
<20 mm 0 (0.0) 14 (7.4) 15 (33.3)
20–50 mm 21 (37.5) 90 (47.4) 13 (28.9)
>50 mm 35 (62.5) 86 (45.3) 17 (37.8)
Differentiation (%) 0.116
Poor 21 (37.5) 64 (33.7) 16 (35.6)
Moderately 31 (55.4) 100 (52.6) 18 (40.0)
Well 2 (3.6) 15 (7.9) 9 (20.0)
Unknown 2 (3.6) 11 (5.8) 2 (4.4)
Lauren type (%) 0.989
Intestinal 27 (48.3) 93 (48.9) 23 (51.1)
Diffuse 10 (17.9) 35 (18.4) 6 (13.3)
Mixed 17 (30.4) 53 (27.9) 14 (31.1)
Unknown 2 (3.6) 9 (4.7) 2 (4.4)
TNM stage (%) 0.032
I 13 (23.2) 83 (43.7) 21 (46.7)
II 13 (23.2) 48 (25.3) 10 (22.2)
III 24 (42.9) 53 (27.9) 12 (26.7)
IV 6 (10.7) 6 (3.2) 2 (4.4)
CEA (%) 0.310
<1.97 ng/mL 32 (57.1) 88 (46.3) 24 (53.3)
≥1.97 ng/mL 24 (42.9) 102 (53.7) 21 (46.7)
CA199 (%) 0.141
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Table 1. Cont.

CD19 (+) B Cell–PNI Group

Group 1 Group 2 Group 3 p Value

Item n = 56 n = 190 n = 45

<10.19 U/L 24 (42.9) 93 (48.9) 28 (62.2)
≥10.19 U/L 32 (57.1) 97 (51.1) 17 (37.8)
CA724 (%) 0.001
<2.17 U/L 17 (30.4) 98 (51.6) 30 (66.7)
≥2.17 U/L 39 (69.6) 92 (48.4) 15 (33.3)
CA125II (%) 0.897
<10.21 U/L 28 (50.0) 96 (50.5) 21 (46.7)
≥10.21 U/L 28 (50.0) 94 (49.5) 24 (53.3)

BMI: body mass index; LNP: lymph node positive; CEA: carcinoembryonic antigen; CA199: carbohydrate antigen
199; CA724: carbohydrate antigen 724; CA125II: carbohydrate antigen 125II; PNI: Prognostic Nutritional Index.

Furthermore, Fisher’s exact test revealed that patients in group one tended to have
larger tumor sizes (p < 0.001). When analyzing blood parameters, we found that cases
with low CD19 (+) B cell and PNI had lower γ-glutamyl transferase (γ-GGT), lower total
bilirubin (TBIL), lower indirect bilirubin (IDBIL), lower total protein (TP), lower albumin
(ALB), lower globulin (GLOB), lower prealbumin (PALB), lower lymphocyte (Lym), higher
CD3 (+) T cell, higher CD3 (+) CD8 (+) T cell, lower CD19 (+) B cell, and higher CD3 (−)
CD16 (+) CD56 (+) NK cell (all p < 0.05) (Table 2).

Table 2. Blood parameters.

CD19 (+) B Cell–PNI Group

Group 1 Group 2 Group 3 p Value

Item, Mean (SD) n = 56 n = 190 n = 45

ALT (U/L) 19.32 (10.63) 21.27 (13.34) 23.52 (14.57) 0.277
AST (U/L) 21.98 (10.25) 21.81 (7.97) 22.38 (7.14) 0.918

γ-GGT (U/L) 15.65 (8.55) 26.14 (21.07) 22.96 (20.77) 0.002
TBIL (µmol/L) 10.78 (6.07) 13.46 (8.86) 11.21 (6.04) 0.042
DBIL (µmol/L) 4.11 (2.25) 4.31 (1.61) 3.99 (1.76) 0.503
IDBIL (µmol/L) 6.68 (4.25) 8.40 (3.46) 7.26 (4.58) 0.006

TP (g/L) 59.89 (6.29) 69.35 (5.42) 69.49 (4.57) <0.001
ALB (g/L) 35.13 (3.53) 41.87 (3.46) 42.15 (3.17) <0.001

GLOB (g/L) 25.16 (3.71) 27.42 (3.94) 27.34 (2.84) <0.001
PALB (mg/L) 218.44 (72.14) 283.77 (72.60) 280.02 (73.89) <0.001

Urea (mmol/L) 5.83 (1.51) 6.21 (5.02) 6.22 (1.84) 0.823
CREA (µmol/L) 80.25 (15.54) 87.52 (44.46) 78.38 (17.46) 0.206

UA (µmol/L) 265.27 (95.65) 304.58 (86.40) 311.42 (81.33) 0.007
Glu (mmol/L) 5.17 (1.04) 5.30 (1.22) 5.20 (1.00) 0.745
WBC (109/L) 6.34 (2.91) 6.79 (2.09) 7.04 (1.76) 0.257
NEU (109/L) 4.46 (2.95) 3.99 (1.92) 4.12 (1.55) 0.357
Lym (109/L) 1.29 (0.40) 2.11 (0.71) 2.21 (0.70) <0.001
CD3 (+) (%) 82.63 (84.64) 68.60 (10.61) 66.08 (7.60) 0.036

CD3 (+) CD4 (+) (%) 41.89 (8.80) 40.41 (8.66) 41.19 (8.61) 0.507
CD3 (+) CD8 (+) (%) 24.26 (9.70) 23.86 (7.76) 20.50 (6.55) 0.029

CD4 (+)/CD8 (+) 2.10 (1.09) 1.96 (1.07) 2.34 (1.09) 0.094
CD3 (+) CD4 (+) CD8 (+) (%) 0.32 (0.36) 0.60 (1.47) 0.54 (0.69) 0.328

CD19 (+) (%) 9.58 (3.31) 10.01 (3.46) 19.02 (3.05) <0.001
CD3 (−) CD16 (+) CD56 (+) (%) 15.70 (9.76) 18.27 (9.81) 11.45 (5.30) <0.001
CD3 (+) CD16 (+) CD56 (+) (%) 3.51 (3.44) 3.04 (3.64) 3.02 (7.22) 0.761

ALT: alanine transaminase; AST: aspartate aminotransferase; γ-GGT: γ-glutamyl transferase; TBIL: total biliru-
bin; DBIL: direct bilirubin; IDBIL: indirect bilirubin; TP: total protein; ALB: albumin; GLOB: globulin; PALB:
prealbumin; WBC: white blood cell; NEU: neutrophil; Lym: lymphocyte; PNI: Prognostic Nutritional Index.
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3.2. Univariate and Multivariate Cox’s Regression Analysis

We conducted Cox’s regression analysis on the clinical and pathological information
of patients. In addition, to explore the impact of lymphocyte subsets more accurately on
prognosis, we have also included non-grouped lymphocyte subsets in the analysis. The
results showed that age, BMI, CD3 (+) CD8 (+) T cell, CD19 (+) B cell, CD3 (+) CD16 (+)
CD56 (+) NK T cell, ALB, Lym, PNI, CD19 (+)-B cell–PNI, radical resection, Borrmann type,
lymph node positive (LNP), tumor size, and TNM stage (all p < 0.05) were significantly
associated with both PFS and OS. Furthermore, CD3 (+) T cell was also identified as
a prognostic factor for OS (p = 0.028). After incorporating meaningful indicators from
univariate analysis into Cox’s multivariate regression analysis, we found that age, CD19 (+)
B cell–PNI, and TNM stage were identified as independent prognostic markers for both
PFS and OS (all p < 0.05) (Tables 3 and 4).

Table 3. Univariate and multivariate analysis for PFS.

PFS

Univariate Analysis Multivariate Analysis

Parameters HR (95% CI) p HR (95% CI) p

Age (years) 1.036 (1.015–1.057) 0.001 1.021 (1.000–1.042) 0.047
Sex

Male 1 (Ref)
Female 0.918 (0.601–1.401) 0.692

BMI (Kg/m2) 0.931 (0.877–0.988) 0.018
CD3 (+) (%) 1.003 (1.000–1.005) 0.051

CD3 (+) CD4 (+) (%) 0.998 (0.975–1.021) 0.854
CD3 (+) CD8 (+) (%) 1.027 (1.003–1.051) 0.026

CD4 (+)/CD8 (+) 0.934 (0.769–1.134) 0.493
CD3 (+) CD4 (+) CD8 (+) (%) 0.909 (0.715–1.155) 0.435

CD19 (+) (%) 0.934 (0.893–0.978) 0.003
CD3 (−) CD16 (+) CD56 (+) (%) 0.994 (0.973–1.015) 0.581
CD3 (+) CD16 (+) CD56 (+) (%) 1.031 (1.002–1.061) 0.039

ALB (g/L) 0.949 (0.909–0.990) 0.016
Lym (109/L) 0.690 (0.517–0.920) 0.012

PNI 0.952 (0.924–0.982) 0.002
CD19 (+) B cell–PNI

Group 1 1 (Ref) 1 (Ref)
Group 2 0.443 (0.293–0.670) <0.001 0.763 (0.483–1.206) 0.248
Group 3 0.198 (0.088–0.447) <0.001 0.352 (0.149–0.831) 0.017

Radical resection (%)
Yes 1 (Ref) 1 (Ref)
No 4.182 (2.335–7.492) <0.001 1.411 (0.579–3.439) 0.448

Primary tumor site (%)
Upper 1/3 1 (Ref)
Middle 1/3 0.627 (0.196–2.000) 0.430

Low 1/3 0.877 (0.320–2.401) 0.798
Whole 2.084 (0.712–6.104) 0.180

Borrmann type (%)
I 1 (Ref) 1 (Ref)
II 6.081 (1.448–25.533) 0.014 1.978 (0.400–9.783) 0.403
III 8.088 (1.977–33.091) 0.004 2.282 (0.476–10.928) 0.302
IV 28.997 (6.605–127.294) <0.001 4.626 (0.877–24.383) 0.071

LNP (%)
No 1 (Ref) 1 (Ref)
Yes 3.537 (2.324–5.384) <0.001 1.050 (0.511–2.158) 0.895

Tumor size (%)
<20 mm 1 (Ref) 1 (Ref)

20–50 mm 2.715 (0.831–8.870) 0.098 1.536 (0.402–5.871) 0.531
>50 mm 6.883 (2.165–21.878) 0.001 1.203 (0.576–1.431) 0.677
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Table 3. Cont.

PFS

Univariate Analysis Multivariate Analysis

Parameters HR (95% CI) p HR (95% CI) p

TNM stage (%)
I 1 (Ref) 1 (Ref)
II 3.875 (1.878–7.996) <0.001 3.192 (1.388–7.340) 0.006
III 11.807 (6.187–22.533) <0.001 8.472 (3.134–22.904) <0.001
IV 45.844 (20.022–104.969) <0.001 21.182 (6.246–71.836) <0.001

HR: hazard ratio; BMI: body mass index; LNP: lymph node positive; PNI: Prognostic Nutritional Index; ALB:
albumin; Lym: lymphocyte.

Table 4. Univariate and multivariate analysis for OS.

OS

Univariate Analysis Multivariate Analysis

Items HR (95% CI) p HR (95% CI) p

Age (years) 1.037 (1.016–1.058) <0.001 1.022 (1.001–1.043) 0.045
Sex

Male 1 (Ref)
Female 0.912 (0.597–1.392) 0.669

BMI (Kg/m2) 0.932 (0.879–0.989) 0.021
CD3 (+) (%) 1.003 (1.000–1.003) 0.028

CD3 (+) CD4 (+) (%) 0.998 (0.976–1.021) 0.885
CD3 (+) CD8 (+) (%) 1.028 (1.004–1.052) 0.023

CD4 (+)/CD8 (+) 0.935 (0.771–1.135) 0.496
CD3 (+) CD4 (+) CD8 (+) (%) 0.913 (0.720–1.158) 0.454

CD19 (+) (%) 0.933 (0.892–0.977) 0.003
CD3 (−) CD16 (+) CD56 (+) (%) 0.994 (0.937–1.015) 0.549
CD3 (+) CD16 (+) CD56 (+) (%) 1.032 (1.002–1.063) 0.035

ALB (g/L) 0.947 (0.908–0.989) 0.013
Lym (109/L) 0.684 (0.513–0.911) 0.009

PNI 0.951 (0.922–0.980) 0.001
CD19 (+) B cell–PNI

Group 1 1 (Ref) 1 (Ref)
Group 2 0.434 (0.287–0.656) <0.001 0.721 (0.455–1.143) 0.164
Group 3 0.191 (0.085–0.430) <0.001 0.319 (0.134–0.757) 0.010

Radical resection (%)
Yes 1 (Ref) 1 (Ref)
No 4.356 (2.431–7.807) <0.001 1.769 (0.762–4.105) 0.184

Primary tumor site (%)
Upper 1/3 1 (Ref)
Middle 1/3 0.609 (0.191–1.944) 0.402

Low 1/3 0.885 (0.323–2.423) 0.812
Whole 2.056 (0.702–6.023) 0.189

Borrmann type (%)
I 1 (Ref) 1 (Ref)
II 6.025 (1.435–25.300) 0.014 2.002 (0.405–9.909) 0.395
III 8.012 (1.958–32.780) 0.004 2.180 (0.454–10.467) 0.330
IV 27.087 (6.171–118.891) <0.001 4.625 (0.876–24.410) 0.071

LNP (%)
No 1 (Ref) 1 (Ref)
Yes 3.445 (2.264–5.242) <0.001 1.089 (0.532–2.232) 0.815

Tumor size (%)
<20 mm 1 (Ref) 1 (Ref)

20–50 mm 2.710 (0.829–8.858) 0.099 1.466 (0.386–5.568) 0.574
>50 mm 6.917 (2.176–21.988) 0.001 1.217 (0.546–1.355) 0.516
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Table 4. Cont.

OS

Univariate Analysis Multivariate Analysis

Items HR (95% CI) p HR (95% CI) p

TNM stage (%)
I 1 (Ref) 1 (Ref)
II 3.833 (1.858–7.910) <0.001 3.282 (1.435–7.505) 0.005
III 11.441 (5.999–21.819) <0.001 9.280 (3.441–25.029) <0.001
IV 35.899 (15.895–81.079) <0.001 15.617 (4.770–51.134) <0.001

HR: hazard ratio; BMI: body mass index; LNP: lymph node positive; PNI: Prognostic Nutritional Index; ALB:
albumin; Lym: lymphocyte.

In addition, we evaluated the predictive advantage of different parameters for progno-
sis using AUC calculated by ROC with death as the endpoint. At the same time, to highlight
the prognostic value of combined indicators, we also included classic inflammation and
nutritional markers in the analysis. Their calculation formulas are shown in Table 5. The
results showed that CD19 (+) B cell had the highest area under curve (AUC) in lymphocyte
subsets and PNI had the highest AUC in classic inflammatory and nutritional markers. The
combined indicators, consisting of CD19 (+) B cell and PNI, demonstrated a significant
advantage in predicting prognosis among non-invasive biomarkers (AUC = 0.648) (Table 6).

Table 5. The calculation formulas.

Items Calculation Formulas

GNRI [1.519 × albumin (g/L)] + [41.7 × (weight/Wlo)]
NRI [1.489 × albumin (g/L)] + [41.7 × (weight/Wlo)]
SII platelet (109/L) × neutrophil (109/L)/lymphocyte (109/L)

SIRI Monocyte (109/L) × neutrophil (109/L)/lymphocyte (109/L)
ALI BMI (Kg/m2) × albumin (g/dL) × lymphocyte (109/L)/neutrophil (109/L)

GNRI, geriatric nutritional risk index; NRI, nutritional risk index; SII, systemic immune-inflammation index; SIRI,
systemic inflammation response index; ALI, advanced lung cancer inflammation index; The Lorentz equations
(Wlo) were as follows: male = Height − 100 − [(Height − 150)/4]; female = Height − 100 − [(Height − 150)/2.5].

Table 6. The AUC of different parameters.

Parameters AUC 95% CI

CD19 (+) B cell–PNI 0.648 0.582–0.713
Age 0.621 0.555–0.687
BMI 0.584 0.517–0.651

Differentiation 0.562 0.494–0.629
TNM stage 0.817 0.766–0.868
Lauren type 0.537 0.469–0.605
Tumor size 0.668 0.605–0.731

Primary tumor site 0.571 0.502–0.640
Borrmann type 0.646 0.582–0.711

NRI 0.593 0.525–0.661
GNRI 0.591 0.523–0.598
PNI 0.615 0.547–0.683
SII 0.567 0.498–0.637

SIRI 0.561 0.491–0.631
ALI 0.536 0.466–0.607
ALT 0.533 0.465–0.602
AST 0.504 0.436–0.572

γ-GGT 0.533 0.465–0.601
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Table 6. Cont.

Parameters AUC 95% CI

TBIL 0.582 0.513–0.651
DBIL 0.547 0.478–0.615
IDBIL 0.586 0.518–0.655

TP 0.583 0.515–0.652
ALB 0.580 0.511–0.648

GLOB 0.542 0.473–0.611
A/G 0.533 0.464–0.601
PALB 0.640 0.599–0.727
Urea 0.516 0.446–0.586

CREA 0.537 0.467–0.607
UA 0.549 0.478–0.621
Glu 0.538 0.469–0.607

WBC 0.526 0.456–0.597
NEU 0.514 0.443–0.585
Lym 0.606 0.538–0.675
CEA 0.563 0.494–0.631

CA199 0.543 0.474–0.612
CA724 0.610 0.543–0.677

CA125II 0.588 0.520–0.655
CD3 (+) 0.582 0.511–0.652

CD3 (+) CD4 (+) 0.500 0.429–0.571
CD3 (+) CD8 (+) 0.564 0.494–0.632
CD4 (+)/CD8 (+) 0.533 0.462–0.603

CD3 (+) CD4 (+) CD8 (+) 0.511 0.442–0.579
CD19 (+) 0.601 0.534–0.668

CD3 (−) CD16 (+) CD56 (+) 0.536 0.466–0.607
CD3 (+) CD16 (+) CD56 (+) 0.546 0.475–0.617

AUC: area under curve; CI: confidence interval; PNI: Prognostic Nutritional Index; GNRI: geriatric nutritional
risk index; NRI: nutritional risk index; SII: systemic immune-inflammation index; SIRI: systemic inflammation
response index; ALI: advanced lung cancer inflammation index; ALT: alanine transaminase; AST: aspartate
aminotransferase; γ-GGT: γ-glutamyl transferase; TBIL: total bilirubin; DBIL: direct bilirubin; IDBIL: indirect
bilirubin; TP: total protein; ALB: albumin; GLOB: globulin; PALB: prealbumin; Urea: urea nitrogen; CREA:
creatinine; UA: uric acid; Glu: glucose; WBC: white blood cell; NEU: neutrophil; Lym: lymphocyte; CEA: carci-
noembryonic antigen; CA199: carbohydrate antigen 199; CA724: carbohydrate antigen 724; CA125II: carbohydrate
antigen 125II.

3.3. Survival Analysis for Lymphocyte Subsets

As some of the lymphocyte subset indicators were found to be related to survival in
Cox’s regression analysis, the maximum Youden indexes for CD3 (+) T cell, CD3 (+) CD8
(+) T cell, and CD3 (+) CD16 (+) CD56 (+) NK T cell were 0.191, 0.138, and 0.110, and their
cut-off values were 74.60%, 25.25%, and 4.85% (Figure 1A,B,D). There were 211 patients
with CD3 (+) T cell < 74.60%, with 1-, 3-, and 5-year survival rates for PFS and OS of 90.5%,
75.2%, and 71.7%, and 91.0%, 77.7%, and 73.3%, respectively. There were 80 patients with
CD3 (+) T cell ≥ 74.60%, with 1-, 3-, and 5-year survival rates for PFS and OS of 88.8%,
65.0%, and 51.2%, and 89.7%, 78.6%, and 75.2%, respectively. Patients with high CD3
(+) T cell levels had a shorter PFS (HR = 1.995, p < 0.001) and OS (HR = 2.051, p < 0.001)
(Figure 2A,B).

After grouping, 182 cases were enrolled in the CD3 (+) CD8 (+) T cell < 25.25% group
and 109 cases were enrolled in the CD3 (+) CD8 (+) T cell ≥ 25.25% group. The 1-, 3-, and
5-year survival rates for PFS in patients with CD3 (+) CD8 (+) T cell < 25.25% and CD3
(+) CD8 (+) T cell ≥ 25.25% were 90.8%, 75.6%, and 71.7% and 89.6%, 67.0%, and 56.5%,
respectively. The corresponding survival rates for OS were 91.8%, 76.3%, and 71.8% and
90.1%, 71.6%, and 59.6%. Notably, patients with high CD3 (+) CD8 (+) T cell were associated
with poorer PFS (HR = 1.513, p = 0.030) and OS (HR = 1.516, p = 0.029) (Figure 2C,D).
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Figure 2. Survival curve for lymphocyte subset. CD3 (+)-related survival curve for (A) PFS and
(B) OS; CD3 (+) CD8 (+)-related survival curve for (C) PFS and (D) OS; CD19 (+)-related survival
curve for (E) PFS and (F) OS. CD3 (+) CD16 (+) CD56 (+)-related survival curve for (G) PFS and
(H) OS.

There were 240 patients with CD19 (+) B cell < 15.40%, and their 1- and 3-year survival
rates for PFS and OS were 89.6% and 90.0%, respectively, while there were 51 patients with
CD19 (+) B cell ≥ 15.40%, and their 1- and 3-year survival rates for PFS and OS were 92.2%
and 83.9% and 92.2% and 84.1%, respectively. Patients with low CD19 (+) B cell had shorter
PFS (HR = 0.358, p < 0.004) and OS (HR = 0.351, p < 0.003) (Figure 2E,F).

There were then 240 cases with CD3 (+) CD16 (+) CD56 (+) NK T cell < 4.85% and
51 cases with CD3 (+) CD16 (+) CD56 (+) NK T cell ≥ 4.85%. Patients with CD3 (+) CD16
(+) CD56 (+) NK T cell < 4.85% had 1-, 3-, and 5-year survival rates for PFS and OS of 91.3%,
76.5%, and 69.6% and 91.3%, 78.3%, and 71.1%, respectively. In addition, patients with
CD3 (+) CD16 (+) CD56 (+) NK T cell ≥ 4.85% had 1-, 3-, and 5-year survival rates for PFS
and OS of 84.3%, 52.9%, and 49.0% and 86.3%, 56.9%, and 48.5%, respectively. Patients
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with high CD3 (+) CD16 (+) CD56 (+) NK T cell had significantly poorer PFS (HR = 1.865,
p = 0.005) and OS (HR = 1.880, p = 0.004) (Figure 2G,H).

3.4. Survival Analysis for Prognostic Nutritional Index

In this study, we conducted a survival analysis for PNI because it has the highest
ACU among classic inflammatory and nutritional markers. The maximum Youden indexes
calculated by ROC for ALB and Lym were 0.140 and 0.200, and their cut-off values were
38.50 g/L and 1.43 × 109/L (Figure 1E,F). Of the total 291 patients, there were 84 cases
with ALB < 38.50 g/L and 207 cases with ALB ≥ 38.50 g/L. The 1-, 3-, and 5-year survival
rates for both PFS and OS in patients with ALB < 38.50 g/L were 89.3%, 65.2%, and 55.4%
vs. 88.1%, 66.7%, and 57.1%, respectively. In addition, the corresponding survival rates in
patients with ALB ≥ 38.50 g/L were 90.3%, 75.3%, and 70.2% vs. 91.3%, 77.7%, and 71.3%.
Patients with low ALB levels had significantly shorter PFS and OS (HR = 0.600, p = 0.013
and HR = 0.583, p = 0.009, respectively) (Figure 3A,B).
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and (F) OS.

There were 70 patients with Lym < 1.43 109/L and 221 patients with Lym ≥ 1.43 × 109/L.
The 1-, 3-, and 5-year survival rates for PFS in patients with Lym < 1.43 × 109/L and Lym
≥ 1.43 × 109/L were 85.7%, 58.4%, and 49.6% and 91.4%, 76.8%, and 71.2%, respectively.
Similarly, the corresponding survival rates for OS were 84.3%, 62.9%, and 52.8% and 92.3%,
78.2%, and 71.8%. Patients with low Lym had poorer PFS and OS (HR = 0.456, p < 0.001
and HR = 0.453, p < 0.001) (Figure 3C,D).

There were 62 patients with PNI < 45.82, with 1-, 3-, and 5-year survival rates for PFS
and OS of 87.1%, 58.1%, and 46.6% and 85.5%, 61.3%, and 48.3%. Meanwhile, there were
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229 patients with PNI ≥ 45.82, with 1-, 3-, and 5-year survival rates for PFS and OS of 90.8%,
76.3%, and 71.3% and 91.7%, 78.1%, and 72.3%. Patients with PNI < 45.82 also related to
shorter PFS (HR = 0.441, p < 0.001) and OS (HR = 0.431, p < 0.001) (Figure 3E,F).

3.5. Survival Analysis for CD19 (+) B Cell–PNI

Due to the higher AUC of CD19 (+) B cell and PNI, we analyzed their relevant
indicators and combined them for survival analysis. We also compared the ROC curves of
grouped CD19 (+) B cell, PNI, and CD19 (+) B cell–PNI, and found that the AUC for PNI
was 0.615, that for CD19 (+) B cell was 0.601, and that for CD19 (+) B cell–PNI was 0.648.
The CD19 (+) B cell–PNI also had a higher AUC, indicating that it had a higher prognostic
value compared with a single indicator (Figure 4).
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We grouped patients as follows: 56 cases in group one with 1-, 3-, and 5-year survival
rates of 87.5%, 55.4%, and 42.7% for PFS and 85.7%, 58.9%, and 44.5% for OS; 190 cases
in group two with 1-, 3-, and 5-year survival rates of 90.0%, 74.7%, and 68.9% for PFS
and 91.1%, 76.8%, and 70.0% for OS; and 45 cases in group three with 1-, 3-, and 5-year
survival rates of 93.3%, 83.9%, and 73.1% for PFS and 93.1%, 84.2%, and 73.3% for OS.
Patients in group one had shorter PFS (HR = 0.444, p < 0.001) and OS (HR = 0.435, p < 0.001)
(Figure 5A,B).
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3.6. Survival Analysis for CD19 (+) B Cell–PNI in Different TNM Stages

As the patients in this study were at different TNM stages, we explored the prognostic
significance of combined indicators in different TNM stages. Additionally, due to the
uneven distribution of CD19 (+) B cell–PNI in different TNM stages, we combined stages I
and II, as well as stages III and IV for analysis. There were 188 cases with stage I and II,
with 1-, 3-, and 5-year survival rates for PFS and OS of 97.9%, 87.7%, and 84.4% and 97.9%,
88.2%, and 85.6%. Meanwhile, there were 103 patients with stage III and IV, with 1-, 3-,
and 5-year survival rates for PFS and OS of 75.7%, 44.0%, and 31.7% and 76.7%, 49.5%, and
33.7%. Patients with stage III and IV closely related to shorter PFS (HR = 6.723, p < 0.001)
and OS (HR = 6.528, p < 0.001) (Figure 6A,B).
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survival curve for PFS (A) and OS (B); CD19 (+) B cell–PNI-related survival curves in TNM stages I
and II for PFS (C) and OS (D); CD19 (+) B cell–PNI-related survival curves in TNM stages III and IV
for PFS (E) and OS (F).

In TNM stages I and II, there were 26 cases in group one with 1- and 3-year survival
rates of 96.2% and 76.9% for PFS and 96.2% and 80.8% for OS. At the same time, there were
131 cases in group two with 1- and 3-year survival rates of 97.7% and 89.3% for PFS and
97.6% and 88.4% for OS. In addition, there were 31 cases in group three with 1- and 3-year
survival rates of 99.9% and 90.0% for PFS and 100.0% and 91.1% for OS. Patients in group
one had poorer PFS (HR = 0.466, p = 0.029) and OS (HR = 0.468, p = 0.030) (Figure 6C,D).
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In TNM stages III and IV, there were 30 patients in group one with 1- and 3-year
survival rates of 70.1% and 36.7% for PFS and 71.7% and 40.0% for OS. At the same time,
there were 59 patients in group two with 1- and 3-year survival rates of 72.9% and 42.4% for
PFS and 76.3% and 49.2% for OS. In addition, there were 14 patients in group three with 1-
and 3-year survival rates of 78.6% and 69.8% for PFS and 78.6% and 71.4% for OS. Patients
in group one also had shorter PFS (HR = 0.611, p = 0.033) and OS (HR = 0.570, p = 0.014)
(Figure 6E,F).

3.7. Nomograms

To further verify the prognostic effectiveness of combined indicators, we constructed
nomograms to predict the probability of PFS and OS based on age, CD19 (+) B cell–PNI,
and TNM stage (Figure 7A,B). The C-index and 95% CI of the nomograms were 0.772
(0.752–0.833) for PFS and 0.773 (0.752–0.835) for OS. Furthermore, bootstrap correction
showed good consistency of the nomograms (Figure 8A,B).

Cancers 2023, 15, x FOR PEER REVIEW 15 of 21 
 

 

 

Figure 7. Nomograms of (A) PFS and (B) OS. Figure 7. Nomograms of (A) PFS and (B) OS.

142



Cancers 2023, 15, 2531Cancers 2023, 15, x FOR PEER REVIEW 16 of 21 
 

 

 

Figure 8. The calibration curves of the nomograms for (A) PFS and (B) OS. 

4. Discussion 

After the discovery that solid tumors can affect the composition and quantity of cir-

culating lymphocyte subpopulations, the relationship between peripheral lymphocyte 

subpopulations and tumor prognosis has been extensively studied. Zhu and his col-

leagues gathered data from 220 patients with nasopharyngeal carcinoma who underwent 

concurrent chemoradiotherapy. They analyzed the patients’ EBV status and peripheral 

lymphocyte subsets and found that higher levels of CD3 (+) CD8 (+) percentage and lower 

levels of CD3 (−) CD56 (+) percentage were linked to be�er OS [23]. In another study, Zhou 

and his colleagues also discovered the predictive value of certain subpopulations of pe-

ripheral lymphocytes. They collected data from 84 patients with stage III esophageal squa-

mous cell carcinoma who had undergone neoadjuvant chemotherapy and analyzed their 

disease progression. Their analysis revealed that the percentage of NK cells was an inde-

pendent predictor of pathological complete response [24]. In 2019, Yang and his colleagues 

studied the predictive ability of circulating lymphocyte subsets for clinical outcomes in 

Figure 8. The calibration curves of the nomograms for (A) PFS and (B) OS.

4. Discussion

After the discovery that solid tumors can affect the composition and quantity of cir-
culating lymphocyte subpopulations, the relationship between peripheral lymphocyte
subpopulations and tumor prognosis has been extensively studied. Zhu and his colleagues
gathered data from 220 patients with nasopharyngeal carcinoma who underwent concur-
rent chemoradiotherapy. They analyzed the patients’ EBV status and peripheral lymphocyte
subsets and found that higher levels of CD3 (+) CD8 (+) percentage and lower levels of
CD3 (−) CD56 (+) percentage were linked to better OS [23]. In another study, Zhou and
his colleagues also discovered the predictive value of certain subpopulations of peripheral
lymphocytes. They collected data from 84 patients with stage III esophageal squamous
cell carcinoma who had undergone neoadjuvant chemotherapy and analyzed their disease
progression. Their analysis revealed that the percentage of NK cells was an independent
predictor of pathological complete response [24]. In 2019, Yang and his colleagues studied
the predictive ability of circulating lymphocyte subsets for clinical outcomes in metastatic
breast cancer. Through survival analysis of 482 patients with metastatic breast cancer,
they found that high levels of CD3 (+) T cell and CD3 (+) CD4 (+) T cell were associated
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with poor outcomes [25]. Peripheral lymphocyte subsets can also predict the prognosis
of patients with gastric cancer. Gao et al. collected clinical information and peripheral
lymphocyte subset data from 171 patients with gastric cancer who underwent radical
resection. Survival analysis revealed that total T-cell count, B-cell count, and percentage of
regulatory T-cells were independent predictors of recurrence-free survival [26]. Another
study targeting gastric cancer also reached similar conclusions [27]. As a commonly used
nutritional biomarker, PNI has been extensively studied and confirmed for its ability to
predict the prognosis of gastric cancer [28–31].

This study further explored the relationship between lymphocyte subsets and prog-
nosis in patients with gastric cancer who underwent surgery on a larger sample size. We
performed Cox’s regression analysis on all ungrouped peripheral lymphocyte subset indi-
cators and found that patients with high percentages of CD3 (+) T cells, CD3 (+) CD8 (+) T
cells, CD3 (+) CD16 (+) CD56 (+) NK T cells, and low percentages of CD19 (+) B cells had
worse PFS and OS. After grouping based on ROC curves, the survival analysis still yielded
the same results. This result seems different from previous studies which found that T
lymphocyte subsets were positively correlated with the prognosis of cancer patients [23,32].
The possible reason was that the percentage of peripheral lymphocyte subsets could only
reflect the changes in the composition of different lymphocyte populations but could not
accurately reflect the quantity of a certain lymphocyte. In addition, many gastric cancer
patients included in this study were at TNM stages I and II (64.6%). The weak ability
of tumor tissue to suppress immune function allows the immune system to maintain a
response to the tumor. The main type of tumor immunity is cellular immunity, and an
increase in the proportion of T lymphocyte subsets may indicate a high tumor burden in
patients [33–35].

Due to the close relationship between nutritional status and gastric cancer, we first
combined lymphocyte subsets with PNI to determine the status of patients. In extensive
analysis of the prognostic value of various parameters, we found that CD19 (+) B cell and
PNI had the highest AUC among lymphocyte subsets and nutritional markers, respectively.
Therefore, we mainly investigated the predictive ability of CD19 (+) B cell binding PNI
on the disease progression and clinical outcomes of gastric cancer patients. Correlation
analysis found that CD19 (+) B cell–PNI was related to age, BMI, TNM staging, CA724,
tumor size, and a wide range of blood parameters. Survival analysis showed that CD19
(+) B cell–PNI was not only associated with the prognosis of gastric cancer patients who
underwent surgery, but also an independent prognostic factor for them. The nomograms
containing CD19 (+) B cell–PNI also showed a high consistency between the predicted
survival probability and the actual survival probability. These results all confirm its
predictive value in gastric cancer. In addition, due to the cautious attitudes of doctors and
patients towards endoscopic submucosal dissection (ESD), as well as some early metastases
that cannot be detected by imaging examinations, our study included patients with all
TNM stages. Although the significant correlation between CD19 (+) B cell combined with
PNI and TNM stage resulted in uneven distribution of patients in different groups, we
could still find that it had prognostic value in different TNM stages.

Some possible mechanisms could explain how CD19 (+) B cell combined with PNI
could accurately predict the prognosis of gastric cancer patients. CD19 was a molecule
that was expressed on all B cell lineages except for plasma cells. Belonging to the im-
munoglobulin superfamily, it played a critical role in B cell development, activation, and
proliferation [36,37]. An increase in CD19 (+) B cells reflected an enhancement of humoral
immunity in patients and was important in anti-tumor immunity [38,39]. On the one hand,
tumor tissues could produce tumor-associated antigens, and antibodies produced by B cells
bind to these antigens to induce antibody-dependent cell-mediated cytotoxicity. On the
other hand, B cells could bind to tumor-associated antigens, process and present the antigen
to induce T cell immune response, or interact with macrophages and complement systems
to eliminate tumor cells [40,41]. Albumin not only reflected the nutritional status of patients
but also indicated liver function reserve and treatment tolerance [42,43]. Additionally,
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the decrease in serum albumin was related to systemic inflammatory status, as cytokines
produced during inflammation could both inhibit liver synthesis of albumin and induce
albumin denaturation, leading to a rapid decrease in serum albumin levels [19,44,45]. Pro-
longed inflammation could also inhibit the function of the immune system, leading to
tumor progression. Lymphocytes were the main participants in immune response, and
the decrease in lymphocyte levels resulted in a reduction in anti-tumor immune response,
leading to a more rapid development of tumors [46]. Therefore, albumin combined with
lymphocytes could predict the prognosis of tumor patients.

However, single indicators had certain limitations in predicting patient prognosis.
Although ALB can accurately reflect the patient’s status, it is influenced by various fac-
tors, including liver and kidney function, nutritional status, and inflammatory response.
Changes in these factors can affect the level of ALB [47]. Additionally, patients with gas-
tric cancer typically experience digestive symptoms, nausea, vomiting, and other issues,
which may also impact their dietary intake and ALB levels [48]. Similarly, lymphocytes
are influenced by factors such as infection, medication, nutritional status, and immune
system diseases, leading to certain limitations [5]. CD19 (+) B cells reflect the immune
function of a patient, but the immune function of cancer patients is also affected by various
factors, such as inflammation and nutritional status, tumor activity, age, and psychological
issues [49–51]. By combining PNI and CD19 (+) B cell measurements to predict patient
prognosis, the limitations of using single indicators could be minimized, resulting in more
accurate results. Overall, the combination of CD19 (+) B cells and PNI comprehensively
assessed the patient’s status from the perspective of immunity, nutrition, and inflammation,
and could accurately predict the clinical outcome of gastric cancer patients.

In this study, we were unable to eliminate the potential bias in information brought
about by a single-center retrospective study. In addition, this study only focused on
gastric cancer patients who underwent surgery, and the application of CD19 (+) B cells
combined with PNI in other types of cancer requires further exploration in subsequent
studies. Another issue worth noting is that the differences of CD19 (+) B cells and PNI
among different types of cancer patients made them still lack a recognized cut-off value.
Finally, the conclusions of this study need to be further verified by a larger sample size
prospective experiment.

5. Conclusions

The lymphocyte subsets including CD3 (+) T cell, CD3 (+) CD8 (+) T cell, CD3 (+)
CD16 (+) CD56 (+) NK T cell, and CD19 (+) B cell were related to the clinical outcomes
of patients with gastric cancer who underwent surgery. Additionally, PNI combined with
CD19 (+) B cell as a new biomarker had higher prognostic value than single markers and
other non-invasive biomarkers. This combination could be used to identify patients with a
high risk of metastasis and recurrence after surgery.

Author Contributions: Writing—original draft and writing—review and editing: H.S. (Hao Sun)
and H.W.; data curation and investigation: H.P. and Y.Z.; methodology and supervision: R.Z. and
R.H.; resources, funding acquisition, and project administration: Y.X. and H.S. (Hongjiang Song). All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Clinical Research Foundation of Wu Jieping Medical Founda-
tion (No: 320.6750.2022-07-13).

Institutional Review Board Statement: This study was approved by the ethics committee of Harbin
Medical University Cancer Hospital (Ethical approval number: 2019-57-IIT).

Informed Consent Statement: Due to the retrospective nature of this investigation, the Ethics Com-
mittee of Harbin Medical University Cancer Hospital decided to waive informed consent.

Data Availability Statement: The authors promise to provide the original data supporting this study
without reservation.

Conflicts of Interest: The authors declare no conflict of interest.

145



Cancers 2023, 15, 2531

References
1. Ajani, J.A.; D’Amico, T.A.; Bentrem, D.J.; Chao, J.; Cooke, D.; Corvera, C.; Das, P.; Enzinger, P.C.; Enzler, T.; Fanta, P.; et al. Gastric

Cancer, Version 2.2022, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw. 2022, 20, 167–192. [CrossRef]
2. Thrift, A.P.; El-Serag, H.B. Burden of Gastric Cancer. Clin. Gastroenterol. Hepatol. 2020, 18, 534–542. [CrossRef] [PubMed]
3. Pape, M.; Kuijper, S.C.; Vissers, P.A.J.; Ruurda, J.P.; Neelis, K.J.; van Laarhoven, H.W.M.; Verhoeven, R.H.A. Conditional relative

survival in nonmetastatic esophagogastric cancer between 2006 and 2020: A population-based study. Int. J. Cancer 2023, 152,
2503–2511. [CrossRef] [PubMed]

4. Park, S.H.; Hyung, W.J.; Yang, H.K.; Park, Y.K.; Lee, H.J.; An, J.Y.; Kim, W.; Kim, H.I.; Kim, H.H.; Ryu, S.W.; et al. Standard
follow-up after curative surgery for advanced gastric cancer: Secondary analysis of a multicentre randomized clinical trial
(KLASS-02). Br. J. Surg. 2023, 110, 449–455. [CrossRef] [PubMed]

5. Gonzalez, H.; Hagerling, C.; Werb, Z. Roles of the immune system in cancer: From tumor initiation to metastatic progression.
Gene. Dev. 2018, 32, 1267–1284. [CrossRef] [PubMed]

6. Abbott, M.; Ustoyev, Y. Cancer and the Immune System: The History and Background of Immunotherapy. Semin. Oncol. Nurs.
2019, 35, 150923. [CrossRef] [PubMed]

7. Janssen, L.M.E.; Ramsay, E.E.; Logsdon, C.D.; Overwijk, W.W. The immune system in cancer metastasis: Friend or foe?
J. Immunother. Cancer 2017, 5, 79. [CrossRef]

8. Sattler, S. The Role of the Immune System Beyond the Fight Against Infection. Adv. Exp. Med. Biol. 2017, 1003, 3–14. [CrossRef]
9. Wu, Z.; Li, S.; Zhu, X. The Mechanism of Stimulating and Mobilizing the Immune System Enhancing the Anti-Tumor Immunity.

Front. Immunol. 2021, 12, 682435. [CrossRef]
10. Pan, S.; Li, S.; Zhan, Y.; Chen, X.; Sun, M.; Liu, X.; Wu, B.; Li, Z.; Liu, B. Immune status for monitoring and treatment of bladder

cancer. Front Immunol. 2022, 13, 963877. [CrossRef]
11. Miao, K.; Zhang, X.; Wang, H.; Si, X.; Ni, J.; Zhong, W.; Zhao, J.; Xu, Y.; Chen, M.; Pan, R.; et al. Peripheral Blood Lymphocyte

Subsets Predict the Efficacy of Immune Checkpoint Inhibitors in Non-Small Cell Lung Cancer. Front. Immunol. 2022, 13, 912180.
[CrossRef]

12. Wang, Q.; Li, S.; Qiao, S.; Zheng, Z.; Duan, X.; Zhu, X. Changes in T Lymphocyte Subsets in Different Tumors Before and After
Radiotherapy: A Meta-analysis. Front. Immunol. 2021, 12, 648652. [CrossRef] [PubMed]

13. Wu, Y.; Ye, S.; Goswami, S.; Pei, X.; Xiang, L.; Zhang, X.; Yang, H. Clinical significance of peripheral blood and tumor tissue
lymphocyte subsets in cervical cancer patients. BMC Cancer 2020, 20, 173. [CrossRef] [PubMed]

14. Li, P.; Qin, P.; Fu, X.; Zhang, G.; Yan, X.; Zhang, M.; Zhang, X.; Yang, J.; Wang, H.; Ma, Z. Associations between peripheral blood
lymphocyte subsets and clinical outcomes in patients with lung cancer treated with immune checkpoint inhibitor. Ann. Palliat.
Med. 2021, 10, 3039–3049. [CrossRef] [PubMed]

15. Mao, F.; Yang, C.; Luo, W.; Wang, Y.; Xie, J.; Wang, H. Peripheral blood lymphocyte subsets are associated with the clinical
outcomes of prostate cancer patients. Int. Immunopharmacol. 2022, 113 Pt A, 109287. [CrossRef]

16. Bullock, A.F.; Greenley, S.L.; McKenzie, G.A.G.; Paton, L.W.; Johnson, M.J. Relationship between markers of malnutrition and
clinical outcomes in older adults with cancer: Systematic review, narrative synthesis and meta-analysis. Eur. J. Clin. Nutr. 2020,
74, 1519–1535. [CrossRef]

17. Park, J.H.; Kim, E.; Seol, E.M.; Kong, S.H.; Park, D.J.; Yang, H.K.; Choi, J.H.; Park, S.H.; Choe, H.N.; Kweon, M.; et al. Prediction
Model for Screening Patients at Risk of Malnutrition after Gastric Cancer Surgery. Ann. Surg. Oncol. 2021, 28, 4471–4481.
[CrossRef]

18. Huang, D.D.; Wu, G.F.; Luo, X.; Song, H.N.; Wang, W.B.; Liu, N.X.; Yu, Z.; Dong, Q.T.; Chen, X.L.; Yan, J.Y. Value of muscle
quality, strength and gait speed in supporting the predictive power of GLIM-defined malnutrition for postoperative outcomes in
overweight patients with gastric cancer. Clin. Nutr. 2021, 40, 4201–4208. [CrossRef]

19. Alwarawrah, Y.; Kiernan, K.; MacIver, N.J. Changes in Nutritional Status Impact Immune Cell Metabolism and Function. Front.
Immunol. 2018, 9, 1055. [CrossRef]

20. Zitvogel, L.; Pietrocola, F.; Kroemer, G. Nutrition, inflammation and cancer. Nat. Immunol. 2017, 18, 843–850. [CrossRef]
21. Sun, H.; Chen, L.; Huang, R.; Pan, H.; Zuo, Y.; Zhao, R.; Xue, Y.; Song, H. Prognostic nutritional index for predicting the clinical

outcomes of patients with gastric cancer who received immune checkpoint inhibitors. Front. Nutr. 2022, 9, 1038118. [CrossRef]
22. Okadome, K.; Baba, Y.; Yagi, T.; Kiyozumi, Y.; Ishimoto, T.; Iwatsuki, M.; Miyamoto, Y.; Yoshida, N.; Watanabe, M.; Baba, H.

Prognostic Nutritional Index, Tumor-infiltrating Lymphocytes, and Prognosis in Patients with Esophageal Cancer. Ann. Surg.
2020, 271, 693–700. [CrossRef] [PubMed]

23. Zhu, J.; Fang, R.; Pan, Z.; Qian, X. Circulating lymphocyte subsets are prognostic factors in patients with nasopharyngeal
carcinoma. BMC Cancer 2022, 22, 716. [CrossRef] [PubMed]

24. Zhou, J.; Lin, H.P.; Xu, X.; Wang, X.H.; Rong, L.; Zhang, Y.; Shen, L.; Xu, L.; Qin, W.T.; Ye, Q.; et al. The predictive value of
peripheral blood cells and lymphocyte subsets in oesophageal squamous cell cancer patients with neoadjuvant chemoradiotherapy.
Front. Immunol. 2022, 13, 1041126. [CrossRef] [PubMed]

25. Yang, J.; Xu, J.; E, Y.; Sun, T. Predictive and prognostic value of circulating blood lymphocyte subsets in metastatic breast cancer.
Cancer Med. 2019, 8, 492–500. [CrossRef] [PubMed]

26. Gao, C.; Tong, Y.X.; Zhu, L.; Dan Zeng, C.D.; Zhang, S. Short-term prognostic role of peripheral lymphocyte subsets in patients
with gastric cancer. Int. Immunopharmacol. 2023, 115, 109641. [CrossRef]

146



Cancers 2023, 15, 2531

27. Li, F.; Sun, Y.; Huang, J.; Xu, W.; Liu, J.; Yuan, Z. CD4/CD8 + T cells, DC subsets, Foxp3, and IDO expression are predictive
indictors of gastric cancer prognosis. Cancer Med. 2019, 8, 7330–7344. [CrossRef]

28. Zhang, X.; Zhao, W.; Chen, X.; Zhao, M.; Qi, X.; Li, G.; Shen, A.; Yang, L. Combining the Fibrinogen-to-Pre-Albumin Ratio and
Prognostic Nutritional Index (FPR-PNI) Predicts the Survival in Elderly Gastric Cancer Patients After Gastrectomy. Onco Targets
Ther. 2020, 13, 8845–8859. [CrossRef]

29. Liu, J.Y.; Dong, H.M.; Wang, W.L.; Wang, G.; Pan, H.; Chen, W.W.; Wang, Q.; Wang, Z.J. The Effect of the Prognostic Nutritional
Index on the Toxic Side Effects of Radiochemotherapy and Prognosis After Radical Surgery for Gastric Cancer. Cancer Manag. Res.
2021, 13, 3385–3392. [CrossRef]

30. Zhang, X.; Fang, H.; Zeng, Z.; Zhang, K.; Lin, Z.; Deng, G.; Deng, W.; Guan, L.; Wei, X.; Li, X.; et al. Preoperative Prognostic
Nutrition Index as a Prognostic Indicator of Survival in Elderly Patients Undergoing Gastric Cancer Surgery. Cancer Manag. Res.
2021, 13, 5263–5273. [CrossRef]

31. Ding, P.; Yang, P.; Sun, C.; Tian, Y.; Guo, H.; Liu, Y.; Li, Y.; Zhao, Q. Predictive Effect of Systemic Immune-Inflammation Index
Combined With Prognostic Nutrition Index Score on Efficacy and Prognosis of Neoadjuvant Intraperitoneal and Systemic
Paclitaxel Combined With Apatinib Conversion Therapy in Gastric Cancer Patients With Positive Peritoneal Lavage Cytology: A
Prospective Study. Front. Oncol. 2021, 11, 791912. [CrossRef]

32. Milasiene, V.; Stratilatovas, E.; Norkiene, V. The importance of T-lymphocyte subsets on overall survival of colorectal and gastric
cancer patients. Med. Lith. 2007, 43, 548–554.

33. Baxter, D. Active and passive immunization for cancer. Hum. Vacc Immunother. 2014, 10, 2123–2129. [CrossRef]
34. Ostroumov, D.; Fekete-Drimusz, N.; Saborowski, M.; Kühnel, F.; Woller, N. CD4 and CD8 T lymphocyte interplay in controlling

tumor growth. Cell. Mol. Life Sci. 2018, 75, 689–713. [CrossRef]
35. McGray, A.J.R.; Bramson, J. Adaptive Resistance to Cancer Immunotherapy. Adv. Exp. Med. Biol. 2017, 1036, 213–227. [CrossRef]
36. Li, X.; Ding, Y.; Zi, M.; Sun, L.; Zhang, W.; Chen, S.; Xu, Y. CD19, from bench to bedside. Immunol. Lett. 2017, 183, 86–95.

[CrossRef]
37. Wang, Y.; Liu, J.; Burrows, P.D.; Wang, J.Y. B Cell Development and Maturation. Adv. Exp. Med. Biol. 2020, 1254, 1–22. [CrossRef]

[PubMed]
38. Chen, V.E.; Greenberger, B.A.; Taylor, J.M.; Edelman, M.J.; Lu, B. The Underappreciated Role of the Humoral Immune System and

B Cells in Tumorigenesis and Cancer Therapeutics: A Review. Int. J. Radiat. Oncol. 2020, 108, 38–45. [CrossRef] [PubMed]
39. Conejo-Garcia, J.R.; Biswas, S.; Chaurio, R. Humoral immune responses: Unsung heroes of the war on cancer. Semin. Immunol.

2020, 49, 101419. [CrossRef]
40. Zaenker, P.; Gray, E.S.; Ziman, M.R. Autoantibody Production in Cancer—The Humoral Immune Response toward Autologous

Antigens in Cancer Patients. Autoimmun. Rev. 2016, 15, 477–483. [CrossRef] [PubMed]
41. Sato, Y.; Shimoda, M.; Sota, Y.; Miyake, T.; Tanei, T.; Kagara, N.; Naoi, Y.; Kim, S.J.; Noguchi, S.; Shimazu, K. Enhanced humoral

immunity in breast cancer patients with high serum concentration of anti-HER2 autoantibody. Cancer Med. 2021, 10, 1418–1430.
[CrossRef] [PubMed]

42. Oh, I.S.; Sinn, D.H.; Kang, T.W.; Lee, M.W.; Kang, W.; Gwak, G.Y.; Paik, Y.H.; Choi, M.S.; Lee, J.H.; Koh, K.C.; et al. Liver
Function Assessment Using Albumin-Bilirubin Grade for Patients with Very Early-Stage Hepatocellular Carcinoma Treated with
Radiofrequency Ablation. Digest. Dis. Sci. 2017, 62, 3235–3242. [CrossRef] [PubMed]

43. Zhang, Q.; Zhang, L.; Jin, Q.; He, Y.; Wu, M.; Peng, H.; Li, Y. The Prognostic Value of the GNRI in Patients with Stomach Cancer
Undergoing Surgery. J. Pers. Med. 2023, 13, 155. [CrossRef] [PubMed]

44. Coffelt, S.B.; de Visser, K.E. Cancer: Inflammation lights the way to metastasis. Nature 2014, 507, 48–49. [CrossRef]
45. Bito, R.; Hino, S.; Baba, A.; Tanaka, M.; Watabe, H.; Kawabata, H. Degradation of oxidative stress-induced denatured albumin in

rat liver endothelial cells. Am. J. Physiol. Physiol. 2005, 289, C531–C542. [CrossRef]
46. Gray, K.J.; Gibbs, J.E. Adaptive immunity, chronic inflammation and the clock. Semin. Immunopathol. 2022, 44, 209–224. [CrossRef]
47. Margarson, M.P.; Soni, N. Serum albumin: Touchstone or totem? Anaesthesia 1998, 53, 789–803. [CrossRef]
48. Zhang, Z.; Pereira, S.L.; Luo, M.; Matheson, E.M. Evaluation of Blood Biomarkers Associated with Risk of Malnutrition in Older

Adults: A Systematic Review and Meta-Analysis. Nutrients 2017, 9, 829. [CrossRef]
49. Andersen, C.J. Lipid Metabolism in Inflammation and Immune Function. Nutrients 2022, 14, 1414. [CrossRef]
50. Lewis, E.D.; Wu, D.; Meydani, S.N. Age-associated alterations in immune function and inflammation. Prog. Neuropsychopharmacol.

Biol. Psychiatry. 2022, 118, 110576. [CrossRef]
51. Antoni, M.H.; Dhabhar, F.S. The impact of psychosocial stress and stress management on immune responses in patients with

cancer. Cancer Am. Cancer Soc. 2019, 125, 1417–1431. [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.

147



Citation: Marsland, M.; Dowdell, A.;

Faulkner, S.; Gedye, C.; Lynam, J.;

Griffin, C.P.; Marsland, J.; Jiang, C.C.;

Hondermarck, H. The Membrane

Protein Sortilin Is a Potential

Biomarker and Target for

Glioblastoma. Cancers 2023, 15, 2514.

https://doi.org/10.3390/

cancers15092514

Academic Editors: Daniel L.

Pouliquen and Cristina

Núñez González

Received: 28 March 2023

Revised: 24 April 2023

Accepted: 26 April 2023

Published: 27 April 2023

Copyright: © 2023 by the authors.

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

Article

The Membrane Protein Sortilin Is a Potential Biomarker and
Target for Glioblastoma
Mark Marsland 1,2, Amiee Dowdell 1,2, Sam Faulkner 1,2 , Craig Gedye 2,3,4, James Lynam 2,3,4 ,
Cassandra P. Griffin 1,2,5, Joanne Marsland 1,2, Chen Chen Jiang 1,2,† and Hubert Hondermarck 1,2,*,†

1 School of Biomedical Sciences and Pharmacy, College of Health, Medicine and Wellbeing,
University of Newcastle, Callaghan, NSW 2308, Australia; mark.marsland@uon.edu.au (M.M.);
amiee.dowdell@uon.edu.au (A.D.); sam.faulkner@newcastle.edu.au (S.F.);
cassandra.griffin@newcastle.edu.au (C.P.G.); joanne.marsland@uon.edu.au (J.M.);
chenchen.jiang@newcastle.edu.au (C.C.J.)

2 Hunter Medical Research Institute, University of Newcastle, New Lambton Heights, NSW 2305, Australia;
craig.gedye@calvarymater.org.au (C.G.); james.lynam@calvarymater.org.au (J.L.)

3 School of Medicine and Public Health, College of Health, Medicine and Wellbeing, University of Newcastle,
Callaghan, NSW 2308, Australia

4 Department of Medical Oncology, Calvary Mater, Newcastle, NSW 2298, Australia
5 Hunter Cancer Biobank, NSW Regional Biospecimen and Research Services, University of Newcastle,

Callaghan, NSW 2305, Australia
* Correspondence: hubert.hondermarck@newcastle.edu.au; Tel.: +61-2-49218830
† These authors contributed equally to this work.

Simple Summary: Glioblastoma (GBM) is the most lethal adult primary brain tumor, and has no cure.
This study investigated the membrane protein sortilin as a prognosis biomarker for glioblastoma
(GBM). We found that sortilin is overexpressed in GBM tumors and can be detected in the blood of
GBM patients. In addition, in cell cultures, targeting sortilin resulted in the inhibition of GBM cell
invasion. These data highlight the value of sortilin as a potential clinical biomarker and therapeutic
target for GBM and warrant further translational investigation.

Abstract: Glioblastoma (GBM) is a devastating brain cancer with no effective treatment, and there is
an urgent need for developing innovative biomarkers as well as therapeutic targets for better manage-
ment of the disease. The membrane protein sortilin has recently been shown to participate in tumor
cell invasiveness in several cancers, but its involvement and clinical relevance in GBM is unclear.
In the present study, we explored the expression of sortilin and its potential as a clinical biomarker
and therapeutic target for GBM. Sortilin expression was investigated by immunohistochemistry and
digital quantification in a series of 71 clinical cases of invasive GBM vs. 20 non-invasive gliomas.
Sortilin was overexpressed in GBM and, importantly, higher expression levels were associated with
worse patient survival, pointing to sortilin tissue expression as a potential prognostic biomarker for
GBM. Sortilin was also detectable in the plasma of GBM patients by enzyme-linked immunosorbent
assay (ELISA), but no differences were observed between sortilin levels in the blood of GBM vs.
glioma patients. In vitro, sortilin was detected in 11 brain-cancer-patient-derived cell lines at the
anticipated molecular weight of 100 kDa. Interestingly, targeting sortilin with the orally bioavailable
small molecule inhibitor AF38469 resulted in decreased GBM invasiveness, but cancer cell prolifera-
tion was not affected, showing that sortilin is targetable in GBM. Together, these data suggest the
clinical relevance for sortilin in GBM and support further investigation of GBM as a clinical biomarker
and therapeutic target.

Keywords: Glioblastoma; sortilin; cancer biomarkers; cancer therapeutic targets
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1. Introduction

Glioblastoma multiforme (GBM) is the most common and lethal malignant primary
brain tumor in adults, accounting for 45% of brain cancer cases [1], with a median survival
between 7 and 15 months [2]. This poor prognosis is due to the aggressive and invasive
nature of GBM and the absence of effective targeted treatment [3]. The oral alkylating agent
temozolomide (TMZ) is the standard first-line chemotherapy [4]. Unfortunately, resistance
to TMZ and recurrence of GBM are inevitable, and this is particularly dramatic in the cases
of GBM exhibiting unmethylated O6-methylguanine-DNA methyltransferase (MGMT);
only 7% of GBM patients with this epigenetic silencing survive 5 years or longer [5].
Therefore, the identification of new therapeutic targets for GBM is necessary for the design
of effective targeted treatment that could improve the currently limited efficacy of TMZ.

Sortilin (SORT1), also known as neurotensin receptor-3 (NTR3), is a membrane recep-
tor that belongs to the VPS10P (vacuolar protein sorting 10 protein) family of receptors [6].
The biological roles of sortilin include sorting and transporting intracellular proteins.
Sortilin has been associated with the progression and aggressiveness of several malignan-
cies, including liver cancer [7,8], pancreatic cancer [9], breast cancer [10,11], metastatic
melanoma [12], and colorectal cancer [13]. In GBM cells, sortilin promotes invasion and
mesenchymal transition through a mechanism involving a GSK-3β/β-catenin/twist path-
way [14] and presenilin1 [15], but the relevance of sortilin as a clinical biomarker or a
therapeutic target is unclear.

In this study, we have explored the clinical relevance of sortilin in GBM. Using GBM
patient samples and patient-derived cells, we have shown that sortilin expression is elevated
in GBM compared to lower-grade glioma, and that sortilin was also detectable at varying
concentrations in the blood of GBM and lower-grade glioma patients. In addition, sortilin
inhibition was able to inhibit the invasion of GBM cells. These data point to sortilin as a
potential biomarker and therapeutic target for GBM.

2. Materials and Methods
2.1. SORT1 (Sortilin) mRNA Data Mining

Gene Expression Profiling Interactive Analysis 2 (GEPIA2) (http://gepia.cancer-pku.
cn (accessed on 1 December 2022)) was used to explore GBM data in TCGA [16] and
normal brain tissue in Genotype-Tissue Expression (GTEx) [17] databases, using a standard
processing pipeline [18]. SORT1 mRNA expressions in GBM, lower-grade glioma (LGG)
and normal brain tissue were compared in terms of survival analysis in GBM and LGG
comparing high (>median) vs. low (<median) gene expression of SORT1. One-way ANOVA
was used for differential analysis of gene expression, using disease states (GBM, LGG or
normal) as variables for the box plots. Log-rank tests for both disease-free survival and
overall survival analyses were used.

2.2. Patient Samples

Patient cohort information included age, sex, tumor grade and primary tumor site
(Table 1). Tumor samples were sourced from the Hunter Cancer Biobank (HCB, Newcastle,
NSW, Australia) and then formalin-fixed paraffin-embedded (FFPE). All samples were
graded by a clinical pathologist from the HCB using the clinically relevant histological
features in the WHO guidelines used in clinical practice. The study was approved by
the Human Research Ethics Committee of the University of Newcastle. Tumor samples
included 71 cases of GBM, 12 cases of grade 3 glioma, 6 cases of grade 2 glioma, and 2 cases
of grade 1 glioma. Matching plasma samples were obtained at the time of diagnosis and
processed following standard clinical procedure for plasma, including centrifugation for
15 min at 1500 RPM, followed by 10 min at 2500 RPM. Samples were stored at −80 ◦C.
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Table 1. Patient clinical information.

Characteristic Subgroup Total

Participants n 91

Sex Female 37 (40%)
Male 55 (60%)

Age at diagnosis Median (min, max) 63 (17, 82)
Median (Q1, Q3) 63 (56.5, 72)

Grade 1 2 (2.2%)
2 6 (6.6%)
3 12 (13.2%)

GBM 71 (78%)

Tumor site Frontal 39 (42%)
Temporal 30 (33%)
Parietal 15 (16%)
Other 8 (9%)

2.3. Immunohistochemical Detection and Quantification of Sortilin Expression

FFPE tissue sections of 4 µm were processed for sortilin immunohistochemical detec-
tion as previously described [19]. Sections were labelled with anti-sortilin (0.8 mg/mL,
catalogue number ANT-009, Alomone labs, Jerusalem, Israel) followed by a secondary
antibody (catalogue number MP-7401, Vector Laboratories, Newark, CA, USA). Following
IHC, slides were digitized using the Aperio AT2 scanner (Leica Biosystems, Wetzlar, Ger-
many) at 40× absolute resolution. Quantification of sortilin immunohistological staining
intensities was performed using the HALOTM image analysis platform (version 3.3, Indica
Labs, Albuquerque, NM, USA), as reported [19].

2.4. Sortilin Quantification in Patient Plasma Samples

Sortilin plasma concentration was determined by Enzyme-Linked ImmunoSorbent
Assay (ELISA). The ELISA kit (catalogue number SK00472-01) was from Aviscera Bioscience
(Santa Clara, CA, USA). The assays were performed as recommended by the manufacturer
and as previously described [20]. The Wilcoxon Rank Sum or Kruskal–Wallis (for multiple
comparisons) tests were used to study the distribution of concentrations. For the primary
hypothesis (differential sortilin expression between pathological subtypes), a two-sided
alpha of 0.05 was employed. Statistical analyses were performed on complete cases using
Prism (version 8.2.0, GraphPad Software).

2.5. Cell lines and Culture Conditions

Glioblastoma cancer cell lines A172 (CRL-1620) and U87MG (HTB-14) were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA). Patient-derived
GBM cell lines BAH1, MN1, WK1, RN1, RKI1, HW1, PB1, SB2b, and SJH1 were a generous
gift from Dr Bryan Day (QIMR Berghofer Medical Research Institute, Brisbane, QLD,
Australia). Human astrocytes (HA) were from ScienCell Research Laboratories (Wangara,
WA, Australia (catalogue number 1800). GBM cell lines and patient-derived GBM cell lines,
including their MGMT methylation status, have been described previously [21,22]. The cell
culture conditions have been described previously [19].

2.6. Western Blotting

Conditions for protein extraction and Western blotting were as previously pub-
lished [23] with an anti-sortilin antibody (catalogue number ANT-009, Alomone labs,
Israel) used at a dilution of 1:300. Also, a β-actin antibody (catalogue number A1978,
Sigma-Aldrich, St. Louis, MO, USA) was used for testing equal loading at a 1:5000 dilution.
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2.7. Measurement of Cell Growth and Invasions

Cell growth assays were carried out using Cell Titer-Blue® (Promega, Hawthorne, VIC,
Australia) according to the manufacturer’s instructions and as previously reported [24].
Cells were treated with AF38469 (400 nM, catalogue number HY-12802, MedChemExpress,
Monmouth Junction, NJ, USA), TMZ (50 µM, catalogue number S1237, Selleck Chem,
Sapphire Bioscience, NSW, Australia), or AF38469 + TMZ for 72 h. Vehicle control was
DMSO at the same concentration.

Invasion assays were carried out using the 6.5 mm Transwell® 8.0 µm Pore Polycarbon-
ate Membrane Insert (Corning®, Sigma-Aldrich) as previously described [24]. Cells were
treated with AF38469 (400 nM, catalogue number HY-12802, MedChemExpress, Monmouth
Junction, NJ, USA). DMSO at the same concentration was used as vehicle control. For
standard GBM cells U87MG and A172, cell invasion was quantified after 24 h, whereas the
patient-derived cell lines (BAH1, RKI1, PB1) were quantified after 72 h.

2.8. Statistics

GraphPad Prism (La Jolla, CA, USA) was used. H-scores were analyzed as continuous
variables, with summary statistics presented as group-level medians and interquartile
ranges (IQR). Student’s t-test with unpaired two-sided was used for single comparisons.
One-way analysis of variance (ANOVA) or two-way analysis of variance with Dunnett’s
or Tukey’s correction were used for multiple comparisons. When data was not normally
distributed, the non-parametric Kruskal–Wallis test was performed. Pearson’s correlation
test was used to determine correlations. A p value less than 0.05 was deemed statistically
significant. All experiments were performed at least in triplicate. All materials used and
results generated were included for statistical analyses, with no exclusion of data points. All
data are included in this publication and are presented as mean ± standard deviation (SD).

3. Results
3.1. SORT1 (Sortilin) mRNA Expression Is Not Increased in GBM Tissues

We first performed a data mining of sortilin gene (SORT1) expression using GEPIA2 [18]
and accessing the GBM and Low-Grade Glioma (LGG) datasets of The Cancer Genome
Atlas (TCGA) [16] database and GTEx [25]. While there was a wide range of SORT1
mRNA expression, there was no significant difference found between the GBM, LGG and
normal groups (Figure 1A,B). Interestingly, there was significant differences in LGG pa-
tients’ overall and disease-free survival comparing low and high SORT1 mRNA expression
(p = 0.0023 and p = 0.0004 respectively): patients with low SORT1 expression survived
longer (Figure 1C). However, this was not observed in GBM patients (Figure 1D).
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analysis for SORT1 mRNA in LGG revealed longer survival time for LGG patients with low SORT1 
tumoral mRNA expression compared to those with high SORT1 mRNA expression (p = 0.0023 and 
p = 0.0004 respectively). (D) Analysis of overall survival (left) and disease-free survival (right) for 
SORT1 mRNA in GBM determined by GEPIA2. 
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Figure 1. SORT1 (sortilin) mRNA expression in GBM and LGG vs. normal tissue. (A) The expression
of SORT1 mRNA in GBM (left) and LGG (right) tissue was comparable to the expression in normal
brain tissue. For normal brain tissue, GEPIA2 sourced the GTEx project (https://gtexportal.org/
home/ (accessed on 1 December 2022)). (B) There was no observable difference between GBM
and LGG SORT1 mRNA expression. (C) The overall survival (left) and disease-free survival (right)
analysis for SORT1 mRNA in LGG revealed longer survival time for LGG patients with low SORT1
tumoral mRNA expression compared to those with high SORT1 mRNA expression (p = 0.0023 and
p = 0.0004 respectively). (D) Analysis of overall survival (left) and disease-free survival (right) for
SORT1 mRNA in GBM determined by GEPIA2.

3.2. Sortilin Protein Expression Is Increased in GBM Tissues Compared to Grade 1–3 Glioma

Immunohistochemical staining of sortilin was performed on all tissue samples ob-
tained from GBM patients (71 cases) and lower-grade (1–3) glioma (20 cases); the results are
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presented in Figure 2 and Table 1. Sortilin staining intensity in grade 1–2 glioma was ob-
served to be low in all cases (Figure 2A,B and Table 2), and ten out of twelve cases of grade
3 were observed to have low-intensity staining for sortilin (Figure 2C and Table 2). Sortilin
protein expression was higher in GBM than in lower-grade glioma (Figure 2D). Visual
observation was confirmed by digital quantification of sortilin staining intensity (Figure 2E),
with high sortilin expression in GBM (median h-score = 22.19, IQR 11.52–36.01) compared
to glioma grades 1–3 (median h-score = 4.87, IQR 2.24–13.66 p = 0.0016). The receiver
operating characteristic (ROC) curve [26] indicated an area under the curve (AUC) of 0.81
(Figure 2F). Patient survival data on all glioma and GBM cases revealed that patients with
low sortilin had longer survival, with a median survival of 18 months, compared to those
with high sortilin, who had median survival of only 12 months (p = 0.0157) (Figure 2G).
While the survival data for grade 1–3 (Figure S1) and GBM (Figure S2) show no significant
difference, there was an observed trend of low sortilin levels associated with longer survival
times (13 months and 1.5 months, respectively).
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be a potential biomarker for GBM. We observed a similar pattern to our findings in IHC 
sortilin-stained tissue samples, with low circulating sortilin concentrations corresponding 
to longer survival time (low sortilin = 13 months vs. high sortilin 10.5 months); however, 
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Figure 2. SORT1 Sortilin expression is increased in GBM vs. low grade gliomas. Representative
pictures for the immunohistochemical detection of sortilin are shown for (A) grade 1, (B) grade
2, (C) grade 3, and (D) GBM. (E) Digital quantification of sortilin staining intensities according to
grouped pathological subtypes: grade 1–3 (h-score = 4.87, IQR 2.24–13.66 p = 0.0016) and GBM
(h-score = 22.19, IQR 11.52–36.01). Higher-magnification IHC staining pictures are shown in bottom
right magnified insert; scale bar = 30 µm. Data are expressed as individual values with medians.
Sortilin h-score median difference between grades 1–3 and GBM was analysed using Mann–Whitney
statistical test. (F) ROC analysis for sortilin in GBM patient samples. (G) Kaplan–Meier survival
analysis for patients with low staining (≤median h-score) and high staining (>median h-score). Cases
with low sortilin h-score had longer median survival (18 months) compared to high sortilin h-score
(12 months) (p = 0.0157). ROC: receiver operating characteristic.
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Table 2. Association between sortilin expression and clinicopathological parameters in glioma.

Parameter Sortilin Intensity p-Value

Low High
Sex 0.5219

Female 16 (44%) 20 (56%)
Male 29 (53%) 26 (47%)

Age 0.4043
≤63 25 (54%) 21 (46%)
>63 20 (44%) 25 (56%)

Grade <0.0001
1–3 17 (85%) 3 (15%)

GBM 28 (39%) 43 (61%)

Tumor site 0.7241
Frontal 21 (54%) 18 (46%)

Temporal 14 (48%) 15 (52%)
Other 10 (43%) 13 (57%)

The intensity of immunohistochemical staining was categorized as low-staining (≤median H-score) or high-
staining (>median H-score). Statistical associations were investigated with Chi-squared test; p values of statistical
significance (<0.05) are in bold.

3.3. Sortilin Is Detectable in the Plasma of GBM Patients

We measured the circulating concentration of sortilin in the plasma of GBM pa-
tients versus glioma grade 1–3 patients by ELISA; the results are reported in Figure 3
and Table 3. Sortilin was detected in all plasma samples at varying concentrations in
both GBM and glioma grades 1–3 (Figure 3A). Grades 1–3 sortilin plasma concentrations
(median = 0.163 ug/mL, IQR 0.063 ug/mL–5.136 ug/mL) were observed to be lower than
GBM sortilin plasma concentrations (median = 0.377 ug/mL, IQR 0.057 ug/mL–2.91 ug/mL),
but the difference was not statistically significant. We then wanted to see if circulating
sortilin could be a potential biomarker for GBM. We observed a similar pattern to our
findings in IHC sortilin-stained tissue samples, with low circulating sortilin concentra-
tions corresponding to longer survival time (low sortilin = 13 months vs. high sortilin
10.5 months); however, this did not meet statistical significance (p = 0.2315) (Figure 3B).
Interestingly, there was an association between sortilin tissue h-score and sortilin plasma
concentration (Table 4); however, there was no significant correlation between tissue sortilin
and sortilin plasma concentration (Figure S3A,B).

Cancers 2023, 15, 2514 8 of 16 
 

 

 
Figure 3. Sortilin plasma quantification in GBM vs. grade 1–3 gliomas. (A) Quantitation of circulat-
ing sortilin was obtained by ELISA in plasma from grade 1–3 vs. GBM patients. Sortilin plasma 
quantification is in µg/mL. The median sortilin concentration was 0.163 µg/mL (IQR 0.063 µg/mL–
5.136 µg/mL) in combined grades 1–3 versus 0.377 ug/mL (IQR 0.057 µg/mL–2.907 µg/mL) in GBM. 
Mann–Whitney test was used to evaluate the sortilin concentration median difference between 
grades 1–3 and GBM. (B) Total patient survival based on low (≤median) and high (>median) sortilin 
concentration in plasma. Cases with low sortilin concentration had longer median survival (13 
months) compared to cases with high sortilin concentration (10.5 months). 

Table 3. Comparison of sortilin plasma concentration and clinicopathological parameters in glioma. 

Parameter Sortilin Conc. p-Value 
 Low  High  

Sex   >0.9999 
Female 18 (51%) 17 (49%)  
Male 26 (50%) 26 (50%  
Age   0.6700 
≤63 23 (53%) 20 (47%)  
>63 21 (48%) 23 (52%)  

Grade   0.6927 
1–3 8 (47%) 9 (53%)  

GBM 35 (50%) 35 (50%)  
Tumor site   0.6622 

Frontal 20 (56%) 16 (44%)  
Temporal 14 (50%) 14 (50%)  

Other 10 (43%) 13 (57%)   
Sortilin was assayed by ELISA and categorized as low concentration (≤median µg/mL) vs. high con-
centration (>median µg/mL). Statistical associations were analysed using Chi-squared test; p values 
of statistical significance (<0.05). 

Table 4. Association between sortilin concentration in plasma and IHC H-score. 

Parameter 
Sortilin Conc. 

Total p-Value 
Low High 

sortilin 
H-score     

Low 23 (55%) 19 (45%) 87 <0.0001 
High 5 (11%)  40 (89%)   

Statistical associations were analysed using Chi-squared test; p values of statistical significance 
(<0.05) are in bold. 

  

Figure 3. Sortilin plasma quantification in GBM vs. grade 1–3 gliomas. (A) Quantitation of circulating
sortilin was obtained by ELISA in plasma from grade 1–3 vs. GBM patients. Sortilin plasma quantifi-
cation is in µg/mL. The median sortilin concentration was 0.163 µg/mL (IQR 0.063 µg/mL–5.136
µg/mL) in combined grades 1–3 versus 0.377 ug/mL (IQR 0.057 µg/mL–2.907 µg/mL) in GBM.
Mann–Whitney test was used to evaluate the sortilin concentration median difference between grades
1–3 and GBM. (B) Total patient survival based on low (≤median) and high (>median) sortilin con-
centration in plasma. Cases with low sortilin concentration had longer median survival (13 months)
compared to cases with high sortilin concentration (10.5 months).

154



Cancers 2023, 15, 2514

Table 3. Comparison of sortilin plasma concentration and clinicopathological parameters in glioma.

Parameter Sortilin Conc. p-Value

Low High

Sex >0.9999
Female 18 (51%) 17 (49%)
Male 26 (50%) 26 (50%

Age 0.6700
≤63 23 (53%) 20 (47%)
>63 21 (48%) 23 (52%)

Grade 0.6927
1–3 8 (47%) 9 (53%)

GBM 35 (50%) 35 (50%)

Tumor site 0.6622
Frontal 20 (56%) 16 (44%)

Temporal 14 (50%) 14 (50%)
Other 10 (43%) 13 (57%)

Sortilin was assayed by ELISA and categorized as low concentration (≤median µg/mL) vs. high concentration
(>median µg/mL). Statistical associations were analysed using Chi-squared test; p values of statistical significance
(<0.05).

Table 4. Association between sortilin concentration in plasma and IHC H-score.

Parameter
Sortilin Conc.

Total p-Value
Low High

Sortilin
H-score

Low 23 (55%) 19 (45%) 87 <0.0001
High 5 (11%) 40 (89%)

Statistical associations were analysed using Chi-squared test; p values of statistical significance (<0.05) are in bold.

3.4. Sortilin Overexpression in Patient-Derived GBM Cell Lines

Western blot analysis (Figure 4A) was used to detect sortilin expression in human GBM
cell lines. Sortilin was observed at the expected molecular weight of 100 kDa in all GBM and
HA cell lines (Figure 4A). Densitometric analysis revealed that all GBM cell lines expressed
higher levels of sortilin than the control HA cells (Figure 4B). Interestingly, two patient-
derived GBM cell lines exhibiting the highest sortilin expression (SJH1 and PB1) were both
MGMT-unmethylated and proneural subtype (Figure 4B). GBM cells with unmethylated
MGMT seemed to express higher sortilin than GBM cells with methylated-MGMT status
(Figure 4C); however, this did not meet statistical significance (p = 0.0823). Additionally,
when we separated nine patient-derived GBM cell lines by their subtype [21,27], GBM cells
with a proneural subtype had significant higher sortilin expression than the classical and
mesenchymal subtype (p = 0.0091 and p = 0.0131, respectively) (Figure S4).
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Figure 4. Western blot detection of sortilin in patient-derived GBM cell lines. (A) Sortilin was
detected as a 100 kDa band (expected molecular mass) in every GBM cell line. The uncropped blots
are shown in Figure S6. (B) Densitometry analysis of the Western blot. (C) Comparison of sortilin
expression between GBM cell line, MGMT-methylated (M) and unmethylated (U) MGMT methylation
status. Mann–Whitney test was used. Molecular subtypes: CL (classical), MES (mesenchymal),
PN (proneural).

3.5. Targeting Sortilin with Small Molecule Inhibitor AF38469 Inhibits GBM Cell Invasion

We then wanted to test if targeting sortilin using the small molecular inhibitor AF38469
could reduce GBM cell viability and increase the sensitivity to TMZ treatment. Treatment
with AF38469 alone did not reduce cell viability in any of the GBM cell lines (Figure 5A,B
and Figure S5), suggesting that sortilin is not involved in cell proliferation. However, when
combined with TMZ, AF38469 did reduce the cell viability in one of the patient-derived
cell lines RKI1 (p = 0.0039) (Figure 5A) compared to treatment with TMZ alone. Whether
GBM cell lines were MGMT-methylated (Figure 5A) or MGMT-unmethylated (Figure 5B)
did not appear to affect AF38469 and TMZ interaction. To further investigate the effect of
sortilin inhibition, Transwell invasion assays were performed. Crystal violet staining of
invaded cells showed a decrease in the proportion of invaded cells after sortilin inhibition
with AF38469 (Figure 6A). In the AF38469-treated GBM cell lines there was a 53% reduction
of cell invasion in U87MG (p = 0.0227), 53% in A172 (p = 0.0140), 48% in BAH1, 38% in
RKI1 (p = 0.0150), and 52% in PB1 (p = 0.0005) (Figure 6B). These results, based on the
pharmacological inhibition of sortilin, show that sortilin is necessary for GBM cell invasion
and targetable using AF38469.

156



Cancers 2023, 15, 2514

Cancers 2023, 15, 2514 10 of 16 
 

 

However, when combined with TMZ, AF38469 did reduce the cell viability in one of the 
patient-derived cell lines RKI1 (p = 0.0039) (Figure 5A) compared to treatment with TMZ 
alone. Whether GBM cell lines were MGMT-methylated (Figure 5A) or MGMT-unmethyl-
ated (Figure 5B) did not appear to affect AF38469 and TMZ interaction. To further inves-
tigate the effect of sortilin inhibition, Transwell invasion assays were performed. Crystal 
violet staining of invaded cells showed a decrease in the proportion of invaded cells after 
sortilin inhibition with AF38469 (Figure 6A). In the AF38469-treated GBM cell lines there 
was a 53% reduction of cell invasion in U87MG (p = 0.0227), 53% in A172 (p = 0.0140), 48% 
in BAH1, 38% in RKI1 (p = 0.0150), and 52% in PB1 (p = 0.0005) (Figure 6B). These results, 
based on the pharmacological inhibition of sortilin, show that sortilin is necessary for 
GBM cell invasion and targetable using AF38469. 

 
Figure 5. Sortilin targeting effect in GBM cell growth assay. Cell growth was investigated in GBM 
cells with methylated-MGMT status (A) and unmethylated-MGMT status (B). Human astrocytes 
(HA) were used as a control. Treatments were conducted with AF38469 (400 nM), a small molecule 
inhibitor of sortilin, TMZ (50 µM) and AF38469 in association with TMZ for a 72 h duration. Cell 
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with 100% viability being the viability of vehicle control (DMSO) treated cells. Data are represented 
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Figure 5. Sortilin targeting effect in GBM cell growth assay. Cell growth was investigated in GBM
cells with methylated-MGMT status (A) and unmethylated-MGMT status (B). Human astrocytes
(HA) were used as a control. Treatments were conducted with AF38469 (400 nM), a small molecule
inhibitor of sortilin, TMZ (50 µM) and AF38469 in association with TMZ for a 72 h duration. Cell
lines treated with TMZ and/or AF38469 were compared to vehicle control (DMSO) treated cells, with
100% viability being the viability of vehicle control (DMSO) treated cells. Data are represented as a
mean +/− standard deviation (SD) of three independent experiments. For statistical significance,
Student’s t-test or ANOVA was used. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: No
Significance. TMZ: Temozolomide.

157



Cancers 2023, 15, 2514Cancers 2023, 15, 2514 11 of 16 
 

 

 
Figure 6. Inhibition of sortilin reduces GBM cell invasion. Cell invasion was investigated using 
Transwell assay. (A) Representative Transwell invasion assay images of untreated GBM cells (top) 
and GBM cells treated with AF38469 400 nM (bottom). The entire insert with invading cells was 
observed after crystal violet staining. (B) Average number of invading cells treated with AF34869 
400 nM (+) compared to untreated (−). After AF38469 treatment there was a 53% reduction of cell 
invasion in U87MG (p = 0.0227), 53% in A172 (p = 0.0140), 48% in BAH1, 38% in RKI1 (p = 0.0150), 
and 52% in PB1 (p = 0.0005). Cell lines U87MG and A172 were treated for 24 h; BAH1, RKI1 and PB1 
were treated for 72 h. Student’s t-test was used and the data are the mean +/− standard deviation 
(SD) of three independent experiments. * p < 0.05, *** p < 0.001. 

4. Discussion 
The heterogeneity of GBM is complex and remains to be fully elucidated, not only to 

identify new effective targets for treatment, but also to identify noninvasive biomarkers 
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obtained patient-derived cell lines, which are more clinically relevant. Third, we are the 
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In terms of gene expression, our data mining, using GEPIA2 to access the TCGA GBM 
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Figure 6. Inhibition of sortilin reduces GBM cell invasion. Cell invasion was investigated using
Transwell assay. (A) Representative Transwell invasion assay images of untreated GBM cells (top)
and GBM cells treated with AF38469 400 nM (bottom). The entire insert with invading cells was
observed after crystal violet staining. (B) Average number of invading cells treated with AF34869
400 nM (+) compared to untreated (−). After AF38469 treatment there was a 53% reduction of cell
invasion in U87MG (p = 0.0227), 53% in A172 (p = 0.0140), 48% in BAH1, 38% in RKI1 (p = 0.0150),
and 52% in PB1 (p = 0.0005). Cell lines U87MG and A172 were treated for 24 h; BAH1, RKI1 and PB1
were treated for 72 h. Student’s t-test was used and the data are the mean +/− standard deviation
(SD) of three independent experiments. * p < 0.05, *** p < 0.001.

4. Discussion

The heterogeneity of GBM is complex and remains to be fully elucidated, not only to
identify new effective targets for treatment, but also to identify noninvasive biomarkers that
could enable accurate prognosis and help formulate appropriate treatments. The current
study expands on previous observations of the expression and biological effects of sortilin
in GBM [14,28] and further examines its potential as a clinical biomarker. The novelty of
the present study is related to the following four points. First, we used a larger cohort of
patient GBM cases compared to previous studies. Second, we used more recently obtained
patient-derived cell lines, which are more clinically relevant. Third, we are the first to
include the combined treatment of temozolomide and AF38469. And fourth, we report, for
the first time, circulating sortilin in the blood of GBM patients.

In terms of gene expression, our data mining, using GEPIA2 to access the TCGA
GBM and LGG datasets, contradicted other studies [14] and revealed no real difference
between GBM, LGG and normal tissue expressing SORT1 mRNA. Interestingly, there was a
significant difference in the survival outcome for LGG patients between those with high and
low SORT1 mRNA expression. Patients with low SORT1 expression had longer survival
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(overall and disease-free) than patients with high SORT1 expression. However, it cannot
be assumed that mRNA abundance equates to protein synthesis [9,29], and therefore it is
essential to analyse the protein level directly.

The upregulation of sortilin protein has been reported in several cancers, including
breast cancer [30], pancreatic cancer [9], and digestive cancers [6]. In the present study,
we show higher sortilin protein expression in GBM compared to lower-grade glioma,
and furthermore we show that a high sortilin protein level in tissue is associated with
poor survival outcomes. Normal brain tissues were not included in this study, as it is
not commonly excised during the surgical removal of the tumor to limit neurological
complications in patients. Furthermore, due to the infiltrative nature of GBM, surrounding
“normal” adjacent tissue could not be used as a proper control. Normal brain tissue samples
could be obtained from cadavers, but we think such samples cannot be compared and are
not appropriate controls for GBM biopsies. Therefore, we could not quantify sortilin in the
adjacent normal or peritumoral region. In future studies, the peritumoral region would be
an area worth exploring, as previous studies have reported that this region contains highly
infiltrative cancer stem cells (CSC) [31].

Our study is the first to quantify soluble sortilin in the plasma of GBM patients.
Outside GBM, soluble sortilin has already been reported and is presumably formed after
proteolytic cleavage [32]. The ELISA used in this study to quantify sortilin was developed
based on polyclonal antibodies raised against the extracellular domain (amino acids 78–765)
of human sortilin. As such, the ELISA recognizes both the full-length and the cleaved
sortilin, and does not discriminate between the two. The potential role of soluble sortilin
remains to be elucidated, and while our study reported no significant difference in plasma
sortilin concentrations between the glioma and GBM, there was a wide spread of sortilin
plasma concentration. There was no correlation between plasma sortilin concentration
and GBM tissue sortilin expression, but, interestingly, high concentrations of sortilin were
significantly associated with high sortilin tissue expression, suggesting that a significant
fraction of circulating sortilin originated from GBM. Other non-cancer studies have reported
soluble sortilin as a potential biomarker for cardiac disease [33,34], and, interestingly, these
non-cancer studies show a similar spread of concentrations to what we saw in this study,
ranging from < 1 ug/mL to 100 ug/mL. The biological and clinical significance of circulating
sortilin in GBM is unclear and warrants further investigations in normal and, in particular,
GBM cell lines, and further analyses of larger clinical cohort are needed to clarify the clinical
biomarker value of sortilin expression (both in tissue and plasma) in GBM.

Aside from tissue expression and plasma release of sortilin in GBM, an interesting
finding of the present study was the inhibition of GBM cell invasion induced by sortilin
targeting. Sortilin targeting by knockdown and inhibition with AF38469 has previously
been shown to reduce cancer cell invasion in a few GBM cell lines. Here, we confirm
that AF38469 not only reduces cell invasion in the traditional GBM cell lines (U87MG &
A172), but, importantly, also reduces cell invasion in the more recently developed patient-
derived cell lines (BAH1, RKI1 and PB1). In terms of GBM treatment, the use of a drug like
AF38469 is more clinically relevant than a molecular knockdown, and AF38469 is the only
blood-brain-barrier-crossing drug currently available to target sortilin. It is noteworthy
to mention that the main issue with GBM recurrence is the invasive capacity of GBM
cells, which can invade the brain tissue surrounding the tumor and thus escape surgery or
radiotherapy. GBM rarely metastasises, and the main issue is the local invasion of GBM
cells in the neural tissue. Interestingly, our data show that the pharmacological inhibition
of sortilin, using the orally available blood-brain-barrier-crossing drug AF38469, resulted in
the inhibition of patient-derived GBM cell lines. A statistically significant inhibition of GBM
cell invasion by AF38469 was observed for tested patient-derived GBM cells, indicating
that sortilin is a potential therapeutic target for inhibiting GBM invasiveness. In contrast,
sortilin targeting with AF38469 was not found to have any effect on GBM cell survival, and
was not found to potentiate the activity of TMZ. However, in one patient-derived cell line
(RKI1), potentiation of the cytotoxic effect of TMZ by AF38469 was observed. It is unclear
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at this stage why RKI1 shows an increased sensitivity to TMZ in presence to AF38469, and
this leaves open the possibility that in some GBM, sortilin inhibition could be a way to
potentiate the efficacy of TMZ.

It is important to note that the mechanism of action for AF38469 is currently not clearly
understood. The structural data published by Schrøder et al. [35] show that AF38469 can
interfere with neurotensin binding, therefore preventing this ligand from engaging the
sortilin receptor. While this interaction could partially explain the effect of AF38469 on the
motility of GBM cell lines, the sortilin receptor has a plethora of additional functions that are
independent of neurotensin binding. It is currently unclear whether (and to what degree)
these functions are also impacted by AF38469. Furthermore, sortilin does not function as
a primary receptor for neurotensin. This role is fulfilled by a different receptor (i.e., the
high-affinity receptor for neurotensin or NTSR1), which is another molecule that is highly
expressed in GBM [36]. More mechanistic studies are needed for a clear understanding of
how sortilin and AF38469 work at the molecular level and how they mechanistically impact
the motility of GBM cells. In any case, the finding reported here that sortilin targeting can
decrease GBM cell invasion (and eventually proliferation in a limited fraction of GBM)
warrants further in vivo investigation.

5. Conclusions

In conclusion, the present study points to sortilin as a new potential clinical biomarker
for predicting GBM aggressiveness and patient survival. In addition, targeting sortilin
seems to decrease GBM cell invasion, and could therefore be used in GBM therapy. Al-
though further in vivo studies are needed, it should be noted that sortilin targeting in
human cancers has recently entered a clinical trial phase. In breast [30], thyroid [37]
and ovarian cancer [38], targeting sortilin has been shown to enhance the effect of exist-
ing chemotherapy by exploiting sortilin function as a receptor allowing targeted entry
of a peptide conjugated to docetaxel (TH1902) [10,38–40]. There is currently a clinical
trial underway targeting sortilin in patients with advanced solid tumors using TH1902
(NCT04706962). This phase 1 clinical trial will include patients with solid tumors in the
breast, ovary, endometrium, skin, thyroid, lung, and prostate, and our findings suggest
that GBM should be added to the list of cancers that could incorporate sortilin targeting as
a therapeutic option.
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(10 months); Figure S3. (A) Correlation of sortilin in tissue cytonuclear h-score and soluble sortilin
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Simple Summary: This study recruited 3272 non-small cell lung cancer (NSCLC) cases to analyze
the predictive abilities of serum tumor markers (CEA, SCC-Ag, CYFRA 21-1, NSE, ProGRP, TPSA
and CA199) for metastasis and clinical stage, and found that tumor marker levels may be indicative
of tumor metastasis (intrapulmonary, lymphatic and distant metastasis) and stage. Increased CEA
and CA199 provided an accurate prediction of intrapulmonary and distant metastasis. Increased
CEA, CYFRA 21-1 and CA199 provided an accurate prediction of lymphatic metastasis and higher
tumor stage. Combined detection of serum tumor markers can indicate tumor metastasis and stage
in NSCLC patients.

Abstract: Objective: This study aimed to explore the roles of serum tumor markers for metastasis and
stage of non-small cell lung cancer (NSCLC). Methods: This study recruited 3272 NSCLC patients
admitted to the Tianjin Union Medical Center and the Tianjin Medical University Cancer Institute and
Hospital. The predictive abilities of some serum tumor markers (carcinoembryonic antigen (CEA),
squamous cell carcinoma antigen (SCC-Ag), cytokeratin-19 fragment (CYFRA 21-1), neuron-specific
enolase (NSE), pro-gastrin-releasing peptide (ProGRP), total prostate-specific antigen (TPSA) and
carbohydrate antigen 199 (CA199)) for NSCLC metastasis (intrapulmonary, lymphatic and distant
metastasis) and clinical stage were analyzed. Results: Tumor markers exhibited different numerical
and proportional distributions in NSCLC patients. Elevated CEA, CYFRA 21-1 and CA199 levels were
indicative of tumor metastasis and stage. Increased CEA and CA199 provided an accurate prediction
of intrapulmonary and distant metastasis with the area under the receiver operator characteristic
curve (AUC) of 0.69 both (p < 0.001); Increased CEA, CYFRA 21-1 and CA199 provided an accurate
prediction of lymphatic metastasis with the AUC of 0.62 (p < 0.001). Conclusion: Combined detection
of serum tumor markers can indicate tumor metastasis and stage in NSCLC patients.

Keywords: non-small cell lung cancer; serum tumor markers; tumor metastasis; tumor stage; prediction
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1. Introduction

Lung cancer has been identified as one of the most common malignant tumors. In
recent years, the incidence of lung cancer has gradually increased. Among different
malignancies, lung cancer has the fastest-growing incidence and mortality, becoming the
biggest threat to people’s health and life [1,2]. Lung cancer is divided into two types:
non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC). NSCLC accounts for
about 80–85% of lung cancers, including squamous cell carcinoma, adenocarcinoma, and
large cell carcinoma [3]. Compared with SCLC, NSCLC cells grow and divide slowly and
metastasize relatively late [4]. The early clinical symptoms of lung cancer are not obvious;
thus, lung cancer is usually diagnosed at an advanced stage, and optimal treatment and
surgical opportunities are lost. Thus, improving the early detection rate of lung cancer is
needed to immediately adopt positive treatment measures to reduce the harm of the disease.

Tumor markers reflect the presence of the tumor, and changes in the presence and
level of markers indicate the nature of the tumor. Detecting tumor markers facilitates
the early diagnosis and operation of tumor development. In recent years, more serum
tumor markers have been identified for the early diagnosis of lung cancer. Due to the low
sensitivity and specificity of single serum tumor markers, detecting multiple tumor markers
has been used to improve the sensitivity and specificity of clinical diagnosis in lung cancer
patients. Therefore, the application of single tumor markers has gradually progressed
to the diagnostic use of multiple markers, thus improving the positive rate of diagnosis
and monitoring the development of lung cancer [5,6]. Clinically significant serum tumor
markers for lung cancer include carcinoembryonic antigen (CEA), cytokeratin-19 fragment
(CYFRA 21-1), neuron-specific enolase (NSE), squamous cell carcinoma antigen (SCC-Ag),
pro-gastrin-releasing peptide (ProGRP), total prostate-specific antigen (TPSA) and carbo-
hydrate antigen 199 (CA199) [7–10]. Numerous studies have reported the application of
these tumor markers in the diagnosis of lung cancer. Clinical studies have also focused
on the use of these markers for monitoring treatment efficacy and prognosis; furthermore,
progress has been made in the application of these markers [11–15]. High levels of tumor
markers at baseline are correlated with worse survival in stage III-IV NSCLC patients [13].
Tumor markers such as CYFRA21-1, SCC-Ag, NSE, and CEA in the serum of lung cancer
patients are significantly increased, and the degree of elevation are significantly correlated
with tumor invasion, clinical stage and lymph node metastasis [16].

Serum tumor markers have been used for the early diagnosis of lung cancer and the
clinical practice of tumor efficacy monitoring for more than 10 years. However, confirmative
studies with large clinical sample size on the consistency of various tumor markers for
determining the pathology and tumor progression of lung cancer remain lacking. Thus, the
purpose of this study was to explore the effectiveness of serum markers in determining
tumor metastasis and stage in lung cancer patients from two clinical centers with a large
sample size.

2. Materials and Methods
2.1. Patients and Control Subjects

In total, 4690 lung cancer patients admitted to Tianjin Union Medical Center from
September 2016 to September 2019 and 2700 lung cancer patients admitted to Tianjin
Medical University Cancer Institute and Hospital from January 2018 to September 2019
were screened as study subjects. All patients were screened using case data, relevant
laboratory examination data, imaging data, and pathological examination data. Patients
were determined to be all Chinese from north China and northeast China. The inclusion
criteria were complete information including age, sex, smoking history, and other basic
data of the patients. Patients were excluded from the study if they had other tumors,
inflammation in the lungs or areas other than the lungs, or a history of chronic gastritis
or ulcer in the digestive system. A total of 3272 patients with NSCLC were included in
this study.
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Fasting blood samples were taken for determination of lung cancer-related serum
tumor markers before surgery, chemotherapy, radiotherapy, or other special treatments at
the first admission. The pathological diagnosis was based on lung cancer surgery, lung
puncture biopsy or tracheoscopy. Pathological diagnoses of lung cancer included squamous
cell carcinoma, adenocarcinoma, adenosquamous cell carcinoma, etc. Data entry for all
patients included smoking index, intrapulmonary, lymphatic and distant metastasis, and
tumor stage (according to the International Association for the Study of Lung Cancer,
IASLC 2015 TNM stage for lung cancer).

2.2. Sample Collection and Measurement

All the patients had an empty stomach the morning after the first admission without
any treatment. Venous blood (5 mL) was collected from each patient to detect lung cancer-
related tumor markers. The whole blood was separated into serum and cellular fractions
within 2 h by centrifugation at 4000 rpm for 10 min. Serum samples were obtained after
separation, and serum concentrations of tumor markers were determined. CEA, SCC-Ag
and CA199 were determined by chemiluminescent microparticle immunoassay (CMIA)
using an Abbott ARCHITECT I2000SR automatic chemical microparticle immune analyzer
and its supporting reagents. CYFRA 21-1, NSE, ProGRP, and TPSA were determined
using a Roche Elecsys 2010 automatic electrochemiluminescence immune analyzer and its
supporting reagents.

2.3. Statistical Analysis

All tumor markers had non-normal distribution, and markers were represented by the
median (P25–P75). Nonparametric tests were used to compare the concentrations of tumor
markers and the smoking index between the different groups. Chi-square tests were also
used to determine the distribution differences of basic information (age, sex and smoking
index) and tumor markers among different groups. The Bonferroni method was used for
paired comparisons. Binary logistic analysis was used to analyze the influencing factors for
lung tumor metastasis, lymphatic metastasis and distant metastasis, while ordinal logistic
analysis was used in examining the influencing factors for tumor stage. The two logistic
analyses were divided into two steps: (1) univariate factor analysis and logistic analysis for
each potential influencing factor was conducted; (2) influencing factors of p < 0.2 [17] in
univariate analysis were included in a multivariate logistic analysis. Finally, the prediction
probabilities of tumor markers with p < 0.05 were reassessed by logistic analysis using
multivariate analysis, and the receiver operating characteristic (ROC) curves were used
for joint predictions. SPSS 24.0 (IBM, Chicago, IL, USA) was used for all analyses. For
two-sided tests, a p value less than 0.05 was considered significant.

3. Results
3.1. Demographics and Clinical Characteristics

In total, 3272 NSCLC patients were analyzed in this study. Patient characteristics
are described in Table 1. The correlations of age, sex, and smoking index with tumor
metastasis, and the stage of patients with NSCLC, are presented in Table 2. The percentages
of intrapulmonary and lymphatic metastases were higher in male patients than in female
patients. Distribution ratios of tumor stage were statistically different; the proportions of
patients with stages II–IV were lower than stage I; the proportions of patients with stages II
and III were lower than stage IV.

The distribution of tumor stage, intrapulmonary and lymphatic metastases in pa-
tients ≤ 61 years old were statistically different from patients > 61 years. In patients > 61 years,
the number of patients with stage II and III cancers was lower than stage I. Patients with
lung tumor metastasis had a higher smoking index. Smoking indexes were statistically
different for patients with different tumor stages.

165



Cancers 2022, 14, 5064

Table 1. Basic information of the patients with NSCLC.

Patient Characteristics Case or Median %

Age
median (P25–P75, year) 61 (55–67)

Gender
male 1812 55.4

female 1460 44.6
Smoking index

median (P25–P75) 1.5 (0.00–600)
non-smoking 1633 49.9

≤600 * 1009 31.2
>600 630 19.5

Intrapulmonary metastasis
none 2656 83.8
yes 512 16.2

Lymphatic metastasis
none 2147 67.6
yes 1031 32.4

Distant metastasis
none 2607 81.7
yes 585 18.3

Histologic classification
Squamous carcinoma 735 22.5

Adenocarcinoma 2354 72.0
Adenosquamous carcinoma 44 1.3

Others 139 4.2
Staging

I 1997 61.3
II 503 15.4
III 175 5.4
IV 585 17.9

Note: * The P75 smoking index among smokers was 600.

Table 2. The correlation of age, sex, and smoking index with tumor metastasis, and stage of patients
with NSCLC.

Variables
IM LM DM Staging

None Yes p None Yes p None Yes p I II III IV p

Gender (case)
Male 1417 327

<0.001
1079 670

<0.001
1403 360

0.098
966 346 129 360

<0.001Female 1239 185 1068 361 1204 225 1031 157 * 46 * 225 *#&

Age (case)
≤61 years 1377 221

<0.001
1111 494

0.047
1318 290

0.701
1064 206 77 290

<0.001>61 years 1279 291 1036 537 1289 295 933 297 * 98 * 295
Smoking

index (case)
non 1356 231

<0.001
1170 423

<0.001
1307 289

0.003
1112 178 52 289

<0.001600 849 140 669 321 837 159 616 176 52 159
>600 451 141 308 287 463 137 268 149 * 71 *# 137 *#&

Note: DM, distant metastasis; IM, intrapulmonary metastasis; LM, lymphatic metastasis. Chi-square test was
used to analyze. * Compared with staging I, adjustment p < 0.05; # compared with staging II, adjustment p < 0.05;
& compared with staging III, adjustment p < 0.05.

3.2. Clinical Data and Risk Factor of Tumor Metastasis and Stage in NSCLC Patients

As shown in Tables 3 and 4, the levels of CEA, CYFRA 21-1 and NSE were significantly
higher in patients with intrapulmonary, lymphatic and distant metastases when compared
with those in non-metastatic patients. The levels of SCC-Ag, ProGRP and TPSA in patients
with lymphatic metastasis were significantly higher than those in non-metastatic patients.
The levels of CA199 in patients with lymphatic and distant metastases were significantly
higher than those in non-metastatic patients. Moreover, the levels of the six tumor markers
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CEA, SCC-Ag, CYFRA 21-1, NSE, TPSA and CA199 were significantly different in patients
with different tumor stages.

Table 3. The difference in tumor metastasis for the tumor markers in the patients with NSCLC (CEA,
SCC-Ag, CYFRA 21-1, NSE, ProGRP, TPSA and CA199).

Variables
IM LM DM

None Yes p None Yes p None Yes p

CEA
3.02 6.71

<0.001
2.71 5.67

<0.001
2.94 10.58

<0.001(1.78–5.86) (3.18–34.55) (1.64–4.98) (2.91–25.93) (1.73–5.47) (3.43–58.54)

SCC-Ag 0.9 0.9
0.129

0.9 1
<0.001

0.9 0.9
0.45(0.70–1.30) (0.60–1.80) (0.70–1.30) (070–1.80) (0.70–1.40) (0.60–1.70)

CYFRA
21-1

2.77 4.96
<0.001

2.59 4.6
<0.001

2.77 4.83
<0.001(1.92–4.56) (2.63–10.13) (1.85–3.95) (2.63–10.13) (1.92–4.47) (2.58–12.57)

NSE
13.32 16.5

<0.001
13.4 15.2

<0.001
13.36 16.09

<0.001(11.30–16.35) (13.00–20.70) (11.30–16.00) (12.33–20.70) (11.30–16.35) (12.47–23.64)

ProGRP
32.79 32.37

0.674
32.37 34.38

0.013
32.66 33.79

0.44(26.23–40.64) (26.04–38.82) (26.06–40.28) (27.90–42.08) (26.16–40.66) (27.48–39.34)

TPSA
45.73 50.12

0.17
44.46 56.28

<0.001
46.21 39.49

0.58(26.10–85.73) (35.07–87.54) (25.74–81.91) (29.61–101.00) (26.20–85.83) (25.27–80.74)

CA199
0.39 0.46

0.073
0.38 0.45

<0.001
0.39 0.48

<0.001(0.26–0.63) (0.26–1.03) (0.25–0.61) (0.31–0.87) (0.25–0.63) (0.31–1.05)

Note: DM, distant metastasis; IM, intrapulmonary metastasis; LM, lymphatic metastasis. Non-normal data are
represented by median (P25–P75). Nonparametric test was used to analyze. Comparison of the concentrations of
tumor markers between different groups was conducted by a nonparametric test.

Table 4. The difference in clinical stages for the tumor markers in the patients with NSCLC (CEA,
SCC-Ag, CYFRA21-1, NSE, ProGRP, TPSA and CA199).

Variables I II III IV p

CEA 2.59 (1.57–4.64) 4.10 (2.45–10.12) * 5.39 (3.26–15.75) *# 10.58 (3.43–58.54) *#& <0.001
SCC-Ag 0.90 (0.70–1.20) 1.00 (0.70–2.10) * 1.10 (0.80–2.90) *# 0.90 (0.60–1.70) *#& <0.001

CYFRA 21-1 2.50 (1.81–3.68) 4.21 (2.48–8.56) * 5.72 (3.62–14.22) *# 4.83 (2.58–12.57) *#& <0.001
NSE 12.93 (11.07–15.60) 14.72 (12.20–18.59) * 17.45 (12.82–24.96) *# 16.09 (12.47–23.64) *# <0.001

ProGRP 32.64 (26.15–40.76) 32.40 (26.01–39.19) 34.51 (29.14–41.78) 33.79 (27.48–39.34) 0.526
TPSA 44.37 (25.82–82.10) 56.94 (30.34–118.79) * 58.57 (45.11–128.41) * 39.49 (25.27–80.74) #& <0.001
CA199 2.31 (1.35–5.60) 2.85 (1.36–7.35) * 3.01 (1.44–8.29) *# 3.25 (1.43–10.72) * <0.001

Note: Non-normal data are represented by median (P25–P75). Nonparametric test was used to analyze. Compari-
son of the concentrations of tumor markers between different groups was conducted by a nonparametric test.
* Compared with staging I, adjustment p < 0.05; # compared with staging II, adjustment p < 0.05; & compared with
staging III, adjustment p < 0.05.

The results of the univariate analysis were summarized in Table 5. Single factors with
p < 0.2 were included in the multivariate logistic analysis. The results of the collinearity
analysis were presented in Table 6. The results of the multi-factor analysis were presented
in Table 7. Binary logistic regression analysis showed that age, smoking index, CEA and
CA199 were independent factors for intrapulmonary metastasis; age, CEA, CYFRA 21-1
and CA199 were independent factors for lymphatic metastasis; and age, CEA and CA199
were independent factors for distant metastasis. Ordinal logistic analysis showed that
gender, age, adenocarcinoma (vs. squamous carcinoma), CEA, CYFRA 21-1, NSE and
CA199 were independent factors for tumor stage.
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Table 5. Univariate analysis of influencing factors for tumor metastasis and clinical stage in patients
with NSCLC.

Variables
IM LM DM Staging

OR
(95% CI) p OR

(95% CI) p OR
(95% CI) p OR

(95% CI) p

Gender 0.64
(0.53–0.77) <0.001 0.54

(0.47–0.63) <0.001 0.73
(0.61–0.87) <0.001 0.69

(0.64–0.76) <0.001

Age 1.04
(1.03–1.05) <0.001 1.02

(1.01–1.03) <0.001 1.02
(1.01–1.03) <0.001 1.01

(1.01–1.02) <0.001

Smoking index
non Reference Reference Reference Reference

600 0.60
(0.48–0.75) <0.001 0.82

(0.69–0.97) 0.019 0.60
(0.48–0.75) <0.001 0.85

(0.78–0.94) 0.001

>600 2.00
(1.64–2.45) <0.001 2.39

(2.00–2.86) <0.001 1.55
(1.27–1.90) <0.001 1.54

(1.39–1.71) <0.001

Histologic
classification

Squamous
carcinoma Reference Reference Reference Reference

Adenocarcinoma 0.82
(0.66–1.03) 0.086 0.63

(0.74–1.62) <0.001 0.98
(0.77–1.25) 0.873 0.63

(0.54–0.73) <0.001

Adenosquamous
carcinoma

1.33
(0.62–2.87) 0.469 1.80

(0.96–3.40) 0.068 1.55
(0.72–3.34) 0.259 1.31

(0.75–2.29) 0.338

Others 0.52
(0.29–0.93) 0.027 0.91

(0.62–1.34) 0.912 0.95
(0.55–1.64) 0.858 0.84

(0.60–1.19) 0.331

CEA 3.19
(2.66–3.82) <0.001 3.60

(3.09–4.19) <0.001 4.27
(3.57–5.11) <0.001 2.40

(2.20–2.62) <0.001

SCC-Ag 1.82
(1.49–2.22) <0.001 2.02

(1.70–2.40) <0.001 1.63
(1.34–2.00) <0.001 1.52

(1.38–1.67) <0.001

CYFRA 21-1 4.15
(3.38–5.08) <0.001 4.28

(3.65–5.02) <0.001 3.69
(3.04–4.47) <0.001 2.63

(2.41–2.84) <0.001

NSE 3.11
(2.59–3.74) <0.001 2.59

(2.21–3.03) <0.001 2.88
(2.41–3.44) <0.001 1.95

(1.78–2.13) <0.001

ProGRP 0.76
(0.18–3.17) 0.707 1.84

(1.07–3.16) 0.028 1.38
(0.55–3.51) 0.495 1.23

(0.89–1.69) 0.205

TPSA 0.92
(0.54–1.57) 0.760 1.61

(1.26–2.06) <0.001 0.89
(0.57–1.40) 0.615 1.21

(1.05–1.39) 0.007

CA199 3.82
(2.23–6.54) <0.001 0.32

(0.23–0.44) <0.001 4.00
(2.53–6.31) <0.001 2.08

(1.73–2.50) <0.001

Note 1: DM, distant metastasis; IM, intrapulmonary metastasis; LM, lymphatic metastasis. Note 2: (1) The
influencing factors of IM, LM and DM were analyzed by binary logistic analysis. Assignment of dependent
variable: IM, LM and DM are all 0 = without and 1 = with. Independent variable assignment: gender (0 =
male, 1 = female); age (0 = ≤61 years, 1 = >61 years); smoking index (0 = non, 1 = 1–600, 2 = ≥600); histologic
classification (0 = Squamous carcinoma, 1 = Adenocarcinoma, 3 = Adenosquamous carcinoma, 4 = Others); CEA,
SCC, CYFRA 21-1, NSE, ProGRP, TPSA, CA199 (0 = normal, 1 = high). (2) The influencing factors of tumor
stage were analyzed by ordered logistics. Assignment of dependent variable: tumor stage (1–4 are stage I–IV,
respectively); independent variable assignment: gender, age, smoking index, histologic classification and seven
kinds of tumor markers are all the same as above.

Table 6. Collinearity examination of multifactor analysis for basic condition and tumor markers
related with metastasis and stage of patients with NSCLC.

Variables
IM LM DM Staging

T VIF T VIF T VIF T VIF

Gender 0.635 1.576 0.633 1.580 0.636 1.572 0.633 1.581
Age 0.937 1.067 0.937 1.067 0.936 1.068 0.937 1.067

Smoking index 0.629 1.589 0.628 1.591 0.629 1.589 0.628 1.592
Histologic

classification 0.944 1.059 0.939 1.064 - - 0.939 1.064
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Table 6. Cont.

Variables
IM LM DM Staging

T VIF T VIF T VIF T VIF

CEA 0.891 1.122 0.892 1.122 0.895 1.118 0.891 1.122
SCC-Ag 0.900 1.111 0.896 1.116 0.911 1.097 0.896 1.116

CYFRA 21-1 0.863 1.159 0.737 1.356 0.872 1.147 0.737 1.357
NSE 0.975 1.025 0.976 1.025 0.980 1.020 0.976 1.025

TPSA - - 0.797 1.254 - - 0.797 1.254
CA199 0.922 1.085 0.922 1.084 0.925 1.081 0.922 1.084

Note 1: DM, distant metastasis; IM, intrapulmonary metastasis; LM, lymphatic metastasis. Note 2: T, tolerance;
VIF, variance inflation factor.

Table 7. Multivariate analysis of influencing factors for tumor metastasis and clinical stage in patients
with NSCLC.

Variables
IM LM DM Staging

OR
(95% CI) p OR

(95% CI) p OR
(95% CI) p OR

(95% CI) p

Gender 0.52
(0.29–0.94) 0.031 0.85

(0.61–1.19) 0.335 0.66
(0.39–1.13) 0.117 0.68

(0.49–0.94) 0.021

Age 0.58
(0.34–0.99) 0.045 0.64

(0.48–0.83) 0.001 0.66
(0.42–1.03) 0.068 0.76

(0.59–0.98) 0.036

Smoking index
non Reference Reference Reference Reference

600 0.53
(0.27–1.03) 0.059 1.00

(0.70–1.42) 0.987 0.66
(0.37–1.15) 0.144 0.95

(0.67–1.34) 0.775

>600 0.28
(0.08–0.99) 0.048 1.22

(0.75–2.00) 0.413 0.45
(0.18–1.11) 0.082 1.03

(0.65–1.64) 0.889

Histologic
classification

Squamous
carcinoma Reference Reference Reference Reference

Adenocarcinoma 2.69
(0.78–9.31) 0.119 0.92

(0.62–1.38) 0.695 - - 0.68
(0.47–0.97) 0.033

Adenosquamous
carcinoma - - 1.58

(0.35–7.15) 0.553 - - 1.05
(0.26–4.31) 0.948

Others 1.28
(0.20–8.12) 0.793 1.32

(0.72–2.43) 0.365 - - 0.87
(0.49–1.54) 0.628

CEA 2.66
(1.53–4.63) <0.001 3.08

(2.33–4.07) <0.001 4.51
(2.86–7.12) <0.001 2.85

(2.17–3.75) <0.001

SCC-Ag 0.40
(0.14–1.18) 0.096 1.35

(0.95–1.93) 0.093 0.50
(0.24–1.03) 0.060 1.04

(0.74–1.45) 0.842

CYFRA 21-1 1.27
(0.73–2.22) 0.394 2.00

(1.48–2.69) <0.001 1.06
(0.66–1.69) 0.822 2.56

(1.92–3.42) <0.001

NSE 1.51
(0.86–2.66) 0.155 1.15

(0.84–1.57) 0.382 1.26
(0.77–2.08) 0.362 1.76

(1.33–2.34) <0.001

TPSA - - 0.98
(0.72–1.32) 0.876 - - 0.75

(0.56–1.01) 0.055

CA199 2.80
(1.49–5.17) 0.001 2.04

(1.41–2.96) <0.001 2.20
(1.31–3.69) 0.003 2.20

(1.54–3.14) <0.001

Notes are the same as in Table 5.

3.3. The Predictions of Single and Combined Factors for Tumor Metastasis and Stage in
NSCLC Patients

Multivariate analysis of tumor markers with p < 0.05 was followed by a logistic analysis
of prediction probability. For analysis of the influencing factors of tumor metastasis and
clinical stage of NSCLC patients, the area under the ROC curve (AUC) for factors is shown
in Table 8. ROC curves were used to predict lung cancer metastasis and stage, and the
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results were shown in Figure 1. CEA and CA199 provided an accurate prediction of
intrapulmonary and distant metastasis with the AUC of 0.69 both (p < 0.001); CEA, CYFRA
21-1 and CA199 provided an accurate prediction of lymphatic metastasis with the AUC of
0.62 (p < 0.001).
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Figure 1. ROC curves of tumor markers for tumor metastasis and stage. (A) The ROC curve for
gender, age, smoking index, CEA and CA199 in the diagnosis of intrapulmonary metastasis; (B) the
ROC curve for age, CEA, CYFRA 21-1 and CA199 in the diagnosis of lymphatic metastasis. (C) the
ROC curve for CEA and CA199 in the diagnosis of distant metastasis. (D) the ROC curve for gender,
age, histologic classification, CEA, CYFRA 21-1, NSE and CA199 in the diagnosis of tumor stage.

Table 8. Receiver operating characteristic (ROC) curves of influencing factors for tumor metastasis
and clinical stage in patients with NSCLC.

Variables
IM LM DM Staging

AUC
(95% CI) p AUC

(95% CI) p AUC
(95% CI) p AUC

(95% CI) p

Gender 0.49
(0.43–0.56) 0.862 - - - - 0.43

(0.35–0.52) 0.116

Age 0.44
(0.38–0.51) 0.085 0.48

(0.45–0.52) 0.362 - - 0.52
(0.43–0.60) 0.659

Smoking index 0.43
(0.37–0.49) 0.044 - - - - - -
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Table 8. Cont.

Variables
IM LM DM Staging

AUC
(95% CI) p AUC

(95% CI) p AUC
(95% CI) p AUC

(95% CI) p

Histologic
classification - - - - - - 0.50

(0.40–0.59) 0.949

CEA 0.62
(0.55–0.69) 0.001 0.64

(0.61–0.68) <0.001 0.67
(0.61–0.73) <0.001 0.68

(0.59–0.76) <0.001

CYFRA 21-1 - - 0.62
(0.58–0.65) <0.001 - - 0.76

(0.70–0.83) <0.001

NSE - - - - - - 0.61
(0.52–0.70) 0.013

CA199 0.59
(0.52–0.66) 0.011 0.56

(0.53–0.60) <0.001 0.58
(0.52–0.64) 0.007 0.59

(0.49–0.68) 0.046

Combine 0.69
(0.62–0.75) <0.001 0.62

(0.59–0.66) <0.001 0.69
(0.63–0.75) <0.001 0.55

(0.46–0.65) 0.205

Notes: DM, distant metastasis; IM, intrapulmonary metastasis; LM, lymphatic metastasis.

4. Discussion

Tumor markers have been widely used in the clinical diagnosis and treatment of
malignant tumors as they serve as important indicators of disease outcome monitoring.
At present, varied tumor markers, such as CEA, SCC-Ag, CYFRA 21-1, NSE, are applied
in diagnosing lung cancer, which can also be used to monitor metastasis and recurrence
of NSCLC [18]. Although tumor markers are widely used in clinical practice, the clinical
analysis and validation of these markers using a large sample size remain lacking. In this
study, a large sample of lung cancer patients from two medical centers was selected to
verify the accuracy of tumor markers from multiple perspectives, including predicting
tumor metastasis and clinical stage. Our results support the use of these markers in
clinical practice.

CEA is widely found in adult cancer tissues and has been used in the auxiliary diagno-
sis, efficacy observation, prognostic judgment, and recurrence prediction of cancer [19,20].
CEA elevation is common in multisystem tumors, including lung cancer [21]. Due to
the non-specificity of this indicator, CEA is often used in combination with other tumor
markers in clinical practice [22,23]. SCC-Ag participates in the regulation of protein decom-
position during malignant transformation, and it is the preferred tumor marker for cervical
squamous cell carcinoma [24,25]. Additionally, this marker is observed to increase in lung
squamous cell cancers [26]. CYFRA 21-1 is highly expressed in lung squamous cell carci-
noma compared with adenocarcinoma and SCLC [27]. The use of increased serum levels of
CYFRA 21-1 for predicting postoperative recurrence in lung cancer patients shows good
sensitivity and specificity. CYFRA 21-1 is also a highly sensitive and specific biomarker for
the prediction of post-chemotherapy progression [28].

A high concentration of serum NSE is a specific marker of neuroendocrine tumors [29,30].
SCLC regulates the secretion of a variety of related enzymes, active peptides, and hor-
mones [31]. Thus, NSE is a preferred marker for SCLC. NSE is only significantly changed
in middle and advanced SCLC. NSE has been found to be related to changes in tumor
growth and can be combined with clinical observations and monitoring to predict metasta-
sis and recurrence for NSCLC [32]. ProGRP is a marker of small cell lung cancer. Serum
CA199 can be used for pancreatic cancer. Auxiliary diagnostic indicators for malignant
tumors such as gallbladder cancer are mainly used as indicators for disease monitoring
and predicting recurrence.

In this study, we have analyzed the differences in tumor markers among patients
with different metastases and tumor stages. The results showed that the levels of SCC-Ag,
ProGRP and CA199 in patients with lymphatic metastasis, and the levels of CEA, CYFRA
21-1 and NSE in patients with intrapulmonary, lymphatic, and distant metastasis, were
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significantly higher than those patients with non-metastasis. This data indicates that the
increased tumor markers significantly correlate with NSCLC metastasis [13]. Lung cancer
markers have been also associated with the clinical stage of lung cancer. Tumor markers
related to NSCLC, such as CEA, SCC-Ag and CYFRA 21-1, show a clear relationship with
tumor stage [12,33]. The results of this study showed that there were statistical differences
in the numeric levels and proportion of six tumor markers, including SCC-Ag, CEA, CYFRA
21-1, NSE, CA199 and TPSA, among patients with different tumor stages of NSCLC.

The results of risk factors showed that the patients, with increased levels of CEA,
CYFRA 21-1, NSE and CA199, tended to have higher tumor stages. The risk factors for
intrapulmonary metastasis were smoking index > 600, and increased levels of CEA and
CA199. The risk factors for lymphatic metastasis were higher levels of CEA, CYFRA 21-1
and CA199. The risk factors for distant metastasis were elevated CEA and CA199 levels.

Combined detection of certain serum tumor markers in lung cancer patients can
significantly improve diagnostic sensitivity and the roles of monitoring tumor progres-
sion [34,35]. At last, joint predictions of combined lung cancer-related tumor markers
for tumor metastasis have been performed by ROC curve analyses. The result showed
that the combined elevations in CEA and CA199 were also useful for the diagnoses of
lymphatic metastasis and distant metastasis, respectively. These results are in accordance
with previous reports [36].

5. Conclusions

In summary, our results suggest that the levels of CEA, SCC-Ag, CYFRA 21-1, NSE and
CA199 were positively related to tumor metastasis and stage. Elevated CEA and CA199
levels in NSCLC patients are indicative of intrapulmonary and distant metastases; elevated
CEA, CYFRA 21-1 and CA199 levels in patients with NSCLC are indicative of lymphatic
metastasis. These tumor markers could be useful in predicting tumor metastasis in patients
with NSCLC.
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Simple Summary: Extramedullary multiple myeloma (EMM) is a rare and aggressive subtype of
multiple myeloma which is associated with a poor prognosis. Here, we used mass spectrometry to
illustrate that extramedullary multiple myeloma patients have a bone marrow and plasma protein
signature that is distinct from multiple myeloma patients without extramedullary spread. We used
bioinformatic tools to analyse differentially expressed proteins and verified the increased abundance
of three proteins (VCAM1, HGFA, PEDF) in the plasma of patients with EMM. Considering the
paucity of informative biomarkers and effective therapeutic approaches for the treatment of EMM,
this study may provide direction for the discovery of novel diagnostic and therapeutic approaches
and markers of extramedullary progression.

Abstract: Multiple myeloma (MM) is an incurable haematological malignancy of plasma cells in the
bone marrow. In rare cases, an aggressive form of MM called extramedullary multiple myeloma
(EMM) develops, where myeloma cells enter the bloodstream and colonise distal organs or soft
tissues. This variant is associated with refractoriness to conventional therapies and a short overall
survival. The molecular mechanisms associated with EMM are not yet fully understood. Here, we
analysed the proteome of bone marrow mononuclear cells and blood plasma from eight patients
(one serial sample) with EMM and eight patients without extramedullary spread. The patients with
EMM had a significantly reduced overall survival with a median survival of 19 months. Label-
free mass spectrometry revealed 225 proteins with a significant differential abundance between
bone marrow mononuclear cells (BMNCs) isolated from patients with MM and EMM. This plasma
proteomics analysis identified 22 proteins with a significant differential abundance. Three proteins,
namely vascular cell adhesion molecule 1 (VCAM1), pigment epithelium derived factor (PEDF),
and hepatocyte growth factor activator (HGFA), were verified as the promising markers of EMM,
with the combined protein panel showing excellent accuracy in distinguishing EMM patients from
MM patients. Metabolomic analysis revealed a distinct metabolite signature in EMM patient plasma
compared to MM patient plasma. The results provide much needed insight into the phenotypic
profile of EMM and in identifying promising plasma-derived markers of EMM that may inform novel
drug development strategies.

Keywords: multiple myeloma; extramedullary multiple myeloma; extramedullary disease; proteomics;
mass spectrometry; clinical proteomics; metabolomics
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1. Introduction

Multiple myeloma (MM) is characterised by the uncontrolled proliferation of plasma
cells in the bone marrow, resulting in the production of large amounts of non-functional
monoclonal antibodies or paraproteins, which can be detected in the blood or urine [1].
MM is the second most common blood cancer and accounts for approximately 1% of
all cancers [2]. The approval of various therapeutics, including proteasome inhibitors,
immunomodulatory drugs, and monoclonal antibodies, have improved the overall survival
of MM patients over the last two decades. However, despite the introduction of these novel
therapeutics, MM remains an incurable disease due to the development of drug resistance
and repeated relapses [3].

As outlined in the Revised International Staging System (RISS), multiple factors, in-
cluding tumour burden, serum biomarker levels and the presence of high-risk cytogenetics,
help define MM prognosis [4]. One poor prognostic factor is the presence of extramedullary
multiple myeloma (EMM), an aggressive manifestation of MM where clonal plasma cells
become independent of the bone marrow microenvironment (BME) and colonise distal
organs and soft tissues outside of the bone marrow, such as the skin, liver and lungs [5].
EMM can be detected at diagnosis or relapse, both of which indicate poor prognosis. There
is no consensus on the median survival of EMM patients; however, several studies have
reported significantly reduced median survival in newly diagnosed and relapsed MM
patients with extramedullary disease compared to those without plasmacytomas [6–8].
The reported incidence of EMM varies between studies, ranging from 0.5–4.8% in newly
diagnosed MM and 3.4–14% in relapsed/refractory MM [8].

Treatment resistance is commonly associated with EMM [9,10]. When considering
treatment options, EMM is treated aggressively, similarly to how high-risk MM is treated.
MM is still treated empirically with conventional myeloma therapies, meaning there is
a lack of targeted therapeutic options for MM variants, such as EMM. The low number
of prospective studies specifically focusing on EMM impedes a clinician’s ability to make
strong treatment recommendations [8]. For this reason, several studies have advised future
large MM-focused clinical trials to evaluate EMM patients as a defined subgroup to inform
therapeutic decision making [8,11]. There is therefore a need for novel therapeutic targets
and treatment strategies to improve the survival outcome for EMM patients.

Despite the aggressiveness of EMM, the molecular mechanisms that contribute to
the escape of malignant plasma cells from the bone marrow and the colonization of dis-
tant tissues are poorly understood [5]. Several studies have reported high-risk genetic
abnormalities, such as del(17p13), and dysregulated cell adhesion and migratory path-
ways, as contributing to extramedullary progression [12,13]. The increased expression
of the chemokine receptor CXCR4 has been linked to the development of an epithelial-
to-mesenchymal-like phenotype that is associated with medullary and extramedullary
metastasis [14,15]. Furthermore, myeloma cells derived from extramedullary sites are
often plasmablastic, a morphological trait associated with more aggressive disease [16,17].
Dissecting the key signalling pathways that facilitate the survival and proliferation of
plasma cells outside of the bone marrow is crucial for identifying novel therapeutic targets
in EMM. Furthermore, identifying clinically relevant non-invasive markers of EMM may
facilitate the early detection of extramedullary lesions.

In this study, we performed a mass-spectrometry (MS)-based pilot proteomic analysis
of matched bone marrow mononuclear cells (BMNCs) and blood plasma from MM patients
with and without extramedullary spread (n = 17). A targeted metabolomic analysis of
blood plasma was also performed to explore the metabolic signature of EMM plasma.
Through these analyses, we aimed to (i) identify biological processes or signalling pathways
associated with extramedullary transition, (ii) identify potential therapeutic targets and
prognostic markers for further investigation and (iii) reveal plasma-based biomarkers for
diagnostic and/or prognostic clinical use. Collectively, this study contributes to the current
understanding of the molecular phenotype associated with EMM.
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2. Materials and Methods
2.1. Patient Information and Sample Collection

Bone marrow mononuclear cells (BMNCs) and blood EDTA plasma samples from age-
and gender-matched MM (n = 8) and EMM patients (n = 9, 1 serial sample) were obtained
from the Finnish Hematology Registry and Clinical Biobank (FHRB). In this research paper,
EMM refers to patients with soft tissue plasmacytomas outside of the bone marrow and
not paraskeletal plasmacytomas [18]. Patient characteristics are summarised in Table 1.
Cytogenetic information was also recorded (Figure S1). Sample collection, with informed
consent, took place between 2013 and 2020 across several Finnish university hospitals and
other haematology units. Median age was 65. Samples were obtained from 4 female and
12 male subjects. To analyse the association of the plasma-based markers of EMM with
drug resistance, EDTA plasma was obtained from a second cohort of patients (n = 44)
stratified based on ex vivo drug sensitivity resistance testing (DSRT) performed on CD138+
myeloma cells isolated from bone marrow aspirates. These plasma samples from 44 MM
patients with corresponding DSRT data were also obtained from the FHRB. The FHRB is
authorised and approved by the Finnish National Supervisory Authority for Welfare and
Health (Valvira) and Finnish National Medical Ethics Committee, respectively. Samples
were stored at −80 ◦C.

Table 1. Clinical and demographic characteristics of patients involved in this study. Characteristics
include diagnosis, status at diagnosis, sex, age and overall survival.

Sample ID Diagnosis Status Sex Age OS (mo) from Diagnosis

D_EMM_2689 Myeloma, extramedullary Diagnostic Male 65 80
D_EMM_3497 Myeloma, extramedullary Diagnostic Male 65 87 *
D_EMM_3674 Myeloma, extramedullary Diagnostic Male 58 8
D_EMM_4296 Myeloma, extramedullary Diagnostic Male 65 22
D_EMM_1994 Myeloma, extramedullary Diagnostic Female 67 16

D_EMM_40725 Myeloma, extramedullary Diagnostic Male 49 2
PD_EMM_874 Myeloma, extramedullary Progressive disease Male 72 31

PD_EMM_1994 † Myeloma, extramedullary Progressive disease Female 68 16
PD_EMM_40795 Myeloma, extramedullary Progressive disease Female 69 7

D_MM_5215 Myeloma, no extramedullary Diagnostic Male 65 61 *
D_MM_4314 Myeloma, no extramedullary Diagnostic Male 65 53
D_MM_5187 Myeloma, no extramedullary Diagnostic Male 59 62 *
D_MM_4317 Myeloma, no extramedullary Diagnostic Male 65 65
D_MM_40141 Myeloma, no extramedullary Diagnostic Male 49 43 *
PD_MM_899 Myeloma, no extramedullary Progressive disease Male 72 124

PD_MM_1579 Myeloma, no extramedullary Progressive disease Female 68 83
PD_MM_40301 Myeloma, no extramedullary Progressive disease Female 70 129 *

* Patient was alive at last follow-up. † D_EMM_1994 and PD_EMM_1994 were collected from the same patient.
PD_EMM_1994 sample was collected approximately 1 year after D_EMM_1994.

2.2. Bone Marrow Mononuclear Cells Sample Preparation

Cryopreserved BMNCs were thawed in a 37 ◦C water bath. BMNCs were isolated
and washed twice with phosphate-buffered saline (PBS). The supernatant was removed,
and cell pellets were solubilised in 200 µL of lysis buffer (4% SDS, 100 mM Tris/HCl
pH 7.6, 0.1 M DTT, protease inhibitors). Protein quantitation was performed using the
Pierce™ 660 nm protein assay (Thermo Fisher Scientific, Waltham, MA, USA), as described
by the manufacturer’s guidelines. Filter-aided sample preparation (FASP) was applied
for proteolytic digestion [19]. A total of 15 µg of protein from each sample was digested.
Briefly, samples were subject to a series of centrifugal steps using 8 M urea and 50 mM
iodoacetamide to facilitate detergent removal, buffer exchange and protein alkylation.
Overnight trypsin digestion was carried out using a 1:25 enzyme-to-protein ratio in 50 mM
ammonium bicarbonate digestion buffer. The tryptic peptides were acidified at a 1:10 ratio
using 2% TFA and 20% ACN.
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2.3. Label-Free Liquid Chromatography—Tandem Mass Spectrometry Analysis of BMNCs

Liquid chromatography tandem mass spectrometry (LC-MS/MS) was performed
using the Thermo UltiMate 3000 nano system and directly coupled in-line with the Thermo
Orbitrap Fusion Tribrid mass spectrometer. The maximum loading amount (~800 ng) was
loaded for mass spectrometry analysis. PepMap100 (C18, 300 µm × 5 mm) and Acclaim
PepMap 100 (75 µm × 50 cm, 3 µm bead diameter) columns were used as the trapping and
analytical columns, respectively. Peptides were eluted over the following binary gradient:
LC Solvent A and LC Solvent B using 2–32% Solvent B for 75 min, 32–90% Solvent B for
5 min and holding at 90% for 5 min at a flow rate of 300 nL/min. A data-dependent
acquisition strategy was applied with full MS scans in the 380–1500 m/z range with a
resolution of 120,000 at 200 m/z. A top-speed approach with a cycle time of 3 s was used
for tandem MS analysis, with selected precursor ions isolated with an isolation width of
1.6 Da. The intensity threshold for fragmentation was set to 5000 and included peptides
with charge states of 2+ to 7+. A higher energy collision dissociation (HCD) approach was
applied with a normalised collision energy of 28% and tandem MS spectra were acquired
in the linear ion trap with a fixed first m/z of 110, and a dynamic exclusion of 50 s was
applied. A targeted automatic gain control (AGC) was set to 2 × 104 with a maximum
injection time set at 35 ms.

2.4. Data Analysis of BMNCs Mass Spectrometry Results

The UniProtKB-SwissProt Homo Sapiens database with Proteome Discoverer 2.2 using
Sequest HT (Thermo Fisher Scientific) and a percolator were used for the identification of
peptides and proteins. Search parameters were set as follows: (i) MS/MS mass tolerance
was set to 0.02 Da, (ii) peptide mass tolerance was set at 10 ppm, (iii) variable modifications
included methionine oxidation, (iv) fixed modification settings for carbamido-methylation
and (v) tolerance for up to two missed cleavages. Peptide probability was set to high
confidence, and a minimum XCorr score of 1.5 for 1, 2.0 for 2, 2.25 for 3 and 2.5 for 4 charge
states was applied for peptide filtering. The associated label-free quantitation software
Progenesis QI for Proteomics (version 2.0; Nonlinear Dynamics, a Waters company, New-
castle upon Tyne, UK) was used for quantitative data analysis. Datasets were imported into
Progenesis QI software. Protein identifications were deemed to be differentially expressed
when specific criteria were met. Missing values were imputed using a width of 0.3 and
down shift of 1.8 to enable statistical comparisons. The criteria were: ANOVA p-value
of ≤0.05 between experimental groups, fold change ≥1.5 between experimental groups,
proteins with ≥2 unique peptides contributing to the identification, and quantification data
in >60% of samples. Pathway enrichment and gene ontology (GO) enrichment analysis
was performed by submitting Uniprot accession IDs to the g:Profiler online bioinformatics
tool (https://biit.cs.ut.ee/gprofiler/gost) (accessed on 24 November 2022) [20]. Term size
was set to between 5 and 2000.

2.5. Gene Expression Analysis Using the CoMMpass Dataset

To determine the association of the most differentially abundant proteins with MM
prognosis, we used the mRNA expression data from the MMRF CoMMpass study. The
gene expression profiles and survival data of patients with MM (n = 784) were obtained and
analysed using UCSC Xena (https://xena.ucsc.edu/) (accessed on 17 November 2022). Raw
count values and clinical data were downloaded from the Xena website and normalised
using the R package “deseq2”. Survival analysis was performed using the “survival”
and “RegParallel” packages and survival curves were illustrated using the Kaplan–Meier
method. Proteins significantly changed between EMM BMNCs and MM BMNCs were
analysed to identify the prognostic relevance of the gene expression of these proteins.
Median expression values were used to binarise the genes. Gene expression results with
log-rank p-values < 0.05 were considered significantly associated with MM survival.
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2.6. Blood Plasma Sample Preparation

High abundant plasma proteins were depleted using the Proteome Purify 12 Human
Serum Protein Immunodepletion Resin (R&D Systems, Minneapolis, MN, USA). Briefly,
10 µL of plasma was mixed with 1 mL of immunodepletion resin for 60 min. The mixture
was transferred to Spin-X filter units and centrifuged. The protein concentration of the
resulting eluate was determined using the Pierce™ 660 nm protein assay (Thermo Fisher
Scientific). Protein digestion was performed using the FASP protocol, as described above.
A total of 10 µg of protein was digested at a 1:25 enzyme-to-protein ratio. The tryptic digest
was acidified at a 1:10 ratio using 2% TFA, 20% ACN.

2.7. Label-Free Liquid Chromatography-Tandem Mass Spectrometry Analysis of Plasma

LC-MS/MS was performed using the Ultimate 3000 NanoLC system (Dionex Corpo-
ration, Sunnyvale, CA, USA) coupled with a Q-Exactive mass spectrometer (Thermo Fisher
Scientific). A total of 14 µL, containing ~1µg of digested protein was loaded. Samples were
loaded onto a C18 trap column (C18 PepMap, 300 µm id × 5 mm, 5 µm particle size, 100 Å
pore size; Thermo Fisher Scientific) and resolved on an analytical Biobasic C18 Picofrit
column (C18 PepMap, 75 µm id × 50 cm, 2 µm particle size, 100 Å pore size; Dionex).
Peptides generated were eluted over a 120 min gradient. The Q-Exactive was operated
in positive, data-dependent acquisition (DDA) mode and externally calibrated. Full-scan
spectra were collected at a fixed resolution of 140,000 and a mass range of 300–1700 m/z.
Fragmentation spectra were acquired through the collision-induced dissociation (CID) of
the fifteen most intense ions per scan, at a resolution of 17,500 and range of 200–2000 m/z.
A dynamic exclusion window was applied within 30 s.

2.8. Data Analysis of Plasma Mass Spectrometry Results

Raw files from the mass spectrometry analysis were searched using the associated
software, Proteome Discoverer 2.5 (Thermo Fisher Scientific). Protein identification and
label-free quantitation (LFQ) was performed. The resulting dataset was imported into
Perseus (1.6.14.0). Proteins with ≥2 peptides contributing to the identification and quanti-
tative values in >70% samples were retained for downstream analysis. Missing values were
imputed using a width of 0.3 and a down-shift of 1.8 to enable statistical comparisons. Statis-
tically significant differentially abundant proteins were identified based on a false discovery
rate (FDR)-adjusted p-value < 0.1 and fold change >1.5 between experimental groups.

2.9. Enzyme-Linked Immunosorbent Assays (ELISAs)

The concentrations of six proteins (vascular cell adhesion protein 1 (VCAM1), aminopepti-
dase N (CD13), butyrylcholinesterase (BCHE), hepatocyte growth factor activator (HGFA),
alpha 2-macroglobulin (A2M) and pigment epithelium-derived factor (PEDF)) in blood
plasma were measured by ELISA (DuoSet ELISA kits, R&D Systems). The following plasma
dilutions were used: VCAM1 (1:1500), CD13 (1:75), BCHE (1:2000), HGFA (1:2000), A2M
(1:100,000) and PEDF (1:8000). The plasma concentrations of VCAM1, PEDF and HGFA, at
the same dilutions, were also analysed in the second MM patient cohort (n = 44).

2.10. Statistical Analysis

The statistical analysis of ELISA results, receiver-operating characteristic (ROC) curve
analysis and correlation analyses were performed using Graphpad Prism (8.0.2.263) and
MedCalc (version 20.118). Parametric t-tests were used to evaluate statistical significance.
Outliers were removed using the ROUT method (Q = 1%). ROC curve analysis was
used to determine the discriminatory performance of the verified statistically significant
differentially abundant (SSDA) plasma proteins. The ROC curves evaluated the specificity
(false positive fraction) and sensitivity (true positive fraction) of the potential protein
biomarkers. Optimal cut-off points were selected using Youden’s index. The area under
the curve (AUC) was calculated to summarise the accuracy of the classification. Logistic
regression analysis was performed using MedCalc.
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2.11. Targeted Metabolomic Analysis

The targeted metabolomic analysis of medullary MM and EMM blood plasma samples
was performed using the MxP® Quant 500 kit (Biocrates Life Sciences AG, Innsbruck,
Austria) with a SCIEX QTRAP 6500plus mass spectrometer. The MxP® Quant 500 kit is ca-
pable of quantifying more than 600 metabolites from 26 compound classes. Quality control
(QC) samples were employed to monitor the performance of the analysis with metabolite
concentration in each sample normalised based on these QC samples. Isotopically labelled
internal standards and seven-point calibration curves were used in the quantitation of
amino acids and biogenic amines. The semi-quantitative analysis of other metabolites was
performed using internal standards. Data quality was evaluated by checking the accuracy
and reproducibility of QC samples. Metabolites were included only when the concentra-
tions of the metabolites were above the limit of detection (LOD) in >75% of plasma samples.
Data were imported into MetaboAnalyst 5.0 for further analysis. Feature filtering was
performed based on relative standard deviation (RSD) and the resulting data were log-
transformed and autoscaled. Metabolites of interest were identified based on p-value < 0.05
and fold-change >1.2 between experimental groups. Supervised statistical approaches were
used to further interrogate the data.

3. Results
3.1. Clinical Information

Eight samples with MM but without extramedullary spread and nine samples with
EMM were included in this study. Clinical data was obtained and summarised (Table 1,
Figure S1). The median age was 65. Six males and two females were included in each
group. Overall survival (OS) was statistically significantly decreased in patients with EMM
compared to MM patients without extramedullary spread (Log-rank = 3.977, p = 0.046)
(Figure S2). The median OS of patients with EMM and those without extramedullary
spread was 19 months and 83 months, respectively.

3.2. Identification of Differentially Abundant Proteins in the Bone Marrow of MM Patients with
and without Extramedullary Spread

To examine proteomic changes in the bone marrow of MM patients with and without
EMM, BMNCs were isolated and proteolytically digested. Nine EMM samples—including
one serial sample—and eight MM without extramedullary spread samples were analysed
using LC-MS/MS. A total of 4589 proteins and 225 significantly differentially abundant
proteins were identified based on ANOVA corrected p-value < 0.05 and fold change >1.5
(Figure 1, Table S1). Of these, 139 proteins were increased in abundance and 86 proteins
were decreased in abundance in EMM BMNCs compared to MM BMNCs (Tables 2 and 3).
The hierarchical clustering of protein abundance and principal component analysis (PCA)
demonstrated a clear change in the proteomic profile of mononuclear cells from MM
patients with extramedullary spread and those without (Figure 1A,B).

Table 2. Top 25 proteins with significantly increased abundance in EMM BMNCs compared to MM
BMNCs as determined by label-free LC-MS/MS.

Uniprot ID Description Gene Name Fold Change FDR-Adjusted
p-Value

P00918 Carbonic anhydrase 2 CA2 4.42 0.0001
Q8NBJ5 Procollagen galactosyltransferase 1 COLGALT1 1.77 0.0003
P09382 Galectin-1 LGALS1 1.94 0.0005
Q5JRX3 Presequence protease, mitochondrial PITRM1 3.05 0.0006
P37802 Transgelin-2 TAGLN2 4.65 0.0006
P17301 Integrin alpha-2 ITGA2 34.90 0.0009

Q86WV6 Stimulator of interferon genes protein TMEM173 3.02 0.0009

Q32MZ4 Leucine-rich repeat flightless-interacting
protein 1 LRRFIP1 2.13 0.0009

Q15833 Syntaxin-binding protein 2 STXBP2 2.26 0.0011
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Table 2. Cont.

Uniprot ID Description Gene Name Fold Change FDR-Adjusted
p-Value

P62328 Thymosin beta-4 TMSB4X 8.64 0.0011
P08567 Pleckstrin PLEK 5.45 0.0015

Q9UGT4 Sushi domain-containing protein 2 SUSD2 53.35 0.0017
O60610 Protein diaphanous homolog 1 DIAPH1 2.21 0.0018
P08758 Annexin A5 ANXA5 7.68 0.0018
P07951 Tropomyosin beta chain TPM2 3.45 0.0019

Q7LDG7 RAS guanyl-releasing protein 2 RASGRP2 3.54 0.0019
Q14019 Coactosin-like protein COTL1 2.38 0.0020

P18054 Polyunsaturated fatty acid lipoxygenase
ALOX12 ALOX12 26.46 0.0020

Q9NYL9 Tropomodulin-3 TMOD3 2.90 0.0020
P63000 Ras-related C3 botulinum toxin substrate 1 RAC1 2.73 0.0025
P37840 Alpha-synuclein SNCA 18.57 0.0025
Q9HBI1 Beta-parvin PARVB 12.09 0.0026
P18206 Vinculin VCL 5.78 0.0028
Q15942 Zyxin ZYX 4.93 0.0029
P06753 Tropomyosin alpha-3 chain TPM3 2.07 0.0030
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Figure 1. Proteomic profile of BMNCs from EMM patients and medullary MM patients. (A) Hier-
archical clustering analysis of the statistically significant differentially abundant (SSDA) proteins
between MM and EMM groups. The colours from blue to red represent the relative protein levels
between the two groups. (B) Principal component analysis (PCA) illustrating a clear distinction
between MM patients with EMM and those without. Each dot represents a patient sample with EMM
samples highlighted in red and MM samples highlighted in blue.

Proteins found to be increased or decreased in abundance in EMM were characterised
based on gene ontology enrichment and KEGG pathway enrichment (Figure 2). Proteins in-
creased in abundance in EMM mononuclear cells were associated with migratory pathways,
including focal adhesion, tight junction, Rap1 signalling pathway and leukocyte endothelial
migration. Interestingly, proteins decreased in abundance in EMM BMNCs were associated
with various metabolic pathways, including the tricarboxylic acid (TCA) cycle, suggesting
a possible metabolic change in the cells of the bone marrow microenvironment during
EMM transition [21].
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Table 3. Top 25 proteins with significantly decreased abundance in EMM BMNCs compared to MM
BMNCs as determined by label-free LC-MS/MS.

Uniprot ID Description Gene Name Fold Change FDR Adjusted p-Value

P22087 rRNA 2′-O-methyltransferase fibrillarin FBL 1.65 0.0003
P16402 Histone H1.3 HIST1H1D 2.89 0.0007

Q8NBS9 Thioredoxin domain-containing protein 5 TXNDC5 4.33 0.0008
Q99798 Aconitate hydratase, mitochondrial ACO2 1.61 0.0012
Q9NSE4 Isoleucine--tRNA ligase, mitochondrial IARS2 2.22 0.0014
Q9Y320 Thioredoxin-related transmembrane protein 2 TMX2 5.92 0.0014
Q13263 Transcription intermediary factor 1-beta TRIM28 2.19 0.0015
P30837 Aldehyde dehydrogenase X, mitochondrial ALDH1B1 8.19 0.0015
Q9BY50 Signal peptidase complex catalytic subunit SEC11C SEC11C 5.19 0.0016
Q13813 Spectrin alpha chain, non-erythrocytic 1 SPTAN1 2.10 0.0023
Q3SY69 Mitochondrial 10-formyltetrahydrofolate dehydrogenase ALDH1L2 7.33 0.0033
P08240 Signal recognition particle receptor subunit alpha SRPR 2.48 0.0035
P30044 Peroxiredoxin-5, mitochondrial PRDX5 1.77 0.0037

Q7KZF4 Staphylococcal nuclease domain-containing protein 1 SND1 2.91 0.0042
P49257 Protein ERGIC-53 LMAN1 2.44 0.0043
Q9Y4P3 Transducin beta-like protein 2 TBL2 4.53 0.0045
P09874 Poly [ADP-ribose] polymerase 1 PARP1 2.67 0.0047
Q01105 Protein SET SET 3.29 0.0054
Q92506 Estradiol 17-beta-dehydrogenase 8 HSD17B8 3.37 0.0054
P12235 ADP/ATP translocase 1 SLC25A4 4.43 0.0055
Q13310 Polyadenylate-binding protein 4 PABPC4 4.47 0.0056
P53992 Protein transport protein Sec24C SEC24C 38.68 0.0057
Q16706 Alpha-mannosidase 2 MAN2A1 6.43 0.0058
Q01082 Spectrin beta chain, non-erythrocytic 1 SPTBN1 1.96 0.0060
P54886 Delta-1-pyrroline-5-carboxylate synthase ALDH18A1 10.26 0.0072
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Figure 2. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional
enrichment analysis of SSDA proteins. (A) Bubble plot of GO gene set enrichment analysis (biological
processes) of proteins increased in abundance in EMM. (B) Bubble plot of GO gene set enrichment
analysis (biological processes) of proteins decreased in abundance in EMM. (C) Bubble plot of
KEGG pathway enrichment analysis of proteins increased in abundance in EMM. (D) Bubble plot
of KEGG pathway enrichment analysis of proteins decreased in abundance in EMM. Enrichment
value = −log10(p-value).
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3.3. Association of Gene Expression with Prognosis Using the MMRF CoMMpass Study Data

To determine whether the proteins most significantly increased in abundance in EMM
mononuclear cells were associated with a poor prognosis in MM, we performed a Kaplan–
Meier gene expression analysis on the 25 proteins most significantly increased in abundance
in EMM BMNCs using the MMRF CoMMpass dataset (Table 2). The increased expression
of seven genes was associated with a significantly worse prognosis in MM. These included
genes associated with focal adhesion and actin regulation, transgelin 2 (TAGLN2), integrin
alpha 2 (ITGA2), tropomyosin beta chain (TPM2) and tropomyosin alpha-3 chain (TPM3),
as well as carbonic anhydrase 2 (CA2), galectin-1 (LGALS1) and tropomodulin-3 (TMOD3)
(Figure 3). For our cohort, we divided the samples into high and low expression groups
for each of the seven biomarkers. Survival analysis revealed a trend towards decreased
overall survival in those with the high expression of six (TAGLN2, CA2, ITGA2, LGALS1,
TPM2, TMOD3) out of the seven proteins analysed. The high expression of TMOD3
was significantly associated with a poorer overall survival compared to those with a low
expression of TMOD3 (Figure S3). Thus, the increased abundance of these proteins is
associated with the aggressive EMM phenotype, as well as poorer overall survival in MM.
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3.4. Identification of Significantly Differentially Abundant Proteins in the Plasma of MM Patients
with and without Extramedullary Spread

Matched blood plasma samples from MM (n = 8) and EMM (n = 9, 1 serial sample) pa-
tients, taken on the same date as the BMNCs, were analysed through label-free LC-MS/MS
to identify changes in the plasma proteome of patients with and without extramedullary
lesions. A total of 524 proteins and 22 significantly differentially abundant proteins were
identified based on FDR corrected p-value < 0.1 and fold change >1.5 (Figure 4, Table 4).
All significant proteins were increased in abundance in EMM plasma samples compared to
MM patient plasma without extramedullary spread. Only one protein, platelet glycoprotein
Ib alpha chain (GP1BA), was differentially expressed in both BMNCs and blood plasma.
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Figure 4. Heatmap and volcano plot of statistically significant differentially abundant (SSDA) proteins
identified in the label-free mass spectrometry analysis of blood plasma. (A) Hierarchical clustering of
SSDA proteins. The colours from blue to red represent the relative protein levels between the two
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abundance in EMM plasma. Green points indicate proteins with a log2 fold change >1.5 but false
discovery rate (FDR) p-value > 0.1. Blue points indicate proteins with an FDR p-value < 0.1 but log2
fold change <1.5. Black points indicate proteins with no significant difference.

Table 4. List of proteins significantly increased in abundance in the plasma of EMM patients compared
to MM patients without extramedullary spread.

Uniprot ID Description Gene Name Fold Change FDR-Adjusted p-Value

Q9NZP8 Complement C1r subcomponent-like protein C1RL 1.58 0.012
P02747 Complement C1q subcomponent subunit C C1QC 2.45 0.030
P36955 Pigment epithelium-derived factor SERPINF1 1.56 0.031
P23470 Receptor-type tyrosine-protein phosphatase gamma PTPRG 2.87 0.035
P02745 Complement C1q subcomponent subunit A C1QA 2.33 0.038
Q04756 Hepatocyte growth factor activator HGFA 2.09 0.038
P05062 Fructose-bisphosphate aldolase B ALDOB 2.31 0.039
P02746 Complement C1q subcomponent subunit B C1QB 2.66 0.041
P22891 Vitamin K-dependent protein Z PROZ 1.83 0.042
P06276 Cholinesterase BCHE 1.88 0.056

Q9HDC9 Adipocyte plasma membrane-associated protein APMAP 1.85 0.058
P02760 Protein AMBP AMBP 1.69 0.062
P07359 Platelet glycoprotein Ib alpha chain GP1BA 2.40 0.070
P19320 Vascular cell adhesion protein 1 VCAM1 2.23 0.078
P01023 Alpha-2-macroglobulin A2M 2.50 0.079
P00736 Complement C1r subcomponent C1R 1.63 0.079
P15144 Aminopeptidase N ANPEP 2.65 0.081
P01871 Ig mu chain C region IGHM 4.84 0.083
P04114 Apolipoprotein B-100 APOB 1.54 0.083

Q86UD1 Out at first protein homolog OAF 2.24 0.085
P0C0L5 Complement C4-B C4B 1.88 0.085
Q12913 Receptor-type tyrosine-protein phosphatase eta PTPRJ 1.79 0.095
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3.5. Verification of Differentially Expressed Plasma Proteins Identified by LC-MS/MS

Six proteins found to be increased in abundance in the blood plasma of EMM patients
were verified via ELISA: ANPEP, VCAM1, BCHE, HGFA, PEDF and A2M. Three of the six
proteins analysed (VCAM1, HGFA, PEDF) were verified as being significantly increased
in abundance in EMM plasma (Figure 5). Although ANPEP, BCHE and A2M did not
reach statistical significance, we observed trends towards increased abundance in EMM
plasma, which would warrant further investigation in a larger cohort of samples. To explore
the potential of the three verified proteins as biomarkers, we performed individual ROC
curve analyses and a multivariate analysis of the biomarker combination. ROC curves
were constructed and the area under the curve (AUC) values were calculated (Figure 6).
VCAM1, HGFA and PEDF were found to have good prediction ability for EMM with AUC
values of 0.806, 0.847 and 0.969, respectively. The combination of these biomarkers using a
logistic regression analysis resulted in a larger AUC value of 1 and 95% confidence interval
of 0.794–1.
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Figure 5. Plasma levels of SSDA proteins measured by ELISA. (A) ANPEP, (B) VCAM1, (C) BCHE,
(D) HGFA, (E) PEDF and (F) A2M plasma levels in the EMM and medullary MM groups. Significance
is marked as follows: ns ‘not significant’, p ≤ 0.05 ‘*’, p ≤ 0.001 ‘***’.
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Figure 6. ROC curve analysis of three potential biomarkers. (A) VCAM1, (B) HGFA and (C) PEDF
ROC curves. (D) Logistic regression analysis with a ROC curve illustrating the discriminatory power
of combining VCAM1, HGFA and VCAM1.

3.6. VCAM1 Plasma Concentrations Are Increased in Patients Most Sensitive to the BCL-2
Inhibitors, Venetoclax and Navitoclax

As EMM is often associated with drug resistance, we tested the levels of VCAM1,
HGFA and PEDF in the plasma of patients whose CD138+ myeloma cells had been eval-
uated by ex vivo drug sensitivity resistance testing (DSRT) (n = 44) [22,23]. VCAM1,
HGFA, and PEDF plasma concentrations in this independent set of MM samples (n = 43,
excluding 1 EMM sample) showed a similar pattern as observed in the MM group above.
VCAM1 concentrations ranged from 150.9–488.2 ng/mL with a median and mean con-
centration of 289.7 ng/mL and 301 ng/mL, respectively. HGFA concentrations ranged
from 1.039–3.372 µg/mL with a median and mean concentration of 2.155 µg/mL and
2.143 µg/mL, respectively. PEDF concentrations ranged from 8.901–19.22 µg/mL with
a median and mean concentration of 12.97 µg/mL and 13.39 µg/mL, respectively. The
median concentrations of VCAM1, HGFA and PEDF observed in this MM sample set were
considerably lower than the median concentrations observed in the EMM group above
(VCAM1 = 634.7 ng/mL, HGFA = 3.068 µg/mL, PEDF = 18.77 µg/mL) supporting our
findings that these three proteins are increased in abundance in EMM patient plasma. We
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used Pearson’s correlation analysis to evaluate whether plasma concentrations of VCAM1,
HGFA and PEDF correlated with patient sensitivity to individual drugs based on the in-
dividual drug sensitivity scores (DSS). Based on the DSS, the samples were stratified into
least sensitive and most sensitive groups to various drugs, including the BCL-2 inhibitors,
venetoclax and navitoclax. The level of soluble VCAM1 (sVCAM1) was found to be sig-
nificantly increased in patients considered most sensitive to venetoclax and navitoclax
(Figure 7A,C). In addition, higher levels of sVCAM1 weakly correlated with increased
sensitivity to venetoclax and navitoclax (Pearson’s correlation coefficient r = 0.38 (p = 0.0116)
and r = 0.44 (p = 0.0026), respectively) (Figure 7B,D). One patient from this cohort had EMM
at the time of sampling and therefore had corresponding DSS values available. As expected,
this patient was found to be resistant to many of the drugs tested (Figure 7E). Interestingly,
this sample was highly sensitive to navitoclax and demonstrated some sensitivity to the
other BCL-2 inhibitors tested, AT 101, venetoclax and obatoclax (Figure 7E).
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Figure 7. Plasma concentration of VCAM1 in patients most sensitive and most resistant to the BCL-2
inhibitors (A) venetoclax and (C) navitoclax. (B) Correlation between VCAM1 plasma concentration
and venetoclax sensitivity. (D) Correlation between VCAM1 plasma concentration and navitoclax
sensitivity. (E) Heatmap illustrating the varying DSS scores of an EMM patient. Drugs with DSS = 0
were removed from this figure. Drugs from the BCL2 inhibitor drug family are highlighted by the
red boxes. Significance is marked as follows: p ≤ 0.05 ‘*’.
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3.7. Targeted Metabolomic Analysis of Blood Plasma from MM Patients with and without
Extramedullary Spread

Using a targeted metabolomic/lipidomic technique, we compared the metabolic
profile of MM and EMM patient plasma. We applied the unsupervised clustering approach
and principal component analysis (PCA); however, no clear separation was observed
between the EMM group and the medullary MM group (Figure 8A). A supervised clustering
technique termed the orthogonal projection to latent structure discriminant analysis (OPLS-
DA) was also used to determine separation between the two groups (Figure 8B). In the
OPLS-DA model, R2 refers to the explained variance between the components, whereas Q2
is calculated by full cross validation to indicate the goodness of prediction. R2 and Q2 values
closer to 1 indicate a better predictive model. Permutation analysis results (Q2 = 0.444,
p = 0.042; R2Y = 0.99, p = 0.032) demonstrated that the model was not overfitted. In
this analysis, the Q2 value of 0.444 indicated weak predictive power; however, due to
the heterogeneity of human samples and the small sample size, a Q2 value of >0.4 is
acceptable [24,25]. Discriminatory variables responsible for the group separation were
identified using the OPLS-DA variable importance in the projection (VIP) score (Figure 8D).
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Figure 8. Targeted metabolomic analysis of EMM and MM plasma samples. (A) PCA score plot
of EMM and MM samples. (B) Orthogonal projection to latent structure discriminant analysis
(OPLS-DA) scores plot. Cumulative R2X = 0.555, R2Y = 0.99 and Q2 = 0.444. (C) Volcano plot
identifying significantly altered metabolites in MM patients with and without extramedullary spread
(p-value ≤ 0.05, FC > 1.2). (D) Variable importance in projection (VIP) scores plot depicting the
15 most significant metabolites contributing to the MM group separations observed in the model
depicted in (B). Red squares indicate metabolites of high abundance in EMM plasma. Blue squares
indicate metabolites of low abundance in EMM plasma.

188



Cancers 2023, 15, 3764

Univariate analysis using a t-test identified 31 metabolites with significant differential
abundance between the two groups (Figure 8C, Table S2). Of these, 28 metabolites were
increased, and 3 metabolites were decreased in EMM plasma. A total of 26 of the 28 metabo-
lites increased in EMM plasma were lipids. The total level of triglycerides was found
to be higher in patients with EMM; however, this did not reach significance (p = 0.099)
(Figure S3). The bile acid, glycoursodeoxycholic acid and the amino acid, tyrosine, were
the only non-lipids found to be significantly increased in EMM plasma. We analysed the
correlation between the metabolites/lipids and proteins identified in the plasma of EMM
patients using Spearman’s rank correlation (Figures S4 and S5). Taurine, phenylalanine
betaine and phosphatidylcholine with a diacyl residue sum of C38:1 (PC aa C38:1) were neg-
atively correlated with the proteins, whereas all other metabolites identified were positively
correlated with the plasma proteins identified in our proteomics analysis.

4. Discussion

The introduction of novel therapeutics over the last 20 years has significantly im-
proved survival rates of patients with MM. However, the presence of extramedullary
lesions remains a poor prognostic indicator and an area of significant unmet need due to
the lack of understanding of the history of this entity and the limited treatment options
available. Historically, extramedullary spread was considered rare; however, the incidence
has risen in recent years mainly due to improved sensitivity of imaging techniques and
possible late emergence of EMM clones with the longer OS of MM patients [26]. Currently,
EMM is diagnosed using imaging modalities. The International Myeloma Working Group
(IMWG) recommends the use of fluorine 18 fluorodeoxyglucose (FDG) PET/CT to detect
extramedullary lesions; however, the disadvantages of this imaging technique include the
high cost, limited availability and lack of imaging standardization [9,27]. The underlying
mechanisms that facilitate the spread and survival of malignant plasma cells outside of the
bone marrow microenvironment are poorly understood [28].

This study aimed to characterise the proteome of the bone marrow microenvironment
and blood plasma of MM patients with EMM to identify potential biomarkers that could
serve as predictors of extramedullary development, prognostic biomarkers of MM and
possibly contribute to the identification of novel therapeutic targets. Recent genomic and
transcriptomic analyses have provided valuable insights into EMM; however, a quantitative
proteomics analysis using mass spectrometry had not yet been applied for the study of
EMM [29,30]. Examining changes at the protein level provides a comprehensive insight
into the molecular events underlying EMM development. We used a label-free mass
spectrometry approach to effectively quantify the proteomic changes that occur following
extramedullary transition. This study has identified 225 SSDA proteins in BMNCs from
MM patients with and without EMM. Furthermore, 22 SSDA proteins were detected in
blood plasma with three of these proteins being verified as potential biomarkers for the
detection of EMM.

Studies have implicated genetic factors, changes in the bone marrow microenvi-
ronment, the differential expression of adhesion molecules and immune evasion in the
pathogenesis of EMM [29–32]. GO and KEGG analysis of proteins increased in abun-
dance in EMM BMNCs revealed an enrichment of cell adhesion associated pathways
and biological processes, including the integrin-mediated signalling pathway, cytoskele-
ton organization, focal adhesion, the Rap1 signalling pathway and, most interestingly,
leukocyte transendothelial migration. Eight proteins involved in leukocyte transendothe-
lial migration were increased in abundance in EMM (PECAM1, ITGB1, ACTB, ACTN1,
VASP, VCL, RAP1B, RAC1, ROCK2) and may indicate a potential mechanism by which
specific MM clones exit the bone marrow niche during extramedullary transition. The
dynamic regulation of adhesion proteins during the intravasation of MM cells from the
bone marrow has not been fully elucidated. One study reported that the loss of VLA4
(integrin α4 and integrin β1) increases extramedullary disease burden, whereas a recent
transcriptomic analysis found that integrin α4 and integrin β1 are co-expressed on EMM
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cells [30,33]. PECAM1 (CD31) had previously been found to be expressed at higher levels
in extramedullary plasmacytomas compared to primary MM cells [34].

Several proteins involved in the formation of focal adhesions, which are required to
generate mechanical force during migration, were increased in EMM BMNCs [35]. An im-
portant component of focal adhesions is integrin linked kinase (ILK), which, when bound to
LIM and senescent cell antigen-like-containing domain protein 1 (LIMS1/PINCH1) and β-
Parvin, forms the ILK-PINCH-Parvin (IPP) complex [36]. ILK and the IPP complex promote
metastasis by promoting a variety of cellular processes, including epithelial mesenchymal
transition (EMT) and cell motility [37]. ILK, LIMS1, β-Parvin and another binding partner
of LIMS1, Ras suppressor protein 1 (RSU1), were significantly increased in EMM BMNCs
(Table S1). A recent study reported that ILK promotes lung adenocarcinoma progression
and metastasis through the regulation of KRAS, the IPP complex and RSU1, with other stud-
ies also linking ILK to cancer metastasis [38–40]. Despite ILK being considered dispensable
for myeloma cell survival, inhibiting ILK has previously been shown to reduce the invasive
capabilities of myeloma cell lines [41,42]. This combined with the increased abundance of
numerous components of the ILK signalling pathway in EMM BMNCs indicates a potential
role of this signalling pathway in the migration of myeloma cells to extramedullary sites.

Proteins involved in the tricarboxylic acid (TCA) pathway were decreased in EMM
BMNCs compared to MM BMNCs, indicating a potential metabolic change during ex-
tramedullary transition. Previous transcriptomic analysis reported the emergence of a
metabolic cluster involving pyruvate kinase (PKM2) during extramedullary transition [30].
In this study, PKM2 levels were increased in EMM mononuclear cells. PKM2 has previously
been linked to myeloma proliferation and adhesion, reporting that the silencing of PKM2
promoted cell adhesion in cell lines [43]. Interestingly, in lung cancer, secreted PKM2 was
found to promote metastasis through interaction with integrin β1, which was also found to
be increased in EMM BMNCs [44]. Further validation is required to fully elucidate the role
of PKM2 and integrin β1 in the development of EMM.

EMM is frequently associated with an immature or plasmablastic morphology [11,45].
Interestingly, several of the cytoskeletal proteins increased in EMM BMNCs included
proteins associated with a plasmablastic morphology (CNN2, PFN1, TMOD3, VASP, TLN1,
TMSB4X, PLEK, ZYX) [6]. The hypoxic environment of the bone marrow promotes an
immature phenotype in MM through the decreased expression of terminal differentiation
markers such as syndecan 1 (CD138) [46]. The endoglycosidase, heparanase, has also
been reported to promote myeloma stemness [47]. Our study found decreased levels of
CD138 and increased levels of heparanase in the EMM mononuclear fraction. Heparanase
promotes an invasive phenotype in MM through the cleavage of CD138 from the surface
of MM cells. Shed CD138 subsequently binds to vascular endothelial cell growth factor
receptor-2 (VEGFR2) to trigger the polarised migration of MM cells [48]. In EMM, the
increased abundance of heparanase may contribute to the creation of a pro-migratory niche
within the bone marrow. Further investigations should be performed to elucidate the
roles of these proteins associated with the more aggressive, plasmablastic phenotype in
extramedullary transition.

Proteomic analysis of EMM plasma identified VCAM1, PEDF and HGFA as potential
markers of extramedullary myeloma. VCAM1, a member of the IgG immunoglobulin
family, plays a well-known role in cancer development and progression [49]. In MM, the
increased expression of VCAM1 and its receptor, VLA-4, correlates with disease progres-
sion, and increased levels of soluble VCAM1 (sVCAM1) in MM correlate with advanced
disease and poor OS [50,51]. Soluble VCAM1 can be derived from endothelial cells, leuko-
cytes and/or tumour cells via cleavage by metalloproteinases [52]. Interestingly, C-X-C
chemokine receptor type 4 (CXCR4), a receptor widely reported to regulate extramedullary
myeloma, was found to induce VCAM1 secretion in non-small cell lung cancer via the
regulation of the metalloproteinase, ADAM17 [15,53]. The decreased expression of VCAM1
in the bone marrow microenvironment may induce the egress of B cells into circulation,
while sVCAM1 has been widely reported to promote lymphocyte migration or stimulate
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lymphocyte chemotaxis [54–56]. The source of the increased concentration of VCAM1
in plasma is unknown and may derive from the shedding of VCAM1 from the surface
of MM cells or from other cells known to express VCAM1, such as activated endothelial
cells. Nonetheless, sVCAM1 represents a promising marker of EMM and warrants further
investigation in a larger cohort of samples.

The increased levels of sVCAM1 correlated with increased sensitivity to the BCL-
2 inhibitors, venetoclax and navitoclax, indicating a potential correlation with BCL-2
expression. VCAM1 and BCL2 are target genes of the nuclear factor kappa B (NF-κB)
signalling pathway, a key pathway in MM pathogenesis [57]. Enhanced NF-κB activation
may increase sVCAM1 and BCL2 levels, making sVCAM1 a potential surrogate plasma-
based biomarker of response to BCL-2 inhibitors; however, further studies in a larger
cohort of patients are required to further evaluate this link. The extrinsic activation of
the NF-κB pathway via APRIL and BAFF provides survival signals in the early stages of
MM, whereas during tumour progression, mutations in NF-κB pathway genes can result
in autonomous NF-κB pathway activation and reduced dependence on the bone marrow
microenvironment [58]. The link between EMM and the constitutive activation of the
NF-κB has yet to be evaluated.

The monomeric glycoprotein, PEDF, was significantly increased in EMM plasma
compared to the plasma of MM patients without extramedullary spread. PEDF has been
widely reported as an anti-angiogenic and anti-tumorigenic protein in many cancers [59].
Literature focusing on PEDF in MM found that PEDF suppresses VEGF signalling and
inhibits multiple myeloma through the inhibition of reactive oxygen species (ROS) genera-
tion [60,61]. In contrast, increased PEDF has been implicated in promoting metastasis and
invasion in several cancers including hepatocellular carcinoma and oesophageal squamous
cell carcinoma [62,63]. A recent study provides insight into the conflicting reports on PEDF
as a metastatic biomarker and suggested a potential dual role depending on tissue type
and stage of metastasis [64]. Therefore, an in-depth, focused investigation may determine
the specific role of PEDF in the extramedullary transition of MM [65].

HGFA is a serine protease that catalyses the activation hepatocyte growth factor (HGF).
MM cell lines and primary myeloma cells secrete HGFA which can then activate HGF [66].
Furthermore, HGFA has been reported to be present in high levels in the sera and bone
marrow of MM patients [67]. HGF is a pleiotropic cytokine involved in the progression
of the monoclonal gammopathy of undetermined significance (MGUS) to MM, myeloma
cell proliferation and survival [68]. Interestingly, heparanase increases the expression and
secretion of HGF in MM, and secreted HGF can form an active complex with cleaved
CD138 which promotes c-Met signalling [69]. Combining HGFA, VCAM1 and PEDF into a
three-marker panel for the detection of EMM using logistic regression analysis increased
the discriminatory power when compared to the individual proteins. Further investigation
on the use of this panel to detect EMM at an early stage is needed. The mechanisms
driving the increase in circulating VCAM1, HGFA and PEDF in EMM plasma are currently
unknown. Future mechanistic studies involving these proteins will provide more insight
into the cellular processes that lead to increased levels of VCAM1, HGFA and PEDF in
EMM plasma.

Targeted metabolomics/lipidomics analysis identified 26 lipids, tyrosine and GUDCA
as increased in abundance in EMM plasma, and taurine, phenylalanine betaine and PC aa
C38:1 as decreased in EMM plasma, indicating a distinct plasma metabolite profile in EMM
compared to medullary MM. A trend towards an increase in triglyceride concentrations in
the plasma of patients with EMM was also identified. Several EMM case studies have re-
ported hyperlipidaemia, which is more predominant in patients with IgA myeloma [70–72].
MM patients with the IgA monoclonal protein type are also at higher risk of future EMM
development [73]. Several studies have analysed triglyceride levels in healthy controls and
MM patients, finding no change in triglyceride levels apart from one study which noted an
increase in triglycerides during the active disease period [74]. The increased lipid levels
observed in EMM plasma may indicate a link between dysregulated lipid metabolism and
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EMM. A recent study found that targeting fatty acid binding proteins (FABPs), including
FABP5, in MM reduced MYC signalling and induced apoptosis of myeloma cells, high-
lighting the association of aberrant lipid metabolism with MM [75]. The results of the
cellular GO analysis in this study indicate a clear metabolic change, emphasised by the
reduced abundance of TCA cycle proteins in EMM BMNCs. CD36, a fatty acid transporter
that enhances fatty acid uptake into cells similarly to FABPs, was increased in abundance
in EMM BMNCs and may contribute to abnormal lipid metabolism within the BME [76].
Statins are commonly used to lower lipid concentrations by targeting the mevalonate
pathway. Statin use has been reported to reduce the risk of MM and improve MM survival
rates, although the biological mechanisms have not been fully elucidated [77,78]. Recent
evidence demonstrate that statins may act as metastasis inhibitors in various solid cancers,
including colon cancer [79,80]. Statins may represent a promising approach to target lipid
metabolism in EMM; however, further investigation is required to evaluate this. A strong
anti-tumorigenic role of taurine has been reported; however, this has not been thoroughly
analysed in MM [56].

The efficacy of current therapeutics in the treatment of EMM is limited, as exemplified
by the known poor prognosis of patients who present with extramedullary lesions [81,82].
Despite developments in the treatment of MM through the introduction of immunothera-
pies, preliminary studies indicate that the long-term efficacy of these treatments is signif-
icantly worse in patients with EMM compared to MM patients without extramedullary
spread [83,84]. Our study illustrates a clear phenotypic change in the bone marrow niche
of EMM patients compared to MM patients without extramedullary spread, suggesting a
need for novel drug combinations or drug targets for the treatment of EMM to improve
patient prognosis and treatment response. The bone marrow microenvironment can in-
fluence the dissemination of myeloma cells. Targeting myeloma clones with capacity
for extramedullary spread in the context of the bone marrow microenvironment may be
a promising approach to limit extramedullary transition [21,85]. As increased levels of
sVCAM1 were associated with EMM and correlated with sensitivity to BCL2 inhibitors,
venetoclax and navitoclax may represent promising therapeutics for the treatment of EMM.
Several proteins found to be increased in the bone marrow mononuclear fraction of EMM
patients, such as heparanase and ROCK2, have specific inhibitors available that warrant
investigation in the context of EMM progression (Table 5) [86,87]. Crucially, large multi-
centre studies are required to incorporate satisfactory sample sizes to comprehensively
evaluate the molecular mechanisms associated with EMM and the efficacy of novel drug
combinations in EMM.

192



C
an

ce
rs

20
23

,1
5,

37
64

Ta
bl

e
5.

Po
te

nt
ia

lt
ar

ge
ts

/
m

ar
ke

rs
an

d
as

so
ci

at
ed

th
er

ap
eu

ti
cs

fo
r

th
e

tr
ea

tm
en

to
fE

M
M

pa
ti

en
ts

ba
se

d
on

th
e

cu
rr

en
tl

it
er

at
ur

e.
T

hi
s

ta
bl

e
pr

ov
id

es
a

ra
ti

on
al

e
fo

r
fu

tu
re

st
u

d
ie

s
fo

cu
si

ng
on

th
e

d
et

ec
ti

on
of

d
ru

g
ta

rg
et

s
in

E
M

M
.B

C
L

2,
B

-c
el

ll
ym

p
ho

m
a

2;
qP

C
R

,q
u

an
ti

ta
ti

ve
p

ol
ym

er
as

e
ch

ai
n

re
ac

ti
on

;B
C

L
-X

L
,B

-c
el

l
ly

m
ph

om
a—

ex
tr

a
la

rg
e;

X
PO

1,
ex

po
rt

in
1;

M
EK

,m
it

og
en

-a
ct

iv
at

ed
pr

ot
ei

n
ki

na
se

ki
na

se
;B

R
A

F,
B-

R
af

.

Pr
ot

ei
n

Ta
rg

et
/M

ar
ke

r
Po

te
nt

ia
lT

he
ra

pe
ut

ic
M

et
ho

d
of

Ta
rg

et
D

et
ec

ti
on

FD
A

A
pp

ro
va

l
R

ef
er

en
ce

s

Po
te

nt
ia

lp
ro

te
in

ta
rg

et
s

in
ex

tr
am

ed
ul

la
ry

m
ul

ti
pl

e
m

ye
lo

m
a

(i
de

nt
ifi

ed
fr

om
th

e
lit

er
at

ur
e)

BC
L2

Ve
ne

to
cl

ax
Im

m
un

oh
is

to
ch

em
is

tr
y,

qP
C

R
,fl

–w
cy

to
m

et
ry

Ye
s—

A
cu

te
m

ye
lo

id
le

uk
ae

m
ia

,C
hr

on
ic

ly
m

ph
oc

yt
ic

le
uk

ae
m

ia
[8

8,
89

]

BC
L2

,B
C

L-
X

L
N

av
it

oc
la

x
Im

m
un

oh
is

to
ch

em
is

tr
y,

qP
C

R
,fl

ow
cy

to
m

et
ry

N
o

[8
9,

90
]

X
PO

1
Se

lin
ex

or
Im

m
un

oh
is

to
ch

em
is

tr
y

Ye
s—

M
ul

ti
pl

e
m

ye
lo

m
a

[9
1,

92
]

A
m

in
op

ep
ti

da
se

ex
pr

es
si

on
(C

or
re

la
te

s
w

it
h

M
el

flu
fe

n
se

ns
it

iv
it

y)
M

el
flu

fe
n

R
N

A
se

qu
en

ci
ng

N
o

[9
3,

94
]

M
EK

Tr
am

et
in

ib
Ta

rg
et

ed
se

qu
en

ci
ng

fo
r

R
A

S
m

ut
at

io
ns

Ye
s

(i
n

co
m

bi
na

ti
on

w
it

h
da

br
af

en
ib

)–
V

ar
io

us
m

et
as

ta
ti

c
so

lid
tu

m
ou

rs
w

it
h

BR
A

F
V

60
0

E
m

ut
at

io
n

[1
1,

95
]

C
D

44
v

4S
C

A
R

-C
D

44
v6

Im
m

un
oh

is
to

ch
em

is
tr

y,
flo

w
cy

to
m

et
ry

N
o

[9
6,

97
]

BR
A

F
V

60
0E

Ve
m

ur
af

en
ib

,e
nc

or
af

en
ib

,
bi

ni
m

et
in

ib
A

lle
le

-s
pe

ci
fic

PC
R

Ye
s–

M
et

as
ta

ti
c

m
el

an
om

a
w

it
h

BR
A

F
V

60
0

E
m

ut
at

io
n

[9
8,

99
]

Po
te

nt
ia

lp
ro

te
in

ta
rg

et
s

in
ex

tr
am

ed
ul

la
ry

m
ul

ti
pl

e
m

ye
lo

m
a

(i
de

nt
ifi

ed
in

th
is

st
ud

y)
LG

A
LS

1
O

TX
00

8
Im

m
un

oh
is

to
ch

em
is

tr
y

N
o

[1
00

–1
02

]
H

PS
E

R
on

ep
ar

st
at

Im
m

un
oh

is
to

ch
em

is
tr

y
N

o
[8

6]
R

O
C

K
2

Be
lu

m
os

ud
il

qP
C

R
,i

m
m

un
oh

is
to

ch
em

is
tr

y
Ye

s–
C

hr
on

ic
gr

af
t-

ve
rs

us
-h

os
td

is
ea

se
[1

03
]

IL
K

Q
LT

02
67

,C
om

po
un

d
22

Im
m

un
oh

is
to

ch
em

is
tr

y
N

o
[1

04
,1

05
]

Li
pi

ds
St

at
in

s
U

nk
no

w
n

Ye
s

[7
8,

79
]

193



Cancers 2023, 15, 3764

Our paper includes a small sample size and lacks cellular proteomic verification. This
is due to the fact that EMM is a rare manifestation of multiple myeloma which limits the
availability of clinical samples for initial analysis and subsequent validation. The use of
the MMRF CoMMpass dataset to determine the prognostic value of the most significantly
increased proteins in EMM BMNCs provides some insight into the association of these
proteins with more aggressive disease; however, validation in an independent cohort of
EMM patients would improve our confidence in the association of these proteins with EMM
transition. Finally, BMNCs from EMM and MM patients were used for proteomic analysis,
which means that proteomic changes seen between the two groups are not solely associated
with myeloma cells and instead associated with changes in the mononuclear fraction.
However, with the growing use of monoclonal and bispecific antibodies in the treatment of
MM, analysing various cells from the bone marrow microenvironment is relevant.

Within these limitations, however, this study shows that the proteomic alterations
in the bone marrow and plasma of patients with and without EMM is impactful. We
assumed that the presence of extramedullary lesions is derived from changes in the bone
marrow microenvironment, and we evaluated the change in the proteomic profile of the
bone marrow and plasma in the context of EMM. The potential plasma biomarkers we
identified may represent factors produced by myeloma cells from extramedullary lesions.
Further molecular analyses and larger scaled studies are needed to explore and confirm the
link between the proteins identified in this study and EMM more definitively.

5. Conclusions

To the best of our knowledge, this pilot study using label-free mass spectrometry
to evaluate proteomic changes in MM patients with and without extramedullary spread
is the first of its kind. Determining the underlying molecular processes involved in the
development of EMM is crucial to advancing patient care. VCAM1, PEDF and HGFA
warrant further investigation as markers of extramedullary transition in a larger cohort of
patients. Ultimately, this study illustrates that extramedullary myeloma is phenotypically
different to medullary myeloma and, as such, warrants a different therapeutic approach
with novel drug targets and drug combinations to improve survival rates. We hope this
proteomic study will inform future experimental designs and research in EMM.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers15153764/s1: Figure S1: Cytogenetics of patient cohort; Figure S2:
Survival graph illustrating the difference in OS between the EMM group (n = 8) and medullary MM
group (n = 8); Figure S3: Survival graphs illustrating the difference in OS between patients with high
expression and low expression of the seven proteins identified as potential prognostic biomarkers
in the CoMMpass dataset. Samples were divided based on median expression levels. (A) TAGLN2,
(B) CA2, (C) ITGA2, (D) LGALS1, (E) TPM2, (F) TMOD3, (G) TPM3; Figure S4: Targeted metabolomic
analysis shows a trend towards increased triglycerides and lipids in the plasma of EMM patients (A)
Total plasma triglyceride concentration in MM patients with and without extramedullary spread.
(B) Total lipid concentration in MM patients with and without extramedullary spread; Figure S5:
Spearman’s correlation matrix between differential metabolites and proteins in plasma. Table S1:
Full list of statistically significant differentially abundant (SSDA) proteins in EMM bone marrow
mononuclear cells (BMNCs) and MM BMNCs; Table S2: Metabolites with significant differential
abundance in the plasma of MM and EMM patients.
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Simple Summary: Prostasin and matriptase are serine proteases co-expressed on the cell membrane
in almost all epithelial cells. They reciprocally activate each other to maintain epithelial integrity. In
cancers, matriptase is an oncoprotein with key roles in tumor initiation and progression, whereas
prostasin acts in the opposite way. A subgroup of Burkitt lymphoma ectopically over-express matrip-
tase without co-expressing prostasin. Reducing the matriptase expression level via small interfering
RNAs in the lymphoma cells reduced tumor growth in vitro and in vivo. We hypothesized that
an endowment of prostasin in the lymphoma cells can regulate the expression and function of ma-
triptase. We show that prostasin can be introduced to the cancer cells via exosomes to initiate the
prostasin–matriptase protease activation cascade and remove matriptase. The method of assem-
bling this protease cascade in B cells via exosomes could be further exploited in animal models for
developing alternative treatments for lymphoma.

Abstract: Prostasin and matriptase are extracellular membrane serine proteases with opposing
effects in solid epithelial tumors. Matriptase is an oncoprotein that promotes tumor initiation
and progression, and prostasin is a tumor suppressor that reduces tumor invasion and metastasis.
Previous studies have shown that a subgroup of Burkitt lymphoma have high levels of ectopic
matriptase expression but no prostasin. Reducing the matriptase level via small interfering RNAs in
B lymphoma cells impeded tumor xenograft growth in mice. Here, we report a novel approach to
matriptase regulation in B cancer cells by prostasin via exosomes to initiate a prostasin–matriptase
protease activation cascade. The activation and shedding of matriptase were monitored by measuring
its quantity and trypsin-like serine protease activity in conditioned media. Sustained activation of
the protease cascade in the cells was achieved by the stable expression of prostasin. The B cancer
cells with prostasin expression presented phenotypes consistent with its tumor suppressor role,
such as reduced growth and increased apoptosis. Prostasin exosomes could be developed as an
agent to initiate the prostasin–matriptase cascade for treating B lymphoma with further studies in
animal models.

Keywords: exosomes; prostasin; matriptase; protease activation cascade; gelatinase activity; lymphoma

1. Introduction

Many physiological and pathophysiological functions are performed by serine pro-
teases, e.g., blood coagulation and fibrinolysis, food digestion, cell apoptosis, and tumor
metastasis [1]. These proteolytic enzymes use the hydroxyl group of an active-site serine
residue to carry out a nucleophilic attack on the carbonyl group of the scissile peptide
bond in their substrates. The results of the substrate cleavage can range from the activation
of growth factors or zymogens to protein turnover and tissue remodeling. Most serine
proteases, such as the quintessential pancreatic trypsin, are synthesized as precursors
(zymogens) and secreted into extracellular spaces or bodily fluids. The secreted zymogens
are activated by various factors and mechanisms for various functions. In the past 30 years,
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several membrane-bound extracellular serine proteases have been discovered, such as
hepsin [2], prostasin [3,4], and matriptase [5,6], with specifically defined functions at this
cellular localization. The activation and regulation of these enzymes can and also must
occur at the membrane, as well.

Prostasin is entirely extracellular, anchored to the membrane via a glycosylphos-
phatidylinositol (GPI) moiety [7], whereas matriptase is a type-II transmembrane protein
with a long carboxyl terminal portion outside the cell, including its serine protease do-
main [5,6]. Both prostasin and matriptase have been implicated in functional involvements
in the initiation and progression of human cancers, but they seem to act in opposite man-
ners. Prostasin is a tumor suppressor, which reduces cancer cell migration, invasion, and
metastasis, and its expression level is usually downregulated in cancers [8,9]. Matriptase,
on the other hand, is an oncoprotein, and its expression level is usually upregulated in
cancers [10].

A co-expression of prostasin and matriptase has been observed in almost all normal
epithelial cells, in which the pair reciprocally activate each other and maintain the epithe-
lium integrity in a dynamic state [11–17]. The matriptase zymogen can be activated by
prostasin. Subsequently, the activated matriptase can auto-activate additional matriptase
zymogen, resulting in matriptase shedding from the cell surface [18–20]. Regulation of the
prostasin–matriptase proteolytic activation cascade can be achieved via two Kunitz-type
transmembrane serine protease inhibitors, hepatocyte growth factor activator inhibitor-1
and -2 (HAI-1 and HAI-2) [19,21–24]. The active prostasin is presented on the cell surface,
whereas the active matriptase is hardly seen and almost always in a complex with HAI-1
on the cell surface or in the extracellular space [7,25,26]. HAI-1 is considered a bona fide
inhibitor for matriptase, as its location is on the plasma membrane, bound to the activated
matriptase [23]. HAI-2 normally shows an intracellular localization [27,28], with less chance
to control the activity of matriptase on the plasma membrane.

Lymphoma is a cancer of the lymphatic system, presenting in two main types, Hodgkin
lymphoma and non-Hodgkin lymphoma (NHL). The latter accounts for about 88% of all
lymphoma cases and is one of the most common cancers in the United States. There will be
80,550 estimated new cases and 20,180 estimated deaths due to NHL in the United States in
2023 according to the American Cancer Society cancer facts and figures. Lymphoma is also
common in children and teens, accounting for about 12% of all childhood cancers. NHL
can be subdivided into more than 60 types, including Burkitt lymphoma, which is one of
the fastest growing and a very aggressive tumor in humans. Treatment options for NHL
are chemotherapy, radiation, and immunotherapy. For recurrent NHL patients or those
refractory to the first-line therapy, there is no standard treatment, and the survival rate is
rather low (10–30%), presenting an unmet challenge.

A subgroup of Burkitt lymphoma ectopically over-express matriptase [29,30] without
the co-expression of prostasin (this study) typically observed in a normal epithelium.
In addition, the two cognate inhibitors of matriptase, HAI-1 and HAI-2, are lacking or
expressed at very low levels. An extensive survey was performed on 945 human cancer
cell lines for the expression of matriptase and HAI-1 and HAI-2 [31]. Almost all epithelial
cancer cell lines expressed both HAI-1 and HAI-2 (98%, 382 out of 391 cell lines), but only
20% of the hematological cancer cell lines (10 out of 51) expressed both HAI-1 and HAI-2
in the same cell line. In hematological cancer cell lines, the levels of HAI-1 and HAI-2
were relatively low. HAI-2 was more frequently co-expressed with matriptase (in 25 out of
51 cell lines, 49%) in the absence of HAI-1. Further, Burkitt lymphoma B cells expressed the
highest levels of the matriptase protein and moderate levels of HAI-2 but almost no HAI-1.

It was hypothesized that the ectopic over-expression of matriptase in blood cancer
cells promotes cancer progression. In two Burkitt lymphoma cell lines, Namalwa and
Raji, silencing or downregulation of matriptase expression reduced the tumor cell invasion
in vitro, reduced tumor growth, and increased apoptosis of xenografts in vivo in SCID
mice [29,30].
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The ectopic over-expression of matriptase in B cell lymphoma is an anomaly in
two senses. First, it is a non-epithelial tissue in which matriptase is not normally expressed.
Second, it is expressed rather independently from the familiar network of prostasin and
HAIs in epithelial tissue, a feature that most likely underscores its tumor-promoting pheno-
type in B cell lymphoma. Intuitively, these observations invite the question of what would
happen if a prostasin co-expression is introduced in the B cells over-expressing matriptase.

As a GPI-anchored protein, prostasin is known to be released into bodily fluids or
in tissue culture media in the exosomes [7,32]. Exosomes are small membrane vesicles
(30–150 nm in diameter) produced and released by most eukaryotic cells [33]. They contain
specific membrane and cellular proteins and nucleic acids depending on the cell origin.
Exosomes are capable of merging with other cells via specific receptor–ligand binding,
followed by membrane fusion or endocytosis.

In recent years, prostasin exosomes in circulation or bodily fluids have been studied
as potential diagnostic biomarkers in various diseases or conditions, e.g., in the urine of
patients with primary aldosteronism, essential hypertension, or albuminuria [34–37]; in the
blood of patients with severe coronavirus disease-2019 (COVID-19) [38]; and in the saliva
of patients with oral squamous cell carcinomas [39]. Importantly, prostasin in the exosomes
retains its serine protease activity [40,41].

In this study, we explore the utility of prostasin exosomes in matriptase activation in B
lymphoma cells. Several B lymphoma cell lines over-expressing matriptase were chosen
and were co-cultured with prostasin exosomes. Both the prostasin and matriptase serine
proteases have a functional domain located outside the plasma membrane, enabling the
interaction between the prostasin in the exosomes and the matriptase in the cells. Upon co-
culturing, the matriptase content in the cells and in the conditioned media was determined.
The activation of the prostasin–matriptase cascade was monitored by measuring the serine
protease activity in the conditioned media. The migration and invasion abilities of the B
lymphoma cells were examined during the prostasin–matriptase cascade activation.

2. Materials and Methods
2.1. Cell Culture

The human Burkitt lymphoma cell lines Daudi (ATCC® CCL-213™), Namalwa (ATCC®

CRL-1432™), Ramos (RA 1) (ATCC® CRL-1596™), Raji (ATCC® CCL-86™), the JeKo-1
(ATCC® CRL-3006™) human mantle cell lymphoma cell line, and the RS4;11 (ATCC®

CRL-1432™) human acute lymphoblastic leukemia cell line were purchased from the ATCC
(American Type Culture Collection, Manassas, VA, USA). All cells were maintained accord-
ing to the ATCC instructions in an incubator at 37 ◦C with a humidified atmosphere of 5%
CO2 in air. Tissue culture flasks and dishes were purchased from Sarstedt, Inc. (Newton,
NC, USA). Heat-inactivated fetal bovine serum (FBS) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Other cell culture media and reagents were purchased from Thermo
Fisher Scientific (Waltham, MA, USA).

2.2. Establishment of an HEK293T Subline Over-Expressing Prostasin for Exosome Production

The HEK293T-Pro and HEK293T-Vec sublines expressing human prostasin or carrying
empty pLVX-Puro vector (Clontech laboratories, Inc., Mountain View, CA, USA) were
produced from the HEK293T (ATCC® CRL-3216™) human embryonic kidney cells using
lentiviruses and procedures described previously [42]. The human prostasin protein was
confirmed to be located on the cell-surface membrane of nearly 100% of the prostasin-
expressing cells, as determined by flow cytometry.

We also established a tetracycline-regulated prostasin expression in the Namalwa cells
(NamalwaTR-Pro, or NamalwaTR-ProM, a serine active-site mutant) using a previously de-
scribed method [43]. Cells with the vector alone were used as the control (NamalwaTR-Vec).
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2.3. Exosome Isolation and Cell Treatment

The HEK293T subline cells were cultured to confluence, and the conditioned media
were collected. The conditioned media were centrifuged to remove cell debris and large
vesicles and subjected to the PEG method of exosome isolation, as described in [41]. The
exosome pellets were resuspended in phosphate-buffered saline (PBS) and further purified
by ultracentrifugation at 100,000× g for 90 min to remove soluble protein carryovers from
the culture medium. The exosome total protein concentration was determined using the
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Calu-3
(ATCC® HTB-55™) human lung adenocarcinoma cells and derivative cells expressing
various forms of prostasin, or having the prostasin gene knocked-out, were cultured as
described previously [41]. B cancer cells were collected and resuspended in an assay buffer
(2%FBS in RPMI medium). The amount of exosomes from 1 mL of the culture medium
was defined as 1 unit. For cell–exosome co-cultures, the isolated exosomes were added at a
ratio of 1 unit per 1 × 106 cells, with the final exosome concentration by total protein at
25–30 µg/mL. The cell–exosome mixture was incubated at 37 ◦C overnight.

2.4. Reverse Transcription and Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

The procedures were carried out as described previously [41]. One microgram of
total RNA from each sample was used for reverse transcription using the iScript reagent
kit (Bio-Rad, Hercules, CA, USA), and one-fifth of the iScript product was used for each
gene-specific qPCR. For quantitative comparison between samples, the relative expression
levels were compared using the glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
copy number as the reference.

2.5. SDS-Polyacrylamide Gel Electrophoresis (PAGE), Western Blot Analysis, Gelatin-Gel Zymography

SDS-PAGE and western blot analysis were performed as described previously [41].
The original western blot figures could be found in File S1. All samples were mixed with
the Laemmli sample buffer, including reducing agents, and boiled before electrophoresis.
For western blot analysis, the following antibodies were used: prostasin [7]; matriptase
(sc-365482, monoclonal, Santa Cruz Biotechnology, Inc., Dallas, TX, USA, or A300-221A,
polyclonal, Bethyl Laboratories, Montgomery, TX, USA, or AF3946, polyclonal, R&D
Systems, Inc., Minneapolis, MN, USA); HAI-2 (AF1106, R&D Systems, Inc.); and GAPDH
(Santa Cruz Biotechnology). The western blot images were captured using a ChemiDoc MP
Imager and analyzed with Image Lab software 6.1 (Bio-Rad).

Gelatin zymography was carried out as described previously [44]. Briefly, gelatin
(Sigma) at a final concentration of 0.1% was incorporated into SDS-polyacrylamide gel
(7.5–10%). Cell lysate and conditioned media were incubated with non-reducing Laemmli
sample buffer at room temperature for 15 min and were resolved on the gelatin gel. After
electrophoresis, the samples in the gel were renatured in a 2% Triton® X-100 (Thermo
Fisher) solution with agitation for 1 h with one solution change. The gel was then incubated
overnight in a buffer of 50 mM Tris at pH 8.0, containing 137 mM NaCl and 5 mM CaCl2.
The gel was stained with 0.25% Coomassie blue for 30–60 min, destained, and imaged
using the ChemiDoc MP Imager.

2.6. Protease Activity Assay

Trypsin-like serine protease activity was measured using a synthetic tripeptide sub-
strate Gln-Ala-Arg (QAR) with the fluorogenic leaving group AMC (Boc-QAR-AMC, R&D
Systems). The conditioned media were collected by centrifugation at 24 h of co-culturing.
In a 96-well plate, 10 µL of each medium sample were mixed with 90 µL of 0.1 M Tris at pH
8.5, containing 100 mM NaCl and 20 µM of the QAR substrate. The mixtures were read
immediately using a SpectraMax i3x Multi-Mode Microplate Reader (Molecular Devices,
San Jose, CA, USA) in the kinetic mode at 380 nm/480 nm excitation/emission for 2 h, with
intervals of 2 min between readings.
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2.7. Flow Cytometry

Flow cytometry was performed as described previously [41] with some modifications.
A human Fc receptor-binding inhibitor polyclonal antibody (50-112-9053, Fisher Scientific)
was used as a blocking agent prior to adding the primary antibodies in all B cell surface-
labeling experiments. Rabbit anti-human prostasin sera or pre-immune rabbit sera [7] and
the matriptase antibody (A6135, ABclonal Technology, Woburn, MA, USA) were used as
the primary antibodies at 1:100 dilution. A goat anti-rabbit IgG-cyanine-Cy™3 (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA) was used as the secondary
antibody at 1:200 dilution. The labeled cells (10,000) were analyzed using a CytoFLEX S flow
cytometer with the laser configuration of V2B2Y3R2, operated by CytExpert software v2.3
(Beckman Coulter, Brea, CA, USA). The data were analyzed with FlowJo™ software v10.8.1.

2.8. Migration and Invasion

Transwell® inserts for migration and invasion were purchased from Corning Inc.
(Corning, NY, USA). Human chemokines SDF-1 and CXCL 13 (BCA-1) were purchased
from ProSpec (Rehovot, Israel). Chemoattractant-induced cell migration assays were
performed according to procedures described previously [45] with modifications, using
5 µm Transwell cartridges (Corning, cat. No. 3421). Cells were washed with RPMI medium
and incubated with exosomes at a ratio of 1 unit per 1 million cells in 100 µL of RPMI
medium. The cell–exosome mixture was incubated for 2–3 h at 37 ◦C before seeding into
the Transwells (3 × 105/100 µL per Transwell). The bottom well contained the growth
medium with BCA-1 and SDF-1, at 10 ng/mL and 50 ng/mL, respectively. After 24 h
of incubation, the cells in the bottom chamber were counted using the CytoFLEX S flow
cytometer. The data were analyzed with FlowJo software v10.8.1. The invasion assay was
performed the same way as the migration assay, with 50 µL of Matrigel® Matrix (Corning,
Corning, NY, USA) added in the Transwell cartridge and gelled at 37 ◦C for 2 h before
seeding the cells on top of the gelled matrix.

2.9. Statistical Analysis

Data were analyzed in GraphPad Prism 9 or Excel and were expressed as mean ± stan-
dard errors (SE). A student’s t test was used to compare the means between two groups, in
which a p value less than 0.05 was considered statistically significant. One-way analysis of
variance (ANOVA) coupled with the Tukey post hoc test was used to determine statistical
significance when comparing three or more independent groups, in which a p value less
than 0.05 was considered statistically significant.

3. Results
3.1. Expression of Matriptase and Hepatocyte Growth Factor Activator Inhibitors (HAIs) in B
Lymphoma Cell Lines

Six cell lines, including four Burkitt lymphoma cell lines, Daudi, Namalwa, Ramos,
Raji, a mantle cell lymphoma cell line JeKo-1, and an acute lymphoblastic leukemia cell
line RS4;11 (referred to as RS4 hereon), were evaluated for the expression of matriptase,
prostasin, and HAIs at the mRNA level. As shown in Figure 1a, all four Burkitt lymphoma
cell lines and the JeKo-1 cells express the matriptase (Mat) and HAI-2 mRNAs, but not the
HAI-1 or the prostasin mRNA. The RS4 cells do not express matriptase or prostasin but
have detectable amounts of HAI-1 and HAI-2 mRNAs. The quantitative ratio of HAI-2 to
matriptase (HAI-2/Mat) differed over a wide range (Figure 1b): 0.04 in the Daudi, 2.69 in
the Namalwa, 1.31 in the Ramos, 1.45 in the Raji, and 1.37 in the JeKo-1 cells.

The matriptase protein levels were analyzed in the Daudi, Namalwa, and Ramos cells,
and the ratios of HAI-2 to matriptase were 0.002 in the Daudi, 0.27 in the Namalwa, and
0.07 in the Ramos cells (Figure 1c–e). The matriptase protein expression pattern is similar to
that at the mRNA level. The matriptase protein levels are relatively high in the Daudi and
the Ramos but low in the Namalwa cells. The HAI-2 level is high in the Ramos but hardly
detectable in the Daudi cells. The proteolytic activity of matriptase may be better controlled
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by HAI-2 in the Namalwa cells than in the Ramos cells, but it is not well-controlled in the
Daudi cells. These results are in agreement with previous studies [30,31].
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Figure 1. Expression analysis of matriptase, HAI-1, HAI-2, and prostasin in B cancer cells by reverse-
transcription/qPCR (a,b), western blotting (c–e), and flow cytometry (f). (a) Bar graph of relative
mRNA expression levels of matriptase (Mat), HAI-1, HAI-2, prostasin (Pro) in Daudi (n = 4), Namalwa
(n = 5), Ramos (n = 3), Raji (n = 3), JeKo-1 (n = 3), and RS4;11 cells (n = 2) using GAPDH as the
reference. The prostasin bars do not appear in the bar graph, as the actual qPCR readouts were
registered as “N/A” by the instrument. (b) Bar graph of mRNA quantity ratio of HAI-2 to matriptase
after normalization with the GAPDH level in each cell line in (a). (c) Western blotting images of
matriptase (Ab: A300-221A), HAI-2, and GAPDH. Twenty micrograms of total protein from the cell
lysate of each individual culture (including 2 repeats) were analyzed. Daudi, lanes 1–3; Namalwa,
lanes 4–6; Ramos, lanes 7–9. Top panel, matriptase (Mat); middle panel, HAI-2; bottom panel,
GAPDH. (d) Densitometry bar graph of relative protein quantities of matriptase and HAI-2 using
GAPDH as the reference. (e) The quantitative ratio of HAI-2 to matriptase in each cell line. (f) Flow
cytometry histogram of matriptase expression evaluation in Ramos cells. The Ramos cells (4 × 105)
were labeled with the matriptase antibody as described in the Materials and Methods section. The
matriptase-positive cells are shown in the PE-A subset (blue peak). Cells without the matriptase
antibody labeling (red peak) were not detected in the PE-A subset and were used as the gating control.
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We further showed by flow cytometry that the matriptase protein is localized on
the cell surface of Ramos cells. The Ramos cells were fixed without permeabilization
and labeled with a polyclonal matriptase antibody, followed by the secondary antibody
conjugated with the fluorophore Cy3 (Figure 1f, PE-A subset/blue peak). Matriptase
was localized on the cell surface in 98.2% of the live singlet Ramos cells. The cells that
went through the labeling procedures without the matriptase antibody were used as the
gating control (Figure 1f, red peak). The matriptase protein in these B lymphoma cells
is transported to the cell surface and has an opportunity to interact with its substrates,
e.g., prostasin, or inhibitors, e.g., the HAIs.

3.2. Prostasin Exosomes Reduce the Matriptase Protein Level in B Lymphoma Cells

We have previously shown in Calu-3 human lung adenocarcinoma cells that the
prostasin protein can be released into the culturing medium, retaining its serine protease
activity in the lipid bilayer of exosomes [41]. Prostasin has been reported to activate ma-
triptase [40,42,46–48]. Here, we show that adding prostasin exosomes in the Daudi cell
culture activated matriptase and released matriptase into the culturing medium (Figure 2).
Prostasin-enriched exosomes were isolated from the conditioned medium of Calu-3 cells
over-expressing prostasin (Pro), whereas prostasin-depleted exosomes were isolated from
Calu-3 cells lacking prostasin expression as a result of CRISPR/Cas9 mediated gene knock-
out (KO) [41]. As shown in Figure 2a (top panel), upon incubation with the prostasin
exosomes (Pro, lanes 2, 4, 6, 8), the quantity of matriptase in the Daudi cells was greatly
reduced to about 22% of that in the cells incubated with the exosomes without prostasin
(KO, lanes 1, 3, 5, 7). Conversely, the amount of matriptase released into the medium of
cells incubated with the prostasin KO exosomes was only about 4% of that in the medium
of cells incubated with the prostasin exosomes. The amounts of matriptase in the cell
lysate and media are inversely correlated (Figure 2c,d). This result indicated that prostasin
can devolve matriptase from the cell surface into the medium. The GAPDH protein was
detected in all cell lysate samples but barely detectable in the media (Figure 2b).

Similarly, as shown in Figure 2e, the prostasin-enriched exosomes (Pexo) isolated from
the HEK293T cells over-expressing prostasin greatly reduced the matriptase amount in
the Daudi (lane 3), the Namalwa (lane 6), and the Ramos (lane 9) cells, in comparison to
the cells treated with the vector control exosomes (Vexo) isolated from the HEK293T cells
harboring the empty lentiviral vector (lanes 2, 5, 8). Cells treated with the Vexo exosomes
appeared to have a lower matriptase level than cells without the exosome treatment (None,
lanes 1, 4, 7), but the difference was not statically significant (p > 0.05). The HEK293T
exosomes were validated using exosome markers, and the exosomal prostasin was shown
to be active using an established protease nexin-1 binding assay [7] (Figure S1).

These results suggest that matriptase ectopically expressed in B cancer cells was
activated by the prostasin exosomes and shed from the cells, similar to observations
described for epithelial cells [18–20]. The event of matriptase activation and shedding
from the cells is accompanied by the release of a low-molecular-weight (LMW) fragment
(28–30 kDa) in the medium. As shown in Figure 2g, this LMW matriptase fragment was
detected more prominently in the conditioned media of cells treated with the prostasin
exosomes (Pexo, lanes 4, 6, 8), in comparison to that of cells treated with the vector control
exosomes (Vexo, lanes 3, 5, 7). The matriptase profile, including the matriptase complexes,
in the conditioned media is very similar to that reported previously for these B lymphoma
cell lines upon acid activation of matriptase [31].
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Figure 2. Prostasin exosomes reduce matriptase quantity in B cancer cells. (a) Western blot images of
matriptase (Ab: A300-221A) in samples from the cell lysate (top panel) and the conditioned media
(bottom panel) after incubation with prostasin exosomes (Pro) or exosomes without prostasin (KO).
The Daudi cells (2 × 105 cells each) were incubated with the exosomes in 50 µL of OPTI-MEM
I/2%FBS (lanes 1–4) or RPMI medium (lanes 5–8) overnight. One-half of each cell lysate or 40 µL of
each media supernatant were analyzed. (b) Western blot images of GAPDH from (a). (c) Densitometry
of relative intensities of matriptase in the cell lysate or media (d). Data presented are the average
intensity of lanes 1, 3, 5, 7 versus that of lanes 2, 4, 6, 8 after normalization with GAPDH in (b).
(e) Western blot images of matriptase (top panel; Ab: sc-365482) in the Daudi, Namalwa, and Ramos
cells treated with exosomes isolated from the HEK293T cells. Cells (2.5 × 105) were co-cultured with
prostasin exosomes (Pexo, lanes 3, 6, 9) or vector exosomes (Vexo, lanes 2, 5, 8) in 100 µL of OPTI-MEM
I/2%FBS. Cells without exosomes (None, lanes 1, 4, 7) were cultured in the same conditions. Bottom,
GAPDH western blot image. (f) Bar graph of (e) expressed as the relative intensities of matriptase
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in cells treated with vector exosomes (Vexo), prostasin exosomes (Pexo), or no exosomes (None)
using GAPDH as the reference. * denotes p < 0.05 between Vexo and Pexo. (g) Western blot image of
matriptase (Ab: AF3946) in conditioned media (20 µL each) of samples in (e) treated with exosomes.
The AF3946 human matriptase/ST14 catalytic domain antibody recognized a 28–30 kDa band in
the Pexo-treated sample media. This antibody also recognized the high-molecular-weight (HMW)
matriptase at 80-kDa as well as unknown/uncharacterized matriptase complexes in the Pexo-treated
sample media. The Vexo and Pexo samples alone were included in the blot as controls, in which no
specific proteins were recognized by this antibody.

3.3. The GPI Anchor and the Serine Active Site of Prostasin Play Roles in the Reduction of
Matriptase Quantity in B Lymphoma Cells

Exosomes carrying over-expressed prostasin variants were isolated from a series
of Calu-3 sublines as previously described [41] and incubated with the Daudi, Ramos,
and Namalwa cells. The amount of cell-associated matriptase was analyzed by SDS-
PAGE/western blotting and quantified by densitometry using GAPDH as the reference.
The amount of matriptase was much less in the Daudi, Ramos, and Namalwa cells treated
with exosomes carrying the GPI-anchored active prostasin (P) than in the cells treated with
exosomes carrying a prostasin active-site mutant (M) or exosomes from cells expressing a
GPI-anchor-free prostasin (G). The GPI-anchor-free prostasin is secreted and not expected
to be present on the exosomes. Exosomes isolated from other Calu-3 sublines, including
the prostasin-knockout (KO) and its control (CC), and the control subline (V) for the
over-expression lines (P, M, G) did not significantly reduce the matriptase level in the B
lymphoma cells (Figure 3a,b). The wild-type prostasin with both the membrane anchorage
and the serine active site provided the most robust matriptase removal power (Figure 3c).
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Figure 3. B cell matriptase quantity reduction by wild-type prostasin. (a) Western blot images of
matriptase (Ab: sc-365482) and GAPDH in the Daudi (top two panels), Ramos (middle two panels),
and Namalwa (bottom two panels) cells treated with exosomes isolated from the Calu-3 cells and
sublines with over-expressed prostasin or variants. Calu-3, parent cells; KO, subline with prostasin
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gene knockout; P, subline with the wild-type prostasin; M, subline with a serine active-site mutant
prostasin; G, subline with an active prostasin without the GPI anchor; CC and V are control sublines
for KO and P,M,G, respectively. The intensity of each band was quantified using Image Lab 6.1
software (Bio-Rad), normalized against the corresponding GAPDH signal, and is shown in the bar
graph (b). (c) Effects of various prostasin exosomes on matriptase quantity reduction in B cancer
cells. Data from (b) were combined and analyzed in GraphPad Prism 9 and are shown in the dot plot.
ANOVA p < 0.05.

3.4. Trypsin-like Serine Protease Activity Is Increased in the Conditioned Media of Cells Treated
with Prostasin Exosomes

The Daudi, Namalwa, Ramos, Raji, Jeko, and RS4 cells were co-cultured overnight
with prostasin exosomes (Pexo) or the vector control exosomes (Vexo) prepared from the
HEK293T-Pro or Vec cells, respectively. Cells without any addition of exosomes were also
cultured in the same conditions. As shown in Figure 4a,c, the conditioned media from the
cells treated with the prostasin exosomes (Pexo) had a higher trypsin-like serine protease
activity than that of cells treated with the vector exosomes (Vexo). The highest activity
was detected in the Pexo media of the Daudi cells, coinciding with the high matriptase
expression level in these cells (Figure 1a). The lowest activity was in the Pexo media of the
Jeko-1 cells, coinciding with a lower matriptase expression level (Figure 1a). The media of
cells with the Vexo or no exosome (RPMI) have similar and low levels of protease activity
(Figure 4a). The Vexo or Pexo sample with the exosomes alone also has measurable serine
protease activity (Figure 4b) but at much lower levels. The activity of Pexo measures at
~2.3% of that in the Daudi conditioned media or ~9% of that in the Jeko-1 conditioned
media from co-culturing with Pexo. This low level of protease activity is attributed to the
intrinsic serine protease activity of the exosomes, especially in Pexo [7,41].

In duplicate experiments, we showed that upon prostasin exosome treatment, the
elevated trypsin-like serine protease activity remained high for at least 10 days (Figure 4d).
This phenomenon was only seen for the matriptase-expressing cells, but not the RS4 cells,
which do not express matriptase. These results suggest that the increased trypsin-like
serine protease activity may be attributed to the increased amount of matriptase released
into the conditioned media after the prostasin exosome treatment.
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detected in the Pexo media of the Daudi cells, coinciding with the high matriptase expres-
sion level in these cells (Figure 1a). The lowest activity was in the Pexo media of the Jeko-
1 cells, coinciding with a lower matriptase expression level (Figure 1a). The media of cells 
with the Vexo or no exosome (RPMI) have similar and low levels of protease activity (Fig-
ure 4a). The Vexo or Pexo sample with  the exosomes alone also has measurable serine 
protease activity (Figure 4b) but at much lower levels. The activity of Pexo measures at 
~2.3% of  that  in  the Daudi conditioned media or ~9% of  that  in  the  Jeko-1 conditioned 
media from co-culturing with Pexo. This low level of protease activity is attributed to the 
intrinsic serine protease activity of the exosomes, especially in Pexo [7,41]. 

In duplicate experiments, we showed  that upon prostasin exosome  treatment,  the 
elevated trypsin-like serine protease activity remained high for at  least 10 days (Figure 
4d). This phenomenon was only seen for the matriptase-expressing cells, but not the RS4 
cells, which do not express matriptase. These results suggest that the increased trypsin-
like serine protease activity may be attributed to the increased amount of matriptase re-
leased into the conditioned media after the prostasin exosome treatment. 
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Figure 4. Trypsin-like serine protease activity measurement. (a) Line graphs of trypsin-like serine
protease activity expressed as relative fluorescent units (RFU). After mixing 2 × 106 cells with
exosomes (Vexo or Pexo) or with RPMI medium alone in a total volume of 500 µL for 24 h, the
activity in the conditioned medium was measured continually for 120 min. (b) Activity graph of
Vexo or Pexo exosomes from the HEK293T-Vec or Pro cells in RPMI medium without cells, used as
background controls. (c) Bar graph of data from (a) after subtracting the background controls of (b).
* denotes p < 0.05. (d) Dot plots of trypsin-like serine protease activity in media collected 10 days after
cell–exosome co-culturing. a.u., arbitrary units. Data were analyzed in GraphPad Prism 9. ANOVA,
p < 0.05 for Daudi, Namalwa, and Ramos, p > 0.05 for RS4.

3.5. Over-Expression of Prostasin Reduces Matriptase Quantity in B Cells

The Daudi, Namalwa, and Ramos cells were transduced with a lentivirus harboring
the human prostasin cDNA for over-expression [42]. The cells were collected 24 h post-
infection, lysed, and subjected to SDS-PAGE/western blot analysis using antibodies against
matriptase, prostasin, or GAPDH, respectively. In cells with prostasin over-expression
(Figure 5a, middle panel, lanes 2, 4, 6), the matriptase expression was almost abolished, in
comparison to the cells without prostasin (Figure 5a, top panel, lanes 1, 3, 5). The GAPDH
contents were used as the loading controls (Figure 5a, bottom panel).

In the NamalwaTR sublines, upon tetracycline induction, the NamalwaTR-Pro cells
expressed a great amount of prostasin at the cell surface with the GPI anchor (Figure 5b,
green peak), whereas the NamalwaTR-Vec cells did not express prostasin (Figure 5b, orange
peak). At least 95.4% of the NamalwaTR cells were shown by flow cytometry to express
prostasin after the tetracycline induction, as indicated by the right-shifted peak (PE-A
subset/green peak), representing the cells labeled with a polyclonal prostasin antibody
and the fluorophore-conjugated secondary antibody. The tetracycline-treated NamalwaTR-
Vec (red peak) and NamalwaTR-Pro (sky-blue peak) cells without the prostasin antibody
incubation that went through the same labeling procedures were negative for prostasin
staining. Their representative peaks appear to the far left on the x-axis. The ectopically
expressed prostasin protein in the B cells was correctly transported on the B cell surface.

In the long-term culture of tet-regulated NamalwaTR sublines, a sustained presence
of the wild-type prostasin abolished the cellular matriptase presence (Figure 5c, lane 2), but
the serine active-site mutant prostasin did not elicit such an effect (Figure 5c, lane 3). The
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cells cultured without tetracycline were analyzed and run as controls, wherein the cellular
matriptase level appeared similar across the sublines (Figure 5c, lanes 4, 5, 6). The wild-
type prostasin expressed in the NamalwaTR-Pro cells appeared in two bands, indicating a
sustained activation. The conditioned media of these sublines in the long-term tet-induced
culture also reproduced the shed-off matriptase profile (Figure 5d). The NamalwaTR-Pro
cell medium had a much higher quantity of LMW matriptase, in comparison to that of the
NamalwaTR-Vec or ProM cells.
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Figure 5. Ectopic expression of prostasin in B cancer cells. (a) Western blot analysis of transient
expression of prostasin (P) or vector alone (V) in the Daudi, Namalwa, and Ramos cells. The
lysate from 2 × 105 cells of each type was analyzed. Top panel, matriptase (Ab: sc-365482); middle
panel, prostasin; bottom panel, GAPDH. (b) Flow cytometry analysis of Namalwa sublines with
tetracycline-induced prostasin expression or vector alone. Red peak (vector-alone cells) and sky-blue
peak (prostasin-expressing cells) are samples without the prostasin antibody incubation. Orange
peak (vector-alone cells) and green peak (prostasin-expressing cells) are samples incubated with
the prostasin antibody. All samples were incubated with a secondary antibody conjugated with the
fluorophore Cy3, and 10,000 cells of each sample were analyzed in a CytoFLEX S flow cytometer. The
data were analyzed with FlowJo™ software v10.8.1 and are presented in the histogram. (c) Western
blot analysis of NamalwaTR sublines. One hundred thousand cells of each sample were analyzed.
Lanes 1 and 4 or V, samples of the vector control subline; lanes 2 and 5 or P, samples of the subline
with the wild-type prostasin; lanes 3 and 6 or M, samples of the subline with a serine active-site
mutant prostasin. Left panel, cells were grown in OPTI-MEM I/2%FBS with 1 µg/mL tetracycline
(with tet); right panel, cells were grown without tetracycline (no tet) for 8 days. Top two panels,
matriptase antibody (sc-365482); bottom two panels, prostasin antibody. (d) Western blot analysis of
tet-conditioned media from (c). Two hundred milliliters of the conditioned media were precipitated
with trichloroacetic acid (TCA) (final 16.7%) at 4 ◦C overnight. The pellet was collected via centrifu-
gation and analyzed. The membrane was blotted with the AF3946 human matriptase/ST14 catalytic
domain antibody.
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3.6. Proliferation, Migration, Invasion, and Gelatinase Activity Changes Associated with Prostasin

We have shown in Figures 2, 3 and 5 that prostasin reduced the matriptase level in B
cancer cells, similar to the observations in epithelial cells in which prostasin over-expression
reduced cellular matriptase levels [42,47]. We set out experiments to determine whether
the prostasin-exosome-mediated reduction in the matriptase level impacts the growth,
migration, and invasion properties of the B cancer cells.

3.6.1. Proliferation and Apoptosis

The Namalwa, Ramos, Raji, and Jeko-1 cells were cultured with prostasin exosomes
(Pexo) or the control vector exosomes (Vexo) in a serum-reduced medium at a ratio of 1 unit
of exosomes per 1 × 106 cells in 500 µL. The number of cells in each sample was monitored
by flow cytometry. Cell numbers were not significantly different in two days of the co-
culture between the samples treated with prostasin exosomes and vector exosomes, except
for the Namalwa cells. There was a slight decrease (by 9%) in cell number in the samples
treated with prostasin exosomes in 24 h, in comparison to that treated with the vector
exosomes (Figure 6a). When the NamalwaTR-Pro cells at a concentration of 2.5 × 105 cells
per milliliter were induced to over-express prostasin (Pro) with tetracycline (1 µg/mL),
the growth rate of these cells decreased significantly on Day 4, with lower cell numbers
in comparison to the tetracycline-treated NamalwaTR-Vec control cells (Vec) (Figure 6b,
left graph). The cells were then diluted to a density of 5 × 105 cells per milliliter and
re-cultured for another five days in the serum-reduced medium. The growth rate of the
NamalwaTR-Pro cells continued to decline, in comparison to the NamalwaTR-Vec cells in
the same culturing condition (Figure 6b, right graph).
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Figure 6. Impact of prostasin–matriptase cascade activation on B cancer cells. (a) Bar graph of cell 
count for two consecutive days of B cells treated with exosomes. Namalwa, n = 7; Ramos, n = 6; Raji, 
n = 5; Jeko-1, n = 6. * denotes p < 0.05. (b) Growth curves of NamalwaTR-Vec and NamalwaTR-Pro 
cells under tetracycline induction. Left graph, cells were set at 2.5 × 105/mL on day 0 and cultured in 
the growth medium containing 10%FBS for 4 days. Right graph, on day 4 (reset, indicated by the 
arrow), the cells were diluted in OPTI-MEM I/2%FBS to 5 × 105/mL and cultured for another 5 days. 
Tetracycline at 1 µg/mL was added into the culture on day 0 and maintained through culturing. n = 
4 for each cell line, and * denotes p < 0.05. (c) Trypsin-like serine protease activity in the conditioned 
media of NamalwaTR-Vec and NamalwaTR-Pro cells (n = 4). Data were analyzed in Excel with stu-
dent’s t test. * denotes p < 0.05 between the two sample groups. (d) Bar graph of annexin-V-positive 
cells analyzed by flow cytometry. Cells under tetracycline induction were cultured for various times 
(week 1, n = 3; week 2, n = 4; week 3, n = 3) and subjected to direct labeling of annexin V conjugated 
with fluorophore allophycocyanin (APC). Ten thousand cells for each sample were analyzed on the 
CytoFLEX S flow cytometer. Propidium iodide staining and FSC/SSC discrimination were used for 
gating the live singlets, which were further analyzed for annexin V staining. (e) Bar graph of mi-

grated cells treated with exosomes for 24 h. * denotes p < 0.05. (f) Bar graph of migrated Namalwa 
sublines with the induction of prostasin expression for 2–4 days and reconditioned in RPMI medium 
for 1 day before seeding  in Transwells  for migration  (n = 7). * denotes p < 0.05.  (g) Bar graph of 
invaded cells treated with exosomes for 24 h. (h) Bar graph of invaded Namalwa sublines (n = 5) 
treated as in (f). * denotes p < 0.05. (i) Gelatin zymography and western blot analysis. Top panel, the 
Ramos cells (2 × 106) in 500 µL of RPMI/0.1%BSA were treated with vector exosomes (Vexo), prosta-
sin exosomes (Pexo), or a purified recombinant human matriptase serine protease domain (r-Mat 
SPD) overnight. One-fifth of the cell lysate (lanes 1–3) or 20 µL of the conditioned medium (lanes 4–
6)  were  analyzed.  The  Vexo  or  Pexo  exosomes  or  the  r-Mat  SPD  alone  were  incubated  in 
RPMI/0.1%BSA and used as controls  (lanes 7–9). The clear bands at ~70 kDa marked by a filled 
arrow are matriptase. These were recognized by matriptase antibodies (middle panel). Unidentified 
bands with gelatinase activity marked at * locations in lanes 4,5,7,8 are inherited from the exosomes, 
as shown in the samples with the exosomes alone (lanes 7 and 8). The band marked by the white 
circle is unknown. Bands at ~28 kDa marked by an unfilled arrow are r-Mat SPD. Bottom panel is 
GAPDH, which is detected only in the cell lysate, not in media samples or the controls without cells. 
(j) Gelatin zymography of B cancer cells treated as described in (i). The matriptase gelatinase activity 
is decreased in the cell lysate (lanes 2,6,10,14) but  increased  in the corresponding media samples 
(lanes 4,8,12,16) upon Pexo treatment in comparison to that of the Vexo-treated samples (in lysate, 
lanes 1,5,9,13; in media, lanes 3,7,11,15), correspondingly. 
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city. The required dose of MEDI-551 is lower than that of rituximab, and MEDI-551 de-
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Figure 6. Impact of prostasin–matriptase cascade activation on B cancer cells. (a) Bar graph of cell
count for two consecutive days of B cells treated with exosomes. Namalwa, n = 7; Ramos, n = 6; Raji,
n = 5; Jeko-1, n = 6. * denotes p < 0.05. (b) Growth curves of NamalwaTR-Vec and NamalwaTR-Pro
cells under tetracycline induction. Left graph, cells were set at 2.5 × 105/mL on day 0 and cultured
in the growth medium containing 10%FBS for 4 days. Right graph, on day 4 (reset, indicated by the
arrow), the cells were diluted in OPTI-MEM I/2%FBS to 5 × 105/mL and cultured for another 5 days.
Tetracycline at 1 µg/mL was added into the culture on day 0 and maintained through culturing. n = 4
for each cell line, and * denotes p < 0.05. (c) Trypsin-like serine protease activity in the conditioned
media of NamalwaTR-Vec and NamalwaTR-Pro cells (n = 4). Data were analyzed in Excel with
student’s t test. * denotes p < 0.05 between the two sample groups. (d) Bar graph of annexin-V-positive
cells analyzed by flow cytometry. Cells under tetracycline induction were cultured for various times
(week 1, n = 3; week 2, n = 4; week 3, n = 3) and subjected to direct labeling of annexin V conjugated
with fluorophore allophycocyanin (APC). Ten thousand cells for each sample were analyzed on the
CytoFLEX S flow cytometer. Propidium iodide staining and FSC/SSC discrimination were used
for gating the live singlets, which were further analyzed for annexin V staining. (e) Bar graph of
migrated cells treated with exosomes for 24 h. * denotes p < 0.05. (f) Bar graph of migrated Namalwa
sublines with the induction of prostasin expression for 2–4 days and reconditioned in RPMI medium
for 1 day before seeding in Transwells for migration (n = 7). * denotes p < 0.05. (g) Bar graph of
invaded cells treated with exosomes for 24 h. (h) Bar graph of invaded Namalwa sublines (n = 5)
treated as in (f). * denotes p < 0.05. (i) Gelatin zymography and western blot analysis. Top panel,
the Ramos cells (2 × 106) in 500 µL of RPMI/0.1%BSA were treated with vector exosomes (Vexo),
prostasin exosomes (Pexo), or a purified recombinant human matriptase serine protease domain
(r-Mat SPD) overnight. One-fifth of the cell lysate (lanes 1–3) or 20 µL of the conditioned medium
(lanes 4–6) were analyzed. The Vexo or Pexo exosomes or the r-Mat SPD alone were incubated in
RPMI/0.1%BSA and used as controls (lanes 7–9). The clear bands at ~70 kDa marked by a filled
arrow are matriptase. These were recognized by matriptase antibodies (middle panel). Unidentified
bands with gelatinase activity marked at * locations in lanes 4, 5, 7, 8 are inherited from the exosomes,
as shown in the samples with the exosomes alone (lanes 7 and 8). The band marked by the white
circle is unknown. Bands at ~28 kDa marked by an unfilled arrow are r-Mat SPD. Bottom panel is
GAPDH, which is detected only in the cell lysate, not in media samples or the controls without cells.
(j) Gelatin zymography of B cancer cells treated as described in (i). The matriptase gelatinase activity
is decreased in the cell lysate (lanes 2, 6, 10, 14) but increased in the corresponding media samples
(lanes 4, 8, 12, 16) upon Pexo treatment in comparison to that of the Vexo-treated samples (in lysate,
lanes 1, 5, 9, 13; in media, lanes 3, 7, 11, 15), correspondingly.

The prolonged presence of prostasin in B cancer cells reduced cell growth, a phenotype
possibly associated with a sustained activation of the prostasin-matriptase cascade. Indeed,
the conditioned media of the cells over-expressing prostasin (Pro) had higher trypsin-like
serine protease activity than that of the cells with the empty vector (Vec) (Figure 6c). This
result is also consistent with the data presented in Figure 4, in which the conditioned media
of the cells treated with prostasin exosomes have higher trypsin-like serine protease activity
than that of the cells treated with the vector exosomes.
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The active matriptase is toxic to cells [10,23,48–50] when its inhibitors, i.e., the HAIs
are absent in the cells. Such is the case in most hematological cancer cell lines [31]. The
annexin V protein is an established cellular marker for apoptotic cells with its high binding
affinity to the anionic phospholipid phosphatidylserine (PS), which is localized to the outer
leaflet of the plasma membrane in apoptotic cells [51,52]. We show in Figure 6d that the
amount of cell-surface annexin V in the NamalwaTR-Pro cells increased during longer
culturing times, in comparison to that in the NamalwaTR-Vec cells. The increased apoptosis
of the NamalwaTR-Pro cells might have contributed at least partially to the reduced growth
of these cells (Figure 6b).

3.6.2. Migration and Invasion

Physiologically, B cells migrate from one tissue to another, with chemotaxis following
an increasing chemokine concentration gradient. We assessed the chemotactic migration
ability of B cancer cells during the activation of the prostasin-matriptase cascade. Upon
treatment with either prostasin exosomes or vector exosomes, the Ramos, Raji, and Jeko-1
cells did not have a significant change in migration through the membrane with a 5 µm pore
size (Figure 6e). The Namalwa cells in the same setting had a slightly reduced migration (by
~11%). The Daudi cells did not migrate or invade under the same experimental conditions,
and the RS4 cells did not express matriptase. Both cells were excluded here. For the
NamalwaTR-Pro cells induced to over-express prostasin (Pro), a significant reduction
in migration (by over 50%) was observed (Figure 6f) in comparison to the NamalwaTR-
Vec cells.

When the Matrigel matrix was constructed in the Transwell to assess the invasion
properties of the B cancer cells under the influence of prostasin exosomes, there were no
significant changes in invasion (Figure 6g). The Ramos cells did not invade efficiently
through the Matrigel matrix under the same conditions. The NamalwaTR-Pro cells over-
expressing prostasin showed a significant increase in invasion (by over 50%) through the
Matrigel matrix (Figure 6h). A sustained prostasin–matriptase cascade activation appeared
to decrease migration but increase invasion for the Namalwa cells in the presence of
chemokines.

3.6.3. Gelatinase Activity

Matriptase was reported to have gelatinase activity [44,53], which offers a direct
method to visually monitor the matriptase expression and function regulation phenotypes
associated with prostasin endowment in B cancer cells. We evaluated the matriptase
gelatinase activity in gelatin gels following electrophoresis. As shown in Figure 6i (top
panel, lane 1), matriptase in the Ramos cells treated with vector exosomes (Vexo) cleaved
the gelatin in the gel, producing clear doublet bands after staining with Coomassie blue dye.
The bands correspond to the matriptase protein, recognized by the matriptase antibody
(Figure 6i, middle panel, lane 1). Due to the different conditions used for the gelatin
gel, i.e., non-reducing and without sample boiling, the matriptase protein appeared at
the ~70 kDa position in the gelatin gel, as opposed to the ~80 kDa position in the SDS-
APGE/western blot. The prostasin exosome (Pexo) treatment reduced the matriptase
level in the Ramos cells (Figure 6i, middle panel, lane 2) and correspondingly reduced the
associated gelatinase activity (Figure 6i, top panel, lane 2). A purified recombinant human
matriptase serine protease domain (r-Mat SPD, R&D Systems), when added (0.2 nM) in
the Ramos cell culture, also reduced the quantity of the endogenous matriptase (Figure 6i,
middle panel, lane 3) and the gelatinase activity of the endogenously expressed matriptase
(Figure 6i, top panel, lane 3), suggesting that the soluble active matriptase can further
activate more cellular matriptase zymogen.

Prostasin exosomes mediated a reduction in the matriptase level in B cancer cells but
an increase in the amount of matriptase in the culturing medium, with correspondingly
increased gelatinase activity (Figure 6i, top panel, lane 5). The shed matriptase was recog-
nized by the matriptase antibody (Figure 6i, middle panel, lane 5). Cells treated with the
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vector exosomes did not show very much matriptase released into the medium (Figure 6i,
top and middle panels, lane 4). Cells treated with the r-Mat SPD released the endogenously
expressed matriptase into the medium as well (Figure 6i, top and middle panels, lane 6).
There was no detectable matriptase protein or gelatinase activity in samples with exosomes
alone (lanes 7 and 8). The gelatinase activity of the r-Mat SPD was detected in samples
either alone or in the Ramos cell culture medium (Figure 6i, top panel, lanes 9 and 6).

The gelatinase activity of matriptase was also examined in the Daudi, Namalwa,
and Raji cells, as shown in Figure 6j. Consistent with the results from the Ramos cells,
the gelatinase activity of matriptase was low in the cells but high in the media after the
prostasin exosome treatment in comparison to that of the cells treated with vector exosomes.
The RS4 cells do not express matriptase and do not have matriptase-associated gelatinase
activity (Figure S2). These results suggest that prostasin exosomes mediated the shedding
of matriptase from the cell surface into the extracellular medium, whereas the shed-off
matriptase retained its gelatinase activity, which could be involved in extracellular matrix
modification.

4. Discussion

Therapies targeting B-cell-specific markers have been developed in recent years for
treating B cell diseases such as B cell lymphoma [54]. Rituximab is a monoclonal antibody
developed to target CD20 on the B cell surface to remove aberrant B cells. MEDI-551, an-
other monoclonal antibody, was developed to target CD19 on B cells to induce cytotoxicity.
The required dose of MEDI-551 is lower than that of rituximab, and MEDI-551 depletes dif-
ferent subsets of plasma cells due to differential expression patterns of CD20 and CD19 on
B cells. The monoclonal antibody epratuzumab targets CD22 to trigger signaling pathways
in B cells and interfere with B cell proliferation. Other therapeutic strategies targeting B cell
survival factors and mediators involved in intercellular and intracellular B cell functions
are also in progress.

The prominent ectopic over-expression of matriptase, an otherwise epithelial-specific
extracellular membrane serine protease in B cancer cells, presents a logical cell-surface
molecule for targeting. In epithelial cells in which prostasin and matriptase are co-expressed,
prostasin over-expression downregulates the matriptase level, and an insufficient prostasin
expression level results in an upregulation of the matriptase level [42,47]. Upon zymo-
gen activation, matriptase is shed from the cells, with an accumulation of the shed-off
active matriptase in the culturing medium [20]. In most cases, the activated matriptase is
almost immediately complexed with its inhibitor HAI-1, preventing further unwarranted
matriptase activation and subsequent cytotoxicity. However, in hematological cancer cell
lines, only 20% express both HAI-1 and HAI-2 in the same cells. In a subgroup of Burkitt
lymphoma, HAI-1 is not expressed, with HAI-2 expressed at a very low quantity.

Such a molecular landscape would suggest that the over-expressed matriptase in
the B cancer cells is in the inactive zymogen form. If matriptase is activated in these B
cells, it could initiate an untamed matriptase auto-activation cascade with a subsequent
cytotoxicity triggered by a stressed Gogi-endoplasmic reticulum apparatus [23]. Given the
peculiarity of matriptase over-expression in B cancer cells in the absence of prostasin, and
absence or scarcity of HAIs, we hypothesized that an endowment of prostasin expression
could initiate the proteolytic activation cascade. We aimed to use prostasin exosomes to
achieve this, with a long-term consideration of developing a clinically feasible approach
for alternative treatment of B cell lymphoma, based on the burgeoning momentum of
exosomes on this front.

Our attempt at directing a prostasin action onto the B cancer cell surface via the
exosomes appeared to have been successful, with a very clear phenotype of matriptase
quantity and functional changes. This was achieved with prostasin exosomes prepared
from a cell type with a full complement of relevant proteins, Calu-3 human lung cancer
cells, expressing endogenous prostasin, HAI-1, and HAI-2; or HEK293T cells, with null
or minimal expression levels of all three. The cellular matriptase content was greatly
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reduced, with a corresponding increase in the shed-off soluble enzyme in the culture
medium. Along with the molecular changes, tumor cell behaviors were also modified, with
phenotypes consistent with the tumor suppressor role of prostasin, such as reduced growth
and increased apoptosis. It is not surprising that not all cell lines manifested a uniform
phenotypic response to prostasin, given the nature of cancer cells.

Using the various control conditions and prostasin variants as described, the action
is more robust with GPI-anchored membrane-bound serine protease-active prostasin. It
remains technically challenging to ascertain an actual molecular transfer of the exosome
prostasin cargo onto the recipient B cells. But a prostasin-specific effect was supported by
the lentiviral-transduced prostasin expression in the B cells, recapitulating the exosome
delivery phenotypes. The lentiviral-transduced prostasin expression also allowed us to
tease out a long-term phenotype associated with prostasin expression in B cancer cells,
i.e., growth inhibition (Figure 6b).

The introduction of prostasin to the B cancer cells clearly resulted in the release of
matriptase into the culture medium (Figure 2a), which had a corresponding gain of trypsin-
like serine protease activity, as measured by the cleavage of the synthetic substrate QAR-
AMC (Figure 4a). The QAR (P3-P1) is a highly selective matriptase and prostasin substrate
that has been routinely used to demonstrate proteolysis by these specific serine proteases
in complex sample contexts, such as cell lysate or living cells [25]. The B lymphoma cell
lines used in this study were all validated for QAR selectivity toward matriptase in the
conditioned media upon acid activation by a previous study [31]. The conditioned media
tested for QAR cleavage would not have very appreciable amounts of prostasin, which
would be even across the different cell types if there were residual amounts from the
exosome treatment. The QAR-cleaving activities in the conditioned media at different
levels across the cell types may thus be attributed to the shed-off active matriptase. The
cellular matriptase in the B cancer cells was considered to be in the zymogen form, but
in the gelatin zymography experiment, it showed gelatinase activity in the cell lysate
(Figure 6i). The gelatin-degrading matriptase in the gel in situ underwent SDS denaturation
during electrophoresis and renaturation for zymography. This process may very well have
resulted in the activation of the enzyme in situ. Such a phenomenon was documented for
the zymogen of trypsin (trypsinogen), showing a strong activity in gelatin zymography
performed under conditions similar to those used here [55].

A question that arises and also remains concerns the fate and function of the shed-off
soluble active matriptase upon the introduction of prostasin in the B cancer cells. We were
able to induce a similar response with the use of a soluble recombinant human matriptase
protease domain (Figure 6i). Thus, we may speculate that the shed-off soluble active
matriptase would be able to do the same. We may also expect that newly synthesized
matriptase zymogen would be perpetually subjected to a cycle of proteolytic activation and
shedding, independent of the initial prostasin trigger. The data presented in Figure 4c with
a sustained high trypsin-like serine protease activity in the culture medium over 10 days
past the exosome treatment would be supportive of this.

We should be cautious when interpreting the results of the in vitro experiments. The
active matriptase is a well-known tumor progression promoter by activating growth factors
for cell migration. However, in our study, the advent of matriptase activation triggered
by prostasin promotes invasion, but it also inhibits migration and induces apoptosis. The
prostasin-mediated matriptase activation in B cancer cells may have different outcomes in
an in vivo context. In solid tumors of B cell lymphoma, the active matriptase may be accu-
mulated in situ, playing roles in the tumor microenvironment. The sustained matriptase
activation could modify the extracellular matrix by degrading matrix proteins, such as col-
lagen IV, or acting on its substrates, such as the urokinase plasminogen activator (uPA) and
hepatocyte growth factor (HGF) in the neighboring cells, especially the fibroblasts [56,57].
On the other hand, the accumulation of active matriptase in the tumor microenvironment
may also induce cell apoptosis, as the active matriptase is toxic to the cells [10,23,48–50].
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In this study, prostasin exosomes could activate matriptase in all B cells tested here,
as evidenced by the reduced cellular matriptase, increased trypsin-like serine protease
activity in the conditioned media, and the accumulation of soluble matriptase therein. The
matriptase in the JeKo-1 cells was reported as not being able to go through auto-activation
induced by acid [31], but it could apparently be activated by the prostasin exosomes, as
we have shown (Figure 4). This may suggest that different activation mechanisms were
involved in the two experimental conditions.

Our study focused on a limited selection of four Burkett lymphoma cell lines with high
levels of matriptase protein expression in the absence of its physiological inhibitor HAI-
1 [31], which is also an inhibitor of prostasin. In future studies, we may consider testing
the prostasin exosome activation of matriptase in cell lines representing the most common
subtype of NHL, i.e., diffuse large B-cell lymphoma (DLBCL), such as OCI-LY3 and OCI-
LY10. These have different molecular genetic and gene expression backgrounds than the
Burkett cell lines we investigated, especially with regard to the expression of HAI-1 [31].
This would be very informative as to the potential role of HAI-1 in the prostasin-exosome-
induced matriptase activation in these cell lines, with an abundance of the HAI-1 protein in
the OCI-LY10 cells but an absence in the OCI-LY3 cells.

5. Conclusions

Our study began with the question as to what would happen if we imposed prostasin
expression in B cancer cells ectopically expressing the otherwise epithelial-specific ma-
triptase. The hypothesis was that matriptase would be activated by prostasin, shed from
the cells, and reduced in quantity, recapitulating the phenotypes previously reported
with matriptase expression silencing using siRNA. Our results supported this hypothe-
sis. Prostasin-exosome-mediated matriptase removal from B cancer cells is an attractive
and novel idea, shown to be efficient in the in vitro setting in this study. The use of an
exosome-mediated proteolytic cascade to kill cancer cells could be exploited as an alter-
native approach to treat B cell lymphoma, but this requires validation in vivo, e.g., in
xenografted tumors using animal models.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers15153848/s1, File S1: The original western blots; Figure S1:
Western blot analysis of exosomes. The vector control exosomes (Vexo, 10 µg) and prostasin exosomes
(Pexo, 10 µg) prepared from the HEK293T cells were tested with four different exosome markers using
antibodies against CD63, HSP70, Tsg101, and Alix (all from Santa Cruz Biotechnology). Lanes 1 & 2,
CD63; lanes 3 & 4, HSP70; lanes 5 & 6, Tsg101; lanes 7 & 8, Alix. The panel of HSP70 membrane
was stripped and re-blotted with the prostasin antibody (lanes 9 & 10). In a different experiment
(right panel, lanes 11–14), the exosomes were incubated with 0.5 µg of purified mouse protease nexin
1 (PN-1) for 2 h at 37 ◦C before SDS-PAGE/western blotting; Figure S2. Gelatin zymography and
western blot analysis of B lymphoma cell lines. Lysate from 2 × 105 cells of each line was analyzed
in gelatin gel (left panel), western blotting with matriptase antibody (AF3946, middle panel) and
western blotting with GAPDH antibody (right panel). Lanes 1, RS4; lanes 2, Daudi; lanes 3 Namalwa;
lanes 4, Raji; lanes 5, Ramos; lanes 6, Jeko. RS4 cells do not express matriptase (middle panel, lane 1)
and do not have matriptase-associated gelatinase activity (left panel, lane 1).
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Simple Summary: A disintegrin and metalloproteinase (ADAM) proteins are proteolytic enzymes
that are responsible for destroying the extracellular matrix, but they also have adhesive properties.
Recent investigations have demonstrated that the expression of several ADAMs is upregulated in
gastrointestinal (GI) tumour cells and have linked the secretion of these proteins to pathogenesis of GI
malignancies. Therefore, the aim of this review is to establish the involvement of selected ADAMs in
the progression of GI malignancies as well as their prognostic significance. It was found that selected
ADAMs might stimulate the proliferation and invasion of malignant cells and may be associated
with unfavourable survival of patients with GI tumours. In conclusion, this review confirms the
significance of selected ADAMs in the pathogenesis of the most common GI cancers and indicates
their promising significance as potential prognostic biomarkers as well as therapeutic targets for GI
malignancies.

Abstract: The global burden of gastrointestinal (GI) cancers is expected to increase. Therefore, it
is vital that novel biomarkers useful for the early diagnosis of these malignancies are established.
A growing body of data has linked secretion of proteolytic enzymes, such as metalloproteinases
(MMPs), which destroy the extracellular matrix, to pathogenesis of GI tumours. A disintegrin and
metalloproteinase (ADAM) proteins belong to the MMP family but have been proven to be unique
due to both proteolytic and adhesive properties. Recent investigations have demonstrated that the
expression of several ADAMs is upregulated in GI cancer cells. Thus, the objective of this review is to
present current findings concerning the role of ADAMs in the pathogenesis of GI cancers, particularly
their involvement in the development and progression of colorectal, pancreatic and gastric cancer.
Furthermore, the prognostic significance of selected ADAMs in patients with GI tumours is also
presented. It has been proven that ADAM8, 9, 10, 12, 15, 17 and 28 might stimulate the proliferation
and invasion of GI malignancies and may be associated with unfavourable survival. In conclusion,
this review confirms the role of selected ADAMs in the pathogenesis of the most common GI cancers
and indicates their promising significance as potential prognostic biomarkers as well as therapeutic
targets for GI malignancies. However, due to their non-specific nature, future research on ADAM
biology should be performed to elucidate new strategies for the diagnosis of these common and
deadly malignancies and treatment of patients with these diseases.

Keywords: ADAM; biomarker; gastrointestinal tumours

1. Gastrointestinal Cancers—General Characteristics

According to estimates from the American Cancer Society, in 2018 there were approx-
imately 1.7 million new cancer cases and 610,000 cancer deaths [1]. Gastrointestinal (GI)
cancers are defined as a group of malignancies that includes cancers of the liver, oesopha-
gus, gallbladder, pancreas, stomach, large and small intestine and anus [2–4]. Neoplasms
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originating from the GI tract, including colorectal cancer (CRC) and gastric cancer (GC),
are among the five most common malignancies in both men and women worldwide. It
is estimated that CRC is one of the most frequently diagnosed cancers and the second
most common cause of cancer-related deaths worldwide. Gastric cancer is the fourth most
common cancer and accounts for 8.8% of all cancer-related deaths [2–4].

The incidence of GI cancers shows significant geographical variation. CRC incidence
is higher in Western Europe and North America, while the incidence of GC and liver cancer
(LC) is elevated in Asia and Africa. The main risk factors for GI cancers include tobacco
and alcohol intake, genetic factors, viruses such as Papillomaviruses, Epstein–Barr virus
(EBV) or hepatitis B and C. Other risk indicators that may cause tumour development
are bacterial infections and microbiome imbalance, Helicobacter pylori infection, as well
as an unhealthy diet and obesity. It was suggested that Fusobacterium nucleatum plays
a role in CRC development via promotion of tumour progression include generating a
proinflammatory tumour-promoting microenvironment [5–7]. Moreover, the study of
Yoshimura revealed that Helicobacter pylori stimulated temporal changes in the levels of
proteolytic enzymes such as ADAM10 and ADAM17 transcripts in gastric epithelial cells,
while chronic infection with Helicobacter pylori may result in persistent mucosal increases in
members of the ADAM family [8]. Some epidemiological studies have shown an increased
risk of GI cancers in overweight and obese individuals, while substantial evidence has
linked reduced physical activity with an increased risk of colon cancer. Moreover, it has
been proven that a high salt intake is associated with enhanced prevalence of GC, whereas a
diet high in red and processed meats has been linked to an increased risk of GC, EC, PC and
CRC [2–9]. Furthermore, changes in lifestyle, the growing population and environmental
factors as well as advances in medicine may also affect the epidemiology of GI cancers [2].

Clinical symptoms of GI cancers depend on the type of malignancy and tumour stage
as well as the development of systemic symptoms such as early satiety nausea, anorexia,
changes in the sense of smell, stress or dysgeusia [10]. It has been revealed that fatigue is a
major sign followed by pain, anxiety, poor well-being, sleep disturbances, poor appetite,
depression, drowsiness, dyspnoea and nausea [10,11]. Moreover, in EC, GC and PC, signs
of disease may occur early. However, symptoms are directly related to the cancer or release
of inflammatory cytokines [10,11]. Neoplasms of the alimentary tract are characterized by
rapid progression and a very unfavourable prognosis. The diagnostic process of GI cancers
includes endoscopic evaluation as an important tool in diagnosis and staging. Diagnosis
is confirmed with an upper gastrointestinal endoscopy and biopsy. Other imaging tests
useful in diagnosis of GI tumours include computed tomography (CT), positron emission
tomography–CT (PET–CT) and endoscopic ultrasound (EUS) [12]. It is also recommended
that apart from imaging tests, diagnosis of GI tumours should include laboratory tests.
Measurements of the well-investigated classical tumour markers for GI malignancies such
as carcinoembryonic antigen (CEA), cancer antigen 19-9 (CA 19.9), cancer antigen 50 (CA 50)
or cancer antigen 72.4 (CA 72.4) are not useful in the early detection of these malignancies
due to their low diagnostic sensitivity and specificity. A number of candidates for novel
biochemical markers for GI malignancies such as matrix metalloproteinases and their
tissue inhibitors, cytokines and chemokines as well as specific proteins such as C-reactive
protein or interleukin-6 have been evaluated by scientists in the last decade. However, no
studies have confirmed their significance in early diagnosis of GI malignancies [13–23].
Therefore, future research should focus on the search for new, non-invasive and easily
accessible biomarkers characterized by high diagnostic sensitivity and specificity, which
would be useful in the early detection and tumour staging as well as improve treatment
implementation.

Remodelling of the extracellular matrix (ECM) plays an important role in tumour
progression, including growth, proliferation and angiogenesis. Moreover, many authors
link these proteases to tumour invasiveness, particularly metastasis [13]. Therefore, in our
previous studies we assessed the usefulness of selected MMPs and their tissue inhibitors in
the diagnosis and progression of GI malignancies such as CRC, PC, EC and GC. In addition,
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selected MMPs, such as MMP-14, are able to regulate a variety of signalling pathways and
cell functions, including apoptosis. It has been proven that the proteolytic activity of MMPs
is physiologically inhibited by tissue inhibitors of metalloproteinases (TIMPs). TIMP-2
regulates several cell functions including migration, proliferation and apoptosis through
MMP-dependent and -independent mechanisms, e.g., via inhibition of FGF-2-induced
endothelial cell proliferation, suppression of the mitogenic activity of epidermal growth
factor (EGF) or inhibition of angiogenic factor-induced endothelial cell proliferation and
angiogenesis [24]. Our previous results indicated that selected MMPs, especially MMP9,
might be used as potential biomarkers in the diagnosis and progression of several GI
malignancies [14–19]. Based on the most recent literature reports, we believe that another
member of the MMP family—ADAM (A disintegrin and metalloproteinase)—might be
considered a potential candidate for a biochemical marker involved in GI carcinogenesis
because of both proteolytic and adhesive activities. Thus, the goal of our review is to
summarize the current knowledge concerning the significance of selected ADAMs in the
pathogenesis of GI cancers and their potential utility in diagnosis and prognosis of patients
with these malignancies.

2. A Disintegrin and Metalloproteinase (ADAM)—General Information

A disintegrin and metalloproteinases (ADAMs) belong to the family of zinc-dependent
proteases, such as metalloproteinases, which consist of 21 members, 13 of which have prote-
olytic activity [25,26]. They are also known as metalloproteinase, disintegrin, cysteine-rich
(MDC) proteins. ADAMs regulate the shedding of membrane-bound proteins, cytokines,
growth factors as well as ligands and receptors. It has been demonstrated that the structure
of most of these proteins consists of a prodomain, a metalloprotease region, a disintegrin
domain for adhesion, a cysteine-rich region, epidermal-growth-factor (EGF) repeats, a
transmembrane module as well as a cytoplasmic tail [27,28].

It has been observed that among other cell-surface proteins, ADAMs are unique
because of both adhesive and proteolytic activities. Moreover, it has been indicated that
EGF repeats and the cysteine-rich region mediate cell fusion or the interaction of these
proteins with other molecules [29–32]. ADAMs are mostly transmembrane proteins, but
selected ADAMs, such as ADAM11, 12, 17 and 28 may generate a soluble, secreted protein.
About 50% of the ADAM family consists of a metalloproteinase domain with a catalytic
site consensus sequence that allows for protein–protein interactions [27,28]. The structures
of both transmembrane and soluble ADAMs are presented in Figure 1 [30–32].

Several ADAM genes initiate more than one protein due to differential splicing of
mRNA, a post-transcriptional modification in which a single gene can code for multi-
ple proteins. This promotes the synthesis of a secreted ADAM structure, in addition to
membrane-anchored forms, or variation in the length of the cytoplasmic tail of ADAM
proteins. According to differences in the active site sequence of the metalloproteinase
domain, 60% of the members are non-proteolytic ADAM molecules. By contrast, active
sites in the metalloproteinase domain of the proteinase-type ADAM molecules (ADAM8,
9, 10, 12, 15, 17, 19–21, 28, 30 and 33) contain a common HEXGHXXGXXHD sequence
with a ‘Met-turn’ which is also present in the catalytic metalloproteinase domain of MMP
members [33]. ADAM10 and ADAM17 have a similar structure and are characterized by a
membrane-proximal domain in the extracellular region in place of the EGF-like, cysteine-
rich domain that provides substrate recognition [34,35]. A distinct subfamily of ADAMs
is a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS), which
consists of a pro-domain and a disintegrin, metalloproteinase, and cysteine-rich domain.
In addition, ADAMTS have a specific thrombospondin motif instead of a transmembrane
domain [27–29].

Growing evidence indicates that ADAM proteases are expressed in an inactive form.
It has been proven that the activity of ADAMs and ADAMTS is regulated via endogenous
inhibitors called tissue inhibitors of metalloproteinases (TIMPs) as well as proprotein
convertases. In addition, they might also be controlled by protein kinase C activators,
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G-protein coupled receptor agonists or Ca2+ ionophores. Various ADAMs are usually kept
in an inactive state because of the interaction of a cysteine residue at the propeptide domain
with zinc in the metalloproteinase module. Therefore, ADAMs and MMPs are activated
by the cysteine switch mechanism that disrupts the cysteine–zinc interaction to expose
the catalytic site. It has been observed that levels of these proteins are regulated at the
transcriptional level. However, current knowledge concerning the role of physiological
inhibitors of ADAMs is still limited. It has been proven that only TIMP3 inhibits the crystal
structure of the protease domain of human ADAM17, while ADAM10 might be inhibited by
TIMP1 and 3, and by hydroxamates [35]. TIMP3 may be an inhibitor of various ADAMs as
well as ADAMTS members [27–29]. Increasing numbers of reports have demonstrated that
GI cancer cells might be transformed by aberrant and uncontrolled mechanisms that may
produce alternative splicing. It was found that the APC gene, aberrant splice skipping of
exon 4, as well as Ron gen, skipping of exon 11 are involved in colon cancer progression. An
alternative 5’ splice site in BCL-X, involved in apoptosis, is overexpressed in hepatocellular
carcinoma, similar to the CDH17 gene (exclusion of exon 13) that regulates incidence of
tumour recurrence. In addition, the TACC1 gene has splicing variants associated with GC.
These findings suggest the expression of aberrant and abnormal splice variants in GI cancer
development [36–39].

Figure 1. Structure of ADAMs of transmembrane and soluble ADAMs [30–32].

ADAMs, similarly to MMPs, possess various physiological functions and the ability
to regulate many processes such as cell migration, proliferation, angiogenesis, apoptosis,
wound healing, tissue repair and survival. By way of illustration, ADAM1 and 2 are able
to modulate cell adhesion or sperm–egg fusion. In addition, ADAM12 plays a role in
myoblast fusion, while ADAM9, 10 and 17 regulate ectodomain shedding of cell-surface
proteins [27–29]. However, these molecules might also be involved in some pathological
conditions such as cardiovascular and malignant diseases, including GI cancers [40–43].
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3. A Disintegrin and Metalloproteinase (ADAM)—Their Role in Tumour
Development

A growing body of evidence suggests that cancer growth is not only driven by tumour
cell-intrinsic mechanisms, but might be dependent on paracrine signals, such as growth
factors or cytokines, produced by the tumour microenvironment (TME). These molecules
are synthesized as trans-membrane proteins and must be released by limited proteolysis
defined as ectodomain shedding. It has been proven that ADAMs are major mediators
of ectodomain shedding and thus are able to initiate paracrine signal transduction [25].
Changes in the activation process of paracrine signal transduction is a crucial step in the
development of GI malignancies. Therefore, ADAM proteases play an important role in
inflammation as well as pathogenesis of several tumours because of their ability to interact
with a variety of substrates [25].

The multiple functional roles of ADAMs prove their involvement in a variety of normal
and pathophysiological conditions, including cancer progression [32,41,42,44]. Character-
istics of selected ADAMs [32] and their significance in tumour biology are presented in
Table 1.

Table 1. Characteristics of selected ADAMs [32].

ADAMs Other Name Involvement in Cancer Biology Inhibitors

ADAM8 MS2 (CD156) Promotion of migration -

ADAM9 MDC9, MCMP, Meltrin-γ
Promotion of cell adhesion and

invasion, binding to integrins (α6β4
and α2β1)

-

ADAM10 MDAM, Kuzbanian
Type I membrane glycoprotein L1

shedding, promotion of cell growth
and migration

TIMP1
TIMP3

ADAM12 Meltrin-α, MCMP, MLTN, MLTNA
HB-EGF (heparin-binding epidermal
growth factor) shedding, promotion

of cell growth
TIMP3

ADAM15 Metargidin, MDC15, AD56, CR II-7 Promotion of cell growth No data

ADAM17 TACE, cSVP TGF-β (transforming growth factor)
shedding, promotion of cell growth

TIMP2
TIMP3

ADAM19 Meltrin-β, FKSG34 No data -

ADAM28 e-MDC II, MDC-Lm, MDC-Ls
IGFBP-3 (insulin-like growth factor

binding protein-3) cleavage,
promotion of cell growth

TIMP3 TIMP4

ADAMTS1 C3-C5, METH1, KIAA1346

HB-EGF (heparin-binding epidermal
growth factor) and AR shedding,

promotion of cell growth, survival
and invasion

No data

ADAMTS4 KIAA0688, aggrecanase-1, ADMP-1 No data TIMP3

ADAMTS5 ADAMTS11, aggrecanase-2, ADMP-2 Brevican cleavage, promotion of
invasion TIMP3

It has been reported that ADAM8 is involved in tumour cell migration and invasion,
ADAM9 plays a role in tumorigenesis, invasion and metastasis through modulation of
growth factor activity and integrin function, while overexpression of ADAM10 appears
to promote the growth and proliferation of tumour cells. In addition, ADAM12 cleaves
various ECM molecules including gelatin, type IV collagen and fibronectin, suggesting a
potential role of this enzyme in ECM digestion in cancer invasion and metastasis. Thus,
ADAM12 functions as a shedder, adhesion molecule and ECM-degrading proteinase and is
involved in cancer progression. ADAM28 may play a key role in cancer cell proliferation
and metastasis, whereas ADAM17 is a target of tumorigenesis, but the role of ADAM15 in
cancer biology remains to be elucidated [32,44].

It has been established that ADAM12 and ADAM28 regulate the level of free IGF-1 by
proteolysis of the IGFBP-3/IGF-1 protein complex [44]. In addition, ADAM17 protein is
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responsible for the activation of TNFα, initiating the signalling pathway associated with the
EGF receptor for which it is a ligand, leading to tumour cell proliferation [45]. Adamalysines
might be involved in the pathogenesis of gastric cancer via the EGFR signalling pathway
and the TGF-α/Smad pathway [46]. In vitro assays indicate that ADAM8 overexpression
promotes cell growth and increases migration and invasion abilities by decreasing the
p-p38/p-extracellular regulated protein kinase (p-ERK) ratio. Several studies suggest that
there are five most common pathways of ADAMs involvement in cancer biology. It has
been reported that proADAM might be activated via furin or MMPs. As furin activates
MMP activity, cancer cells have the potential to become metastatic. Another pathway
leads to growth factors such as TGFα shedding, which may change signals on the cancer
cell’s surface. Soluble growth factors activate EGFR on cells, causing the enhanced cells
proliferation via autocrine and paracrine manners. A third route involves the participation
of ADAMs as adhesion molecules with integrins on cells, which may facilitate the digestion
of the substrates of the ECM. Fourth, cell proliferation signals can be regulated indirectly
by ADAMs via integrins; thus these molecules provide traction to migrating cells through
the ECM using integrins. In addition, ADAMs are able to stimulate cancer development
and metastasis via the interaction with other molecules, including cytokines and their
receptors, that are also associated with cancer progression. ADAMs, similar to MMPs, are
able to cleave ECM molecules. As a consequence, it allows neoplastic cells to adhere to
new locations, which is responsible for, e.g., cancer metastasis [44]. All the pathways are
presented in Figure 2.

Figure 2. The significance of ADAMs in cancer biology [30–32].

Recent studies indicate the importance of the ADAM family in tumour formation,
migration, proliferation and development [47,48]. There is increasing evidence that several
ADAMs are differentially expressed in tumours. Some studies have confirmed the role of
ADAMs in the biology of malignant cells, including breast [49,50], renal [51] and small cell
lung [52] cancer as well as GI malignancies such as gastric [46–58], colorectal [59–62] and
pancreatic [63–65] cancer and hepatocellular carcinoma [66–69].
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4. A Disintegrin and Metalloproteinase (ADAMs)—Their Role in the Development
and Prognosis of Gastrointestinal Cancers (GI)

Mounting evidence has associated an increased expression of individual ADAM family
members with various types of cancer [46]. Among ADAM proteins, proteinase activities
have been demonstrated for ADAM8, 9, 10, 12, 15, 17, 19, 28 and 33 [32]. Therefore, this
review will focus of their significance in the pathogenesis of GI cancers. The significance of
selected ADAMs in GI malignancies is presented in Table 2.

Table 2. The significance of selected ADAMs in GI malignancies.

ADAMs GI Cancers Results References

ADAM8

GC

• overexpression in GC tissues compared with
noncancerous tissues

• correlation with tumour size (T factor), N (nodal
involvement), vessel invasion and shorter survival

[54]

CRC
• overexpression in CRC tissues compared with adjacent

normal tissues
• independent prognostic factor for patient survival

[60]

PC
• overexpression in PC compared with normal pancreatic

tissues
• correlation with reduced patient survival

[64]

LC

• overexpression in HCC tissues compared with normal
liver tissues

• correlation with higher concentrations of
alpha-fetoprotein, tumour stage and size, histological
differentiation, tumour recurrence and tumour metastasis

• independent prognostic factor for patient survival

[68]

ADAM9

GC
• overexpression in GC compared with non-neoplastic

foveolar epithelium [46]

PC

• overexpression in PC cell lines compared with normal
epithelial cells

• correlation with poor tumour differentiation and worse
patient prognosis

[63,65,70]

Adam10

GC

• overexpression in GC lesions compared with adjacent
non-cancerous tissues

• correlation with TNM stage, size and location of tumour,
depth of invasion, presence of lymph node and distant
metastases

• independent prognostic indicator of GC

[56]

CRC

• elevated serum concentrations in CRC patients in
comparison to healthy controls

• correlation with clinical stage and histological grade of
tumour

• predictor of tumour progression

[61]

HCC
• overexpression correlated with the presence of metastasis,

grade, differentiation and size of tumour
• correlation with reduced patient survival

[66,67,69]
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Table 2. Cont.

ADAMs GI Cancers Results References

ADAM12

GC
• upregulated expression in GC compared with

non-neoplastic foveolar epithelium [46]

CRC
• serum levels were higher in the sera of CRC patients in

comparison to healthy subjects
• highest concentrations found in advanced stage of CRC

[43,61]

ADAM15

GC
• upregulated in GC compared with non-neoplastic foveolar

epithelium
• implicated in malignant growth of GC cells

[46]

CRC
• reduced expression of ADAM15 in cancer cells
• correlation with histologically poorly differentiated

malignancies
[62]

PC
• overexpression in PC cells compared with normal

pancreatic epithelial cells [63]

ADAM17

GC

• overexpression promoted migration of GC cells and
tumour growth

• overexpression was associated with advanced TNM stage
and presence of lymph node metastasis

• a significant biomarker for poor prognosis in GC

[71,72]

CRC
• decreased serum levels in CRC patients in comparison to

healthy controls [43,59,61]

ADAM28

GC
• overexpression in GC cells regulated cell proliferation,

migration and apoptosis [58]

CRC

• elevated serum levels in CRC patients in comparison to
healthy subjects

• correlation with clinical TNM stage, presence of distant
metastases (M factor) and histopathological grading (G
factor)

[61]

5. A Disintegrin and Metalloproteinase 8 (ADAM8)

Several studies have demonstrated that adamalysines are highly expressed in gastric
cancer and play an important role in gastric cancer proliferation and invasion [46,55,56].
A disintegrin and metalloprotease 8 (ADAM8) is a member of the ADAM family which
is involved in tumour development by enhancing cellular abilities of invasion and migra-
tion [60,64,73], stimulating angiogenesis [73,74] and inhibiting cancer cell apoptosis [75].
In GI malignancies, overexpression of this protease has been reported in pancreatic [64],
gastric, colorectal and hepatocellular carcinomas [68].

ADAM8 plays an important role in GC proliferation and invasion [54]. A study by
Huang et al. evaluated the clinical significance of ADAM8 in GC and explored its biological
effects on GC. Using quantitative reverse transcription-polymerase chain reaction (q-RT-
PCR), Western blotting and immunohistochemical (IHC) staining analysis, the authors
revealed that ADAM8 mRNA expression was significantly upregulated in GC tissues
compared with noncancerous tissues. Positive ADAM8 expression was more frequent in
GC tissues in comparison to normal tissues and correlated with tumour size (T factor), N
(nodal involvement), vessel invasion as well as shorter GC patient overall survival [54].
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In addition, ADAM8 overexpression promoted cell growth and increased their migration
and invasion abilities. The authors concluded that ADAM8 is able to promote proliferation
and invasion of GC cells, and its expression is positively correlated with poor survival.
Therefore, this glycoprotein might be a promising target in GC therapy [54].

Yang et al. assessed the expression of ADAM8 in CRC using q-RT-PCR Western blot
and IHC staining analysis [60]. Expression of mRNA and protein levels of ADAM8 were
significantly elevated in CRC tissues in comparison to adjacent normal tissues, which may
suggest its importance in CRC carcinogenesis [47]. In addition, knockdown of ADAM8
in two CRC cell lines stimulated apoptosis and reduction of cellular growth and prolif-
eration [60]. There was no significant association between ADAM8 expression and the
clinicopathological characteristics of the tumour, which was confirmed using the IHC
method [60]. Moreover, survival analysis indicated that CRC patients with ADAM8-
positive tumours had worse 5-year overall survival and 5-year disease free survival in
comparison with patients with ADAM8-negative tumours. Additionally, multivariate
analysis revealed that ADAM8 expression was an independent prognostic factor for the
survival of CRC patients [60]. The authors concluded that ADAM8 is overexpressed in
CRC and may promote tumour growth as well as serve as an independent biomarker for
the survival of CRC patients [60].

A study by Valkovskaya et al. [64] demonstrated that ADAM8 mRNA was significantly
overexpressed in PC compared to normal pancreatic tissues, while elevated ADAM8 mRNA
and protein expression levels correlated with reduced survival among PC patients. In
addition, silencing of ADAM8 expression did not have a significant impact on PC cell
growth but was able to suppress the invasiveness of this malignancy. The authors concluded
that ADAM8 is overexpressed in PC tissue and may promote cancer cell invasiveness as
well as correlate with reduced PC survival [64].

It has been reported that ADAM8 expression is markedly elevated in hepatocellular
carcinoma (HCC) tissues in comparison to normal liver tissues. In addition, enhanced ex-
pression of this protein is positively correlated with elevated concentrations of the classical
tumour marker for HCC—alpha-fetoprotein (AFP), tumour stage and size, histological
differentiation, tumour recurrence and tumour metastasis [65]. Moreover, significantly
shorter overall survival rates are observed among HCC patients with elevated ADAM8
expression in comparison to patients with low expression of this glycoprotein. Furthermore,
multivariate analysis suggests that ADAM8 expression might be an independent prognostic
factor for the survival of patients with HCC [65].

6. A Disintegrin and Metalloproteinase 9 (ADAM9)

ADAM metalloproteinase domain-containing protein (ADAM9) has been reported
to be overexpressed in several GI cancers. Using immunohistochemistry and q-RT-PCR,
it was demonstrated that this molecule was significantly upregulated in GC compared to
non-neoplastic foveolar epithelium [46]. The administration of anti-ADAM9 antibodies
inhibited the development of this malignancy, while ADAM9 promoted malignant growth
of GC cells. The authors suggest that ADAM9 influences tumour cells via two possible
ways—interaction with adhesion molecules, or the proteolytic ‘shedding’ of signalling
molecules, which leads to the activation of their receptors, including the EGF receptor and
its ligands [46]. These investigations indicate that modulation of the tumour–host interface
may contribute to the pathogenesis, development and progression of GC [46].

It has also been reported that ADAM9 is overexpressed in PC and its cell lines, which
has been proven using gene expression profiling by microarray. Moreover, based on the
IHC method, the authors report that ADAM9 expression is associated with poor tumour
differentiation and a worse prognosis of PC patients [65,70]. In addition, a study by
Yamada et al. [63] revealed that PC cells expressed significantly higher levels of ADAM9 in
comparison to normal pancreatic epithelial cells, which may suggest that this protein plays
a role in the progression of PC and may present promising target for the diagnosis of this
malignancy and treatment of patients [63].
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7. A Disintegrin and Metalloproteinase 10 (ADAM10)

The metalloproteinase domain-containing protein 10 (ADAM10) has been implicated
in the development and progression of several GI malignancies, including GC, HCC and
CRC [56].

Protein levels of ADAM10 were upregulated in GC tissues compared with adjacent
non-cancerous tissues, which was assessed using the IHC method. In addition, positive
ADAM10 expression correlated with TNM stage, size and location of the tumour, depth of
invasion as well as lymph node and distant metastases. The 5-year survival rate for patients
with stage I, II and III GC with high expression of ADAM10 was significantly lower than
for patients with low immunoreactivity of this protein. In addition, multivariate analysis
determined that upregulation of ADAM10 was an independent prognostic indicator of
GC [56]. The authors concluded that the expression of this protein is significantly associated
with the presence of lymph node and distant metastases and poor prognosis and proved
that ADAM10 could be a predictor of tumour progression and prognosis [56].

A study by Walkiewicz et al. [61] evaluated the concentrations of serum ADAM10 in
CRC patients using the ELISA method. The authors revealed that serum ADAM10 levels
were significantly higher in CRC patients in comparison to healthy controls and correlated
with the clinical stage of CRC. In addition, there was a relationship between ADAM10
concentrations and the histological grade of the tumour, as serum ADAM10 levels were
elevated in G1 tumours when compared to G3 malignancies. In conclusion, this protein
might be a predictor of tumour progression [61].

Some clinical investigations have reported ADAM10 overexpression in HCC, which
correlated with the presence of metastasis, grade, differentiation and size of the tumour.
Moreover, the authors indicated that ADAM10 protein expression was significantly as-
sociated with reduced patient survival and may serve as a useful molecular marker for
HCC [69]. Elevated ADAM10 expression has also been found in HCC cells, which corre-
lated with the increased capacity of HCC cells for proliferation, invasion and migration,
suggesting that this protein plays an important role in HCC progression [66,67].

8. A Disintegrin and Metalloproteinase 12 (ADAM12)

ADAM12 is a proteolytic glycoprotein that is located almost exclusively in tumour
cells [61]. Moreover, tumour-associated stroma may also stimulate the expression of
this protein in tumour cells via the synthesis of tumour growth factor β1 (TGF β1) that
promotes carcinogenesis [76]. Some clinical investigations have revealed that ADAM12
overexpression may lead to increased tumour size and metastasis. Two isoforms of this
glycoprotein have been discovered. However, only the secreted form of ADAM12 may
enhance the ability of tumour cells to migrate and invade as well as stimulate local and
distant metastasis in vivo. Moreover, it has been indicated that the stimulatory effect of
ADAM12 on the migration and invasion of tumour cells is probably dependent on its
proteolytic activity, and thus ADAM12 may represent a potential therapeutic target [30,36].
Using IHC and q-RT-PCR, the transcription and expression pattern of ADAM12 in GC
cells and the corresponding non-tumour tissue as well as in GC cell lines were examined.
Furthermore, immunoreactivity of this glycoprotein was significantly upregulated in GC
compared to non-neoplastic foveolar epithelium [46]. Moreover, ADAM-specific antibodies
enhanced the proliferation of GC cell lines. The authors concluded that this protein is
implicated in the malignant growth of GC cells due to the interaction with adhesion
molecules, the proteolytic ‘shedding’ of signalling molecules and the activation of their
receptors, including the epithelial growth factor (EGF) receptor and its ligands [46].

Serum ADAM12 levels in patients with CRC have also been evaluated using the
immunoenzyme method [43,61]. Concentrations of this glycoprotein were higher in the
sera of CRC patients in comparison to healthy controls, while the highest concentrations
were found in advanced stages of CRC, which may suggest the significance of ADAM12 in
the pathogenesis of this malignancy [43,61].
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9. A Disintegrin and Metalloproteinase 15 (ADAM15)

ADAM15 as a membrane protein with an adhesion domain is able to bind to a5b1
integrin via a unique arginine–glycine–aspartic acid (RGD) motif domain.

ADAM15 was found to be significantly upregulated in GC compared to non-neoplastic
foveolar epithelium, with the expression being higher in intestinal neoplasms than in
diffuse-type tumours, which was assessed using IHC and q-RT-PCR analyses [46]. The
authors also demonstrated that the anti-ADAM15 antibodies inhibited GC cell growth,
while the protein was also implicated in the malignant growth of GC cells, similarly
to ADAM12, via the interaction with proteolytic ‘shedding’ of signalling molecules or
adhesion molecules [46].

It has been shown that 63% of CRC cells demonstrate reduced expression of ADAM15
in cancer cells, which has been evaluated at the mRNA level. Moreover, downregulation of
this molecule is associated with histologically poorly differentiated malignancies. Toquet
et al. [62] assessed ADAM15 expression in colon carcinomas using both IHC and mRNA
quantitative methods [49]. The authors observed decreased expression of ADAM15 in CRC
associated with a loss of differentiation in a subset of colon carcinomas, which indicates
that the role of ADAM15 in cancer progression is tissue-specific [62].

Some clinical investigations have revealed that the mRNA expression of ADAM15
is significantly higher in PC cells than in normal pancreatic epithelial cells, which may
indicate the involvement of ADAM15 in the development of this malignancy [63].

10. A Disintegrin and Metalloproteinase 17 (ADAM17)

A disintegrin and metalloproteinase 17 (ADAM17) is also known as tumour necrosis
factor-alpha (TNFα) converting enzyme (TACE). A growing body of evidence has revealed
that this protein is associated with inflammation and cancer [53,77–79]. In addition, the
significance of ADAM17 in cancer development is based on its direct effect on the release
of TNFα [43,45]. Therefore, the relationship between ADAM17 levels and GI malignancies
has been described in several studies [71,72,80–82].

The overexpression of ADAM17 may enhance the migratory ability of GC cells and
tumour growth [72,80]. The authors demonstrated that ADAM17 overexpression was
associated with an advanced TNM stage and presence of lymph node metastasis, while
there was no significant correlation between ADAM17 expression and tumour differentia-
tion [71,72,80–82]. In addition, elevated ADAM17 levels correlated with reduced overall
survival rates, and thus ADAM17 was found to be a significant biomarker for poor prog-
nosis in GC [71,72,80–82] and shown to play an important role in the development and
progression of this malignancy [81]. Similar results were presented in a study by Ni et al.
who evaluated the prognostic significance of ADAM17 and its association with the clinico-
pathological characteristics of GC [53]. The meta-analysis revealed that lower ADAM17
levels were correlated with longer overall survival rates in GC, while ADAM17 overex-
pression was associated with an advanced TNM stage and the presence of lymph node
metastasis. The authors concluded that ADAM17 is a significant prognostic factor for
GC [53].

It has been reported that ADAM17 may enhance the malignant potential of CRC
cells via increasing their motility and the expression of proangiogenic factors, promoting
tumour progression and metastasis [43,61]. A study by Walkiewicz et al., based on the
ELISA method, revealed a statistically significant relationship between serum levels of
ADAM17 and the clinical stage of CRC. The concentrations of this protein were lower in
the sera of CRC patients in comparison to the control group [43,61]. Moreover, elevated
serum concentrations of ADAM17 were found in obese CRC patients, which may explain
the relationship between a Western diet and the activation of malignant processes [43,61].
Other investigations have confirmed the crucial role of ADAM17 in the pathogenesis of
CRC and revealed that the use of a specific anti-ADAM17 antibody may inhibit the growth
of CRC cell lines [43,59,61].
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11. A Disintegrin and Metalloproteinase 28 (ADAM28)

Disintegrin and metalloproteinase 28 (ADAM28) is also associated with the growth
and metastasis of various GI malignancies. ADAM28 protease supports cancer cell pro-
liferation, survival and migration as well as metastatic progression [83]. A study by Yin
et al. [58], which used, i.a., Western blot, q-PCR, wound healing assay and flow cytometry,
demonstrated ADAM28 overexpression in GC cells, which correlated with shorter overall
survival in comparison to those with low ADAM28 expression [58]. In addition, the au-
thors revealed that ADAM28 from the endothelium and GC may cleave von Willebrand
Factor (WF) to eliminate vWF-induced apoptosis of GC cells and promote a pro-metastasis
effect [58]. These findings indicate that ADAM28 is able to regulate GC cell proliferation,
migration and apoptosis.

The significance of ADAM28 in CRC pathogenesis has also been studied. Serum levels
of ADAM28 were shown to be significantly higher in CRC patients than in healthy controls.
Moreover, there was a relationship between serum levels of ADAM28 and clinical TNM
stage as well as the presence of distant metastases (M factor). ADAM28 concentrations
were highest in patients with stage IV CRC and presence of distant metastasis. In addition,
there was a significant relationship between serum ADAM28 levels and histopathological
grading (G factor). Serum concentrations of this molecule were higher in G3 patients in
comparison to G1 and G2 subjects [61]. The authors indicated the potential usefulness of
this molecule in the pathogenesis of CRC.

12. Conclusions

GI cancers are among the five most common malignancies in both men and women
worldwide. Therefore, there is an urgent need for more research on early biomarkers
of these malignancies. Pro-tumour functions have been mostly related to proteolytic
enzymes from the metalloproteinase family including A disintegrin and metalloproteinases
(ADAMs). Some clinical investigations suggest the potential role of these proteins in the
pathogenesis of GI cancers. In this paper, we reviewed the involvement of selected ADAMs
in GI cancer development and progression. The present paper demonstrates that of all
ADAMs, ADAM8 is able to promote progression of CRC, PC, GC and HCC cells and
may serve as a prognostic factor. ADAM9 contributes to the pathogenesis of GC and PC
and poor PC patient prognosis. ADAM10 is significantly associated with the presence
of lymph node and distant metastases in GC and histological grading in CRC patients.
In addition, elevated ADAM10 levels correlate with a worse prognosis of GC and HCC
patients. ADAM12 and ADAM15 are implicated in the malignant growth of GC, CRC and
CRC. ADAM17 is associated with an advanced TNM stage and the presence of lymph node
metastasis and is a significant biomarker for poor prognosis in GC. It might also play a role
in the pathogenesis of CRC. ADAM28 levels correlate with the TNM stage, the presence of
distant metastasis and the histological grading of CRC and may produce a pro-metastasis
effect on GC.

In conclusion, our review paper confirms that selected ADAMs, particularly those
with proteolytic properties, play an important role in the development of GI tumours
and patient prognosis. However, given the non-specific nature of adamalysines, further
research needs to be performed before selected ADAMs can be established as biomarkers
for GI malignancies.
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Szmitkowski, M. Clinical significance of the measurements of serum matrix metalloproteinase-9 and its inhibitor (tissue inhibitor
of metalloproteinase-1) in patients with pancreatic cancer. Metalloproteinase-9 as an independent prognostic factor. Pancreas
2009, 38, 613–618. [CrossRef] [PubMed]
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Simple Summary: Patients with high-grade uterine cancer (UC) have a risk of around 20% of the
cancer spreading to the lymph nodes, while this is only around 10% in patients with low-grade
uterine cancer. CA125 is a marker that can be detected in blood and is associated with increased
tumor spread. Studies on CA125 and its association with tumor spread within low-grade UC exist
but are limited for high-grade UC. The primary aim of this retrospective study was to assess whether
elevated CA125 is predictive for UC spread and survival. Secondarily, we studied the additional
value of preoperative imaging by CT scan in relation to CA125 specifically in high-grade UC. We
observed that elevated CA125 was related to advanced stage and LNM in high-grade UC and a
worse prognosis. If CA125 was normal, the additional value of CT to predict lymph node spread
was limited.

Abstract: Patients with high-grade endometrial carcinoma (EC) have an increased risk of tumor
spread and lymph node metastasis (LNM). Preoperative imaging and CA125 can be used in work-up.
As data on cancer antigen 125 (CA125) in high-grade EC are limited, we aimed to study primarily the
predictive value of CA125, and secondarily the contributive value of computed tomography (CT) for
advanced stage and LNM. Patients with high-grade EC (n = 333) and available preoperative CA125
were included retrospectively. The association of CA125 and CT findings with LNM was analyzed by
logistic regression. Elevated CA125 ((>35 U/mL), (35.2% (68/193)) was significantly associated with
stage III-IV disease (60.3% (41/68)) compared with normal CA125 (20.8% (26/125), [p < 0.001]), and
with reduced disease-specific—(DSS) (p < 0.001) and overall survival (OS) (p < 0.001). The overall
accuracy of predicting LNM by CT resulted in an area under the curve (AUC) of 0.623 (p < 0.001)
independent of CA125. Stratification by CA125 resulted in an AUC of 0.484 (normal), and 0.660
(elevated). In multivariate analysis elevated CA125, non-endometrioid histology, pathological deep
myometrial invasion ≥50%, and cervical involvement were significant predictors of LNM, whereas
suspected LNM on CT was not. This shows that elevated CA125 is a relevant independent predictor
of advanced stage and outcome specifically in high-grade EC.

Keywords: endometrial cancer; advanced stage; outcome; high-grade; CA125

1. Introduction

Endometrial carcinoma (EC) is the most common gynecological malignancy in in-
dustrialized countries. Primarily, distinction on outcome is based on tumor grade, with
favorable outcomes in low-grade tumors and poor outcomes in high-grade tumors. In
high-grade EC, i.e., grade 3 endometrioid and non-endometrioid histology, there is an
increased risk of advanced stage and lymph node metastasis (LNM) [1]. As the risk of
LNM in grade 3 EC varies between 15–44% depending on the histological subtype and
myometrial invasion (MI), determination of lymph node status by lymphadenectomy or
sentinel node (SN) biopsy is recommended in patients without clinical suspicion of ad-
vanced stage EC [2–5]. In the preoperative work-up abdominal computed tomography
(CT), pelvic magnetic resonance imaging (MRI), and 18FDG positron emission tomography
(PET)-CT can be considered to detect extra-uterine tumor spread or distant metastases, as
this may impact the surgical approach [2,3,6,7]. After primary surgico-pathological staging,
information about tumor stage, histopathological subtype, tumor grade, presence of deep
myometrial invasion ≥50% (DMI), cervical stromal invasion (CI), lymphovascular space
invasion (LVSI), or LNM guides adjuvant radiotherapy and/or chemotherapy [2,3]. The
recently introduced molecular classification may increasingly guide adjuvant therapy, yet
for high-grade EC surgical staging is still recommended according to the ESGO-ESTRO-ESP
guideline [2]. In a systematic review and meta-analysis, it was shown that elevated cancer
antigen 125 (CA125) serum level is associated with increased risk of LNM both in low-grade
and high-grade ECs [8]. In addition, CA125 has been incorporated in several predictive
models that have shown an improved risk classification for advanced stage and LNM in
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EC and remains an independent prediction compared to molecular classification [9–14].
Furthermore, imaging findings indicating extra-uterine spread and/or distant spread pre-
dict advanced stage and poor prognosis [6,8]. However, preoperative CT and MRI have
limited sensitivity for the identification of LNM [6,8,13,15,16]. So far, preoperative CA125
has not been selectively studied in patients with high-grade EC in relation to imaging
findings. Therefore, our primary aim is to determine the predictive value of CA125 in
relation to LNM and advanced stage in high-grade EC. Our secondary aim is to determine
the predictive value of CA125 combined with preoperative imaging in relation to LNM and
advanced stage in high-grade EC.

2. Materials and Methods
2.1. Patient Cohort

A retrospective multicenter study was performed including patients with preoperative
high-grade EC with all histological subtypes, diagnosed by endometrial sampling by
pipelle, dilatation and curettage, or hysteroscopic biopsy. Patients were retrieved from
three well-documented study cohorts [13,17–19]. Patients who underwent surgical staging
but with either preoperative or postoperative grade 3 tumors, remained included for
analysis. Patients without available preoperative CA125 were excluded. In all study
cohorts, histopathological analysis was performed by gynecological pathologists. Approval
for the original studies was obtained by the Review Board Radboud University Medical
Center Nijmegen, the Netherlands (institutional study protocol 2015-2101) and by the
medical ethical committee of the Elisabeth-Tweesteden Hospital Tilburg, the Netherlands
(protocol 1129).

2.2. Data Collection

Collected data consisted of patient characteristics (age, body mass index [BMI], comor-
bidity), preoperative CA125, modality and results of preoperative imaging as reported in
the routine radiology report, type of surgical procedure, pathological lymph node status,
histology type, and stage of disease. Lymphadenopathy on imaging was defined as lymph
nodes with short axis diameter ≥10 mm and with or without suspected distant spread on
imaging [20]. Scans were read and reported by radiologists at the hospital where the patient
was treated. When imaging findings reported in the radiology report were ‘inconclusive’
for lymph node status, they were excluded from analysis. Surgical lymph node staging
was defined as pelvic and/or para-aortic lymph node sampling, with or without omental
sampling, peritoneal biopsies, or both. Both preoperative and postoperative histopatho-
logical data on tumor histology and grade were documented. Patients who underwent
staging with distant metastases but without LNM were excluded. Due to a limited number
of performed MRIs (n = 14), myometrial invasion (MI) and cervical stromal invasion (CI)
were documented from the postoperative pathology report only. When CI findings did
not specify whether there was stromal or only endocervical invasion, they were excluded
from analysis. The presence of LNM, LVSI and the final FIGO stage were documented
from the final postoperative pathology report after surgical staging. Adjuvant treatment
was classified into: none, radiotherapy including external beam radiation (EBRT) with or
without vaginal brachytherapy (VBT), VBT only, chemotherapy, and combined chemora-
diotherapy. Follow-up data including disease-specific- and overall survival were collected
for an average of 32 months after diagnosis.

2.3. Statistical Analysis

Clinicopathological differences between the three cohorts and subgroups were com-
pared using Pearson’s chi-square test or Fisher’s exact test for categorical data. The Mann–
Whitney U test was used for continuous data. It has been shown that different cut-off values
for CA125 serum levels (25 U/mL and 35 U/mL) had comparable diagnostic accuracy for
the prediction of LNM [8]. We used the cut-off value of 35 U/mL as dichotomous variable
for ‘normal’ (≤35 U/mL) and ‘elevated’ (>35 U/mL) CA125, according the widely used cut-
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off value in hospital laboratories [11,21,22]. Kaplan–Meier curves were created for 5-year
disease-specific survival (DSS) and overall survival (OS) for all patients within the cohort
with available data on recurrence and death. Patients with progression of disease were
excluded from DSS analysis. A log rank (Mantel–Cox) test was run to compare DSS and OS
in groups with and without elevated CA125. For the analysis on LNM and advanced Inter-
national Federation of Gynecology and Obstetrics (FIGO) stage, defined as FIGO stage III
and IV, all patients who underwent surgical staging were included. A p value less than 0.05
was considered significant. Sensitivity, specificity, positive predictive value (PPV), negative
predictive value (NPV), and Clopper–Pearson exact confidence intervals for CA125 and CT
imaging versus LNM were calculated. Receiver operating characteristics (ROC) were made
to calculate the area under the curve (AUC). Age, BMI, non-EC histology, MI, and CI were
identified from earlier studies as additional predictive variables for LNM and included in
univariable analysis for LNM [1,8,13,23]. Significant predictive variables from univariate
logistic regression analysis (p < 0.02) were included in a multivariate logistical regression
analysis. Statistical Package for the Social Sciences (SPSS) version 25 (SPSS IBM, New York,
NY, USA) software was used for data management and to perform the statistical analyses.

In accordance with the journal’s guidelines, we will provide our data for independent
analysis by a selected team by the Editorial Team for the purposes of additional data
analysis or for the reproducibility of this study in other centers if such is requested.

3. Results
3.1. Study Cohort

A total of 333 patients with preoperative CA125 serum level and high-grade EC were
included. An overview of the inclusion of patients is shown in Figure S1. The baseline
characteristics in relation to CA125 serum level are shown in Table 1, specified for patients
with (n = 193) and without (n = 140) surgical lymph node (LN) staging. The median age was
66 and 72 years, respectively, and median BMI 26.8 kg/m2 versus 28.2 kg/m2, respectively.
The differences in age and BMI were not statistically significant. Of all patients, 2.4% (8/333)
did not undergo surgery. Overall, 44.1% (147/334) of the patients had an elevated CA125
serum level. Patients without surgical LN staging had elevated CA125 serum levels in
56.4% (79/140) of patients and presented with FIGO IV in 30.0% (42/140), whereas patients
with surgical staging presented with elevated CA125 in 35.2% (68/193) and FIGO IV in
9.8% (19/193). Preoperative imaging was performed in 68.2% (n = 227) of the patients;
abdominal/chest CT in 64.3% (214/333) and pelvic MRI in 4.2% (14/333). In one patient,
both CT and MRI were performed. According to the radiology report, LNM were suspected
in 16.3% (37/227) of patients and extra-uterine or distant spread in 8.8% (20/228). Both
LNM and extra-uterine or distant spread were reported in 1.8% (4/227) of the patients.
Patients with preoperative imaging underwent surgical LN staging in 67.8% (154/227)
compared to 34.0% (14/40) in patients without preoperative imaging (p < 0.001). Excluded
patients (n = 185) due to lack of CA125 did not differ with respect to baseline characteristics
from the included patients.

Table 1. Baseline characteristics of patients with preoperative high-grade EC and surgical staging
versus no staging, in association with CA125 level.

Surgical LN Staging (n = 193) No Surgical LN Staging (n = 140)

Total
(n = 193)

CA125
<35 U/mL
(n = 125)

CA125
>35 U/mL

(n = 68)
p Value Total

(n = 140)

CA125
<35 U/mL

(n = 61)

CA125
>35 U/mL

(n = 79)
p Value

Age (years) 66
(35–83) 66 (35–83) 66 (44–82) 0.477 72

(48–93) 74 (48–91) 71 (51–93) 0.234

BMI (kg/m2) 26.8
(17.6–56.0)

26.8
(17.6–56.0)

28.2
(18.0–42.6) 0.750 28.2

(16.4–49.5)
27.9

(19.5–47.8)
29.1

(16.4–49.5) 0.486

Imaging
modality

CT 145 (86.3) 94 (84.7) 51 (89.5) 0.393 69 (69.7) 30 (55.6) 39 (86.7) <0.001

MRI 10 (12.0) 8 (15.4) 2 (8.0) 0.485 4 (16.0) 3 (18.8) 1 (11.1) 1
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Table 1. Cont.

Surgical LN Staging (n = 193) No Surgical LN Staging (n = 140)

Total
(n = 193)

CA125
<35 U/mL
(n = 125)

CA125
>35 U/mL

(n = 68)
p Value Total

(n = 140)

CA125
<35 U/mL

(n = 61)

CA125
>35 U/mL

(n = 79)
p Value

CT results

No extra-uterine
disease 101 (69.7) 77 (81.9) 24 (47.1)

<0.001

43 (62.3) 22 (73.3) 21 (53.8)

0.052

Suspected LNM
with or without
suspected distant
metastasis

28 (19.3) 9 (9.6) 19 (37.3) 11 (15.9) 6 (20.0) 5 (12.8)

Suspected distant
metastasis
without suspected
LNM

5 (3.4) 2 (2.1) 3 (5.9) 14 (20.3) 2 (6.7) 12 (30.8)

Inconclusive 11 (7.6) 6 (6.4) 5 (9.8) 1 (1.4) 0 (0.0) 1 (2.6)

FIGO stage a

IA 69 (35.8) 59 (47.2) 10 (14.7)

<0.001

32 (22.5) 25 (41.0) 7 (8.9)

<0.001

IB 40 (20.7) 30 (24.0) 10 (14.7) 36 (25.7) 22 (36.1) 14 (17.7)
II 17 (8.8) 10 (8.0) 7 (10.3) 10 (7.1) 5 (8.2) 5 (6.3)
IIIA 7 (3.6) 5 (4.0) 2 (2.9) 12 (8.6) 3 (4.9) 9 (11.4)
IIIB 1 (0.5) 1 (0.8) 0 (0.0) 5 (3.6) 1 (1.6) 4 (5.1)
IIIC1-2 40 (20.7) 17 (13.6) 23 (33.8) 3 (2.1) 0 (0.0) 3 (3.8)
IVA 1 (0.5) 1(0.8) 0 (0.0) 7 (5.0) 1 (1.6) 6 (7.6)
IVB 18 (9.3) 2 (1.6) 16 (23.5) 37 (25.0) 4 (6.6) 31 (39.2)

Tumor
grade a

1 3 (1.6) 0 (0.0) 3 (4.4)
0.020

6 (4.3) 5 (8.3) 1 (1.3)
0.0402 12 (6.2) 10 (8.0) 2 (2.9) 4 (2.9) 3 (5.0) 1 (1.3)

3 178 (92.2) 115 (92.0) 63 (92.6) 129 (92.8) 52 (86.7) 77 (97.5)

Total
(n = 193)

CA125
<35 U/mL
(n = 125)

CA125
>35 U/mL

(n = 68)
p value Total

(n = 140)

CA125
<35 U/mL

(n = 61)

CA125
>35 U/mL

(n = 79)
p value

Histology a

Endometrioid 80 (41.5) 54 (43.2) 26 (38.2)

0.480

56 (40.0) 38 (62.3) 18 (22.8)

<0.001
Serous 89 (46.1) 53 (42.4) 36 (52.9) 74 (52.9) 19 (31.1) 55 (69.6)
Clear cell 9 (4.7) 7 (5.6) 2 (2.9) 1 (0.7) 1 (1.6) 0 (0.0)
Other 15 (7.8) 11 (8.8) 4 (5.9) 9 (6.4) 3 (4.9) 6 (7.6)

MI a <50% 94 (48.7) 70 (56.0) 24 (35.3)
0.006

55 (41.7) 30 (50.0) 25 (34.7)
0.076=/>50% 99 (51.3) 55 (44.0) 44 (64.7) 77 (58.3) 30 (50.0) 47 (65.3)

CI a No 143 (74.1) 102 (83.6) 41 (62.1)
<0.001

94 (71.8) 47 (78.3) 47 (66.2)
0.124Yes 45 (23.3) 20 (16.4) 25 (37.9) 37 (28.2) 13 (21.7) 24 (33.8)

LVSI a No 110 (57.0) 91 (72.8) 19 (27.9)
<0.001

70 (52.6) 39 (65.0) 31 (42.5)
0.010Yes 83 (43.0) 34 (27.2) 49 (72.1) 63 (47.4) 21 (35.0) 42 (57.5)

LNM b No (N0) 136 (70.5) 107 (85.6) 29 (42.6)
<0.001

- - - -
Yes (N1) 57 (29.5) 18 (14.4) 39 (57.4) - - -

Adjuvant
therapy

Radiotherapy 82 (42.5) 60 (48.0) 22 (32.4)

0.006

59 (42.1) 36 (59.0) 23 (29.1)

<0.001

Chemotherapy 60 (31.1) 28 (22.4) 32 (47.1) 32 (22.9) 4 (6.6) 28 (35.4)
Radio- and
chemo-therapy 10 (5.2) 7 (5.6) 3 (4.4) 5 (3.6) 2 (3.3) 3 (3.8)

No adjuvant
therapy 41 (21.2) 30 (24.0) 11 (16.2) 44 (31.4) 19 (31.1) 25 (31.6)

Radio-
therapy

VBT 36 (39.1) 24 (35.8) 12 (48.0)
0.287

23 (35.9) 15 (39.5) 8 (30.8)
0.476EBRT ± VBT 56 (60.9) 43 (64.2) 13 (52.0) 41 (64.1) 23 (60.5) 18 (69.2)

Follow up (months) 39.0 (0–193) 47.5 (0–193) 33.8 (0–123) 0.003 21.0 (0–132) 36.0 (0–132) 9.0 (0–83) <0.001

Recurrence
No 120 (62.5) 92 (74.2) 28 (41.2)

<0.001
64 (46.0) 41 (68.3) 23 (29.1)

<0.001Yes 53 (27.6) 27 (21.8) 26 (38.2) 40 (28.8) 17 (28.3) 23 (29.1)
Progression 19 (9.9) 5 (4.0) 14 (20.6) 35 (25.2) 2 (3.3) 33 (41.8)

Death

No 125 (65.4) 94 (75.8) 31 (46.3)

<0.001

68 (49.6) 43 (70.5) 25 (32.9)

<0.001

Yes, caused by EC 54 (28.3) 23 (18.5) 31 (46.3) 56 (40.9) 12 (19.7) 44 (57.9)
Yes, not caused
by EC 6 (3.1) 5 (4.0) 1 (1.5) 8 (5.8) 4 (6.6) 4 (5.3)

Yes, unknown
cause 6 (3.1) 2 (1.6) 4 (6.0) 5 (3.6) 2 (3.3) 3 (3.9)

Values are presented as median (range) or number (%), a = based on postoperative pathology, b = based on surgical
staging, LN = lymph node, CA125 = cancer antigen 125, BMI = body mass index, CT = computed tomography,
MRI = magnetic resonance imaging, LNM = lymph node metastasis, FIGO = International Federation of Gyne-
cology and Obstetrics, MI = myometrial invasion, CI= cervical stromal invasion, LVSI = lymphovascular space
invasion, VBT = vaginal brachytherapy, EBRT = External Beam Radiation Therapy, EC = endometrial cancer.
Missing values are not shown or used in analysis for this table.
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3.2. CA125 in Relation to Extra-Uterine Disease and LNM

Surgically staged patients with elevated CA125 were significantly more often diag-
nosed with FIGO stage III-IV (60.3% [41/68]) compared to patients with normal CA125
(20.8% [26/125], p < 0.001). In addition, in patients with elevated CA125 the prevalence
was significantly higher for DMI, CI and LVSI (Table 1). In surgically staged patients
(n = 194), LNM were present in 29.4% (57/194), respectively in 56.5% (39/69) of the patients
with elevated CA125 and in 14.4% (18/125) of patients with normal CA125 (p < 0.001). The
specificity, sensitivity, NPV, PPV, and AUC of CA125 > 35 U/mL for predicting LNM are
summarized in Table 2. The AUC for CA125 in relation to pathological confirmed LNM
was 0.721, and 0.675 for FIGO III/IV.

Table 2. Performance of preoperative CA125 serum level and preoperative CT alone and combined
versus LNM in patients who underwent surgical LN staging.

Total (n)
Sensitivity
% [95% CI]

(n)

Specificity %
[95% CI]

(n)

PPV %
[95% CI]

(n)

NPV %
[95% CI]

(n)
ROC AUC
(95% CI) p Value

LNM

CA125 a 193
68.4

[54.8–80.1]
(39/57)

78.7
[70.8–85.2]
(107/136)

57.4
[44.8–69.2]

(39/68)

85.6
[78.2–91.2]
(107/125)

0.721
(0.619–0.824) <0.001

CT b 129
40.5

[24.8–7.9]
(15/37)

85.9
[77.1–92.3]

(79/92)

53.6
[33.9–72.5]

(15/28)

78.2
[68.9–85.8]
(79/101)

0.623
(0.520–0.744) <0.001

CA125
<35 U/mL CT b 86 7.7 [0.0–36.0]

(1/13)
89.0

[79.5–95.2]
(65/73)

11.1
[0.0–48.3]

(1/9)

84.4
[74.4–91.7]

(65/77)
0.484

(0.316–0.652) 1.000

CA125
>35 U/mL CT b 43

58.3
[36.6–77.9]

(14/24)

73.7
[48.8–90.9]

(14/19)

73.7
[48.8–90.9]

(14/19)

58.3
[36.6–77.9]

(14/24)
0.660

(0.495–0.826) 0.036

a = cut-off for positive test of 35 U/mL, b = cut-off for positive test is suspected LNM on CT for predicting LNM.
CA125: cancer antigen 125, LNM: lymph node metastases, CT: computed tomography, PPV: positive predictive
value, NPV: negative predictive value, ROC: receiver operating characteristic, AUC: area under the curve,
CI: confidence interval.

3.3. Imaging in Relation to Extra-Uterine Disease and LNM

For the imaging analysis, only patients who underwent preoperative imaging by CT
with conclusive results (n = 134) were included, as the number of patients who underwent
MRI was limited (n = 10). Patients with suspected extra-uterine disease on CT (33/134),
either LNM (n = 27), distant spread (n = 5), or both LNM and distant spread (n = 1) had
significantly more often FIGO stage III-IV (54.5% [18/33] vs. 23.8% [24/101], p < 0.002). In
patients with suspected extra-uterine disease on CT, the prevalence of DMI, CI, and LVSI
was comparable. In patients with preoperative CT with suspected LNM (n = 28), 53.6%
(15/28) had histologically confirmed LNM compared to 21.8% (22/101) in patients with
no signs of LNM on CT (p < 0.001). The AUC for suspected LNM on CT in relation to
confirmed LNM was 0.623 (Table 2) and 0.633 for FIGO III/IV.

3.4. CA125 and CT Results in Relation to LNM

Combined preoperative CA125 and CT results in relation to LNM are shown in Figure 1
and illustrate the relevance of CA125 in accordance with the summarized data in Table 2.
Within patients with elevated CA125, CT scan with suspicion of LNM resulted in an AUC
of 0.660, while with normal CA125, the AUC was 0.484. For advanced FIGO stage, similar
results were observed, as the AUC for CT within patients with elevated CA125 was 0.633,
while it was 0.545 in patients with normal CA125. In univariate logistic regression analysis,
non-endometrioid (NEEC) histology, suspected LNM on preoperative imaging, elevated
CA125, DMI and CI (from hysterectomy specimen) were significant predictive variables
for LNM (Table 3). In multivariate logistic regression analysis, NEEC histology, elevated
CA125 serum level, DMI, and CI remained significantly associated with LNM, whereas
suspected LNM on preoperative CT was not significant.
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Figure 1. Study population proportion of LNM in relation to CA125 levels and LNM on imaging.
N0: no LNM, N1: presence of LNM. CA125 = cancer antigen 125, LNM = lymph node metastases.

Table 3. Logistic regression analysis of clinicopathological variables in relation to LNM.

Univariate Analysis Multivariate Analysis

p Value Adjusted OR 95% CI p Value Adjusted OR 95% CI

Age > 65 years * 0.964 0.99 0.53–1.83 - - -

BMI >30 kg/m2 * 0.790 0.91 0.46–1.81 - - -

NEEC histology <0.001 3.75 1.82–7.70 0.028 3.72 1.16–11.95

CA125 > 35 U/mL <0.001 7.99 4.00–15.99 0.003 6.25 1.85–21.09

CT with suspected LNM 0.002 4.14 1.72–9.99 0.427 1.680 0.48–6.05

Deep myometrial involvement <0.001 3.45 1.76 6.74 0.007 4.88 1.54–15.46

Cervical stromal involvement 0.009 4.21 1.42–12.50 0.018 7.87 1.42–43.78

OR: odds ratio, CI: confidence interval for adjusted OR, BMI: body mass index, NEEC: non-endometrioid
endometrial carcinoma, CT: computed tomography. * = not included for multivariate analysis as p > 0.02.

3.5. CA125 in Relation to Outcome

Of all 333 patients, 331 patients had available recurrence data with a mean of 19 months
until recurrence. The disease-specific survival (DSS) for patients with normal and elevated
CA125 is shown in Figure 2a and was significantly different (p < 0.001). Endometrial
cancer-related mortality data were available for 320 patients. The overall survival (OS)
for patients with normal and elevated CA125 is shown in Figure 2b and was significantly
different (p < 0.001). Both the DSS and OS remained significantly different for normal and
elevated CA125 within the surgically staged patients (n = 193).
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4. Discussion
4.1. Summary of Main Results

In the current study we have demonstrated that preoperative CA125 is a statistically
significant predictor for advanced stage and LNM in high-grade EC. In addition, it was
shown that suspected LNM on preoperative CT was a significant predictor for histologically
confirmed LNM in high-grade EC but had no additional predictive value when preoperative
CA125 was normal. We also demonstrated that DSS and OS are significantly worse for
patients with elevated CA125. To our knowledge this is so far the largest study evaluating
CA125 as prognostic biomarker specifically in patients with high-grade EC. The overall
prevalence of 29.5% LNM is in line with previous studies [1,24,25]. With normal CA125,
the negative predictive value for LNM was 85.6%.

Within patients with normal serum CA125 levels, preoperative CT with suspected
LNM was not significant for predicting risk of LNM, and results were similar for CT and
predicting advanced FIGO stage, supporting the limited additional benefit of preoperative
CT imaging for staging in these patients. In the current study cohort, within patients
with normal CA125, distant metastases including pulmonary metastases were present in
1.5% (2/135).

4.2. Results in the Context of Published Literature

The prognostic value of CA125 for advanced FIGO stage has been repeatedly shown
in EC [22,26]. In a meta-analysis by Reijnen et al., both CA125 and imaging results were
shown to predict the risk of LNM [8]. Within subgroup analysis of high-grade patients,
preoperative CA125 resulted in an AUC of 0.745 compared to 0.638 for preoperative CT
scan, both in line with our findings. Two other studies reported on the use of CA125
as predictor for LNM in high-grade EC and showed a significant association of CA125
with FIGO stage. However, only patients with either serous EC (n = 26) or clear cell EC
(n = 61) histology were included without incorporation of other clinicopathological risk
factors [27,28]. The low sensitivity of detection of LNM by CT is in line with previous
studies and is likely attributed to the fact that the lymph nodes should be enlarged to be
suspicious for metastatic on CT [20]. Although 18-FDG PET-CT scan is more sensitive than
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CT scan, microscopic metastasis still might be easily missed by any imaging method and
require histological evaluation of the lymph nodes [29]. Multiple studies have reported
on the different imaging modalities for detecting LNM in EC patients [6,20]. Both 18-FDG
PET-CT and conventional CT are mostly used in clinical practice to evaluate LNM and
distant metastases, with PET-CT being superior with a pooled sensitivity of 72% [29]. Our
observed sensitivity of 40.5% to detect LNM on CT is in line with the aforementioned
publications. The lack of association between LNM and preoperative imaging in the
multivariate analysis is most likely attributed to the low sensitivity of CT. The importance
of DMI and CI as independent predictors of LNM in our multivariate analysis is in line
with previous studies [1,8,23]. A recent study of Fasmer et al. demonstrated how selective
use of 18-FDG PET-CT scan in patients with increased risk of extended EC, based on MRI
(i.e., LNM, DMI, or CI) could be incorporated. Unfortunately, CA125 was not available in
this study cohort, which might be interesting to add in future refined diagnostic work-up
strategies [7]. Interestingly, elevated CA125 was significantly associated with the presence
of LVSI, and thus could serve as a surrogate biomarker given its association with LNM in
the multivariate analysis.

While CA125 is a very sensitive marker that can be used in postmenopausal women in
the diagnostic work-up for endometrial cancer, it might be less suitable in premenopausal
women. This is due to the fact that elevated CA125 is seen in several benign and physi-
ological processes such as menstrual periods, endometriosis, and pregnancy [30,31]. For
patients with a wish of fertility preservation, evidence-based oncofertility counseling is
an important part of the preoperative work-up [32]. So far, it is not clear whether preop-
erative CA125 in these young women can equally contribute to the risk stratification of
endometrial cancer.

The use of MRI or expert ultrasound to determine myometrial invasion has been
recommended by the recent ESGO-ESTRO-ESP guideline, but so far not yet incorporated
in the SGO guideline [3,10,13,24,25,33]. Selective use of preoperative MRI, specifically
in patients with high-grade and elevated CA125, could aid in improving a cost-effective
surgical approach in a preoperative setting. The reported sensitivity of MRI for assessment
of CI is up to 59% with a specificity up to 91% [20,34].

While this study has shown that CA125 has a good predictive value for LNM and
advanced stage, its discriminatory value is not enough to forgo surgical staging based
solely on CA125 with or without CT. The results do however confirm that CA125 is a
valuable marker that could be used in prediction models, such as the ENDORISK model
which incorporates CA125, imaging and other factors [13].

Since the introduction of molecular classification in EC, prognostication has signif-
icantly improved by allocating patients to four molecular subgroups [14,35]. These sub-
groups may guide tailored adjuvant therapy, but as demonstrated by Jamieson et al. could
also assist in the primary risk estimation of LNM. Interestingly, it was demonstrated that in
addition to the molecular subgroup, CA125 remained relevant in the multivariate analysis,
which underlines the relevance of our findings even within molecular classification. In
the future, other molecular and genetic markers such as non-coding RNA (ncRNA) might
further stratify tumor characterization and therapeutic targeting [36,37]. Further research
will be needed to assess CA125 in relation to these markers but may enable the possibility
to base the need of surgical staging and/or adjuvant treatment solely on these variables.

4.3. Strengths and Weaknesses

Inherent to the retrospective character of our study there are limitations that need
to be addressed. Overall, 41.9% (n = 140) of patients with high-grade EC were not surgi-
cally staged and thus not included in the statistical analysis for LNM, which might have
introduced selection bias. Yet, as 30% of patients without surgical staging were diagnosed
with FIGO IV, omitting surgical staging is inherent to standard of care. Furthermore, selec-
tion bias might have been introduced due to using preoperative tumor grade, since this
represents clinical practice where patients’ treatment is based upon preoperative character-
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istics. However, occasionally this resulted in postoperative downgrading of EC after final
pathological examination (n = 25). Based on the limited number, it is unlikely that this has
significantly impacted our results. This discordance has been previously investigated in sev-
eral studies who reported more extensive surgical treatment and an intermediate prognosis
in patients who are ’over-graded’ compared to correctly low-graded patients [28–30].

4.4. Implications for Practice and Future Research

The clinical applicability of incorporating CA125 in the diagnostic work-up of EC
has been supported by several studies [3,14,25]. The well-established strong relation
between LNM and histopathological DMI and CI, supports further research of the value
of preoperative pelvic MRI, especially in patients with elevated CA125 serum levels. This
might further improve identification of high-risk patients and individualized surgical
approach even in the era of molecular profiling.

5. Conclusions

Preoperative CA125 is a relevant predictive marker for advanced stage and outcome
in patients with high-grade EC. While CT was a valuable predictor of LNM and advanced
stage in patients with elevated CA125, it was of limited additional value in patients with
normal CA125. These results support that adding CA125 can improve preoperative risk
stratification specifically for patients with high-grade EC.
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Simple Summary: Due to the lack of effective early diagnostic markers for lung cancer and the rich
blood circulation in the lungs, it is very easy to cause lymph node metastasis and distant metastasis
of lung cancer, making lung cancer as one of the top ten cancer types with the highest mortality
rate in the world. This study found that MAPK15 is highly expressed in the tissues of patients
with lung adenocarcinoma lymph node metastasis, and MAPK15 interacts with p50 to regulate the
expression of EP3 at the transcriptional level, thereby promoting cancer cell migration. This suggests
that MAPK15 plays a key role in the metastasis of lung cancer cells, and MAPK15 can be used as
a molecular marker for the early diagnosis or prognosis assessment of lung cancer. Its molecular
mechanism for regulating lung cancer metastasis can provide valuable information and insights on
novel therapeutic options at molecular levels.

Abstract: Studying the relatively underexplored atypical MAP Kinase MAPK15 on cancer progres-
sion/patient outcomes and its potential transcriptional regulation of downstream genes would be
highly valuable for the diagnosis, prognosis, and potential oncotherapy of malignant tumors such
as lung adenocarcinoma (LUAD). Here, the expression of MAPK15 in LUAD was detected by im-
munohistochemistry and its correlation with clinical parameters such as lymph node metastasis and
clinical stage was analyzed. The correlation between the prostaglandin E2 receptor EP3 subtype (EP3)
and MAPK15 expression in LUAD tissues was examined, and the transcriptional regulation of EP3
and cell migration by MAPK15 in LUAD cell lines were studied using the luciferase reporter assay,
immunoblot analysis, qRT-PCR, and transwell assay. We found that MAPK15 is highly expressed in
LUAD with lymph node metastasis. In addition, EP3 is positively correlated with the expression of
MAPK15 in LUAD tissues, and we confirmed that MAPK15 transcriptionally regulates the expression
of EP3. Upon the knockdown of MAPK15, the expression of EP3 was down-regulated and the cell
migration ability was decreased in vitro; similarly, the mesenteric metastasis ability of the MAPK15
knockdown cells was inhibited in in vivo animal experiments. Mechanistically, we demonstrate for
the first time that MAPK15 interacts with NF-κB p50 and enters the nucleus, and NF-κB p50 binds to
the EP3 promoter and transcriptionally regulates the expression of EP3. Taken together, we show
that a novel atypical MAPK and NF-κB subunit interaction promotes LUAD cell migration through
transcriptional regulation of EP3, and higher MAPK15 level is associated with lymph node metastasis
in patients with LUAD.

Keywords: MAPK15; EP3; p50; LUAD; metastasis
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1. Introduction

The incidence of lung cancer is high among malignant tumors, which seriously affects
human health. The mortality rate of lung cancer patients is high because lung cancer is
usually in an advanced stage when diagnosed, with lymph node metastasis or even distant
metastasis. Radiotherapy and chemotherapy have very limited therapeutic effects on
advanced lung cancer. Targeted therapies, such as the use of targeted drugs EGFR tyrosine
kinase inhibitors [1,2], can improve the survival of lung cancer patients to a certain extent,
but they still face the problem of chemotherapy resistance, recurrence of targeted therapy,
etc. Therefore, it is still not possible to effectively control the malignant development of
lung cancer [2]. The study of molecular markers related to lung cancer metastasis and their
corresponding molecular mechanisms still needs to be further explored.

The classical mitogen-activated protein kinases (MAPKs, e.g., ERK1/2, p38, and
JNK/SAPK) play important roles in regulating gene expression, cell growth, proliferation,
etc. Atypical MAPKs such as ERK3, ERK4, and NLK (nemo-like kinase) also play criti-
cal roles in many cellular responses [3,4]. MAPK15, alias extracellular signal-regulated
kinase 7/8 (ERK7/8), is the most recently discovered atypical MAPK. Current research
indicates that MAPK15 can promote the transformation of colon cancer by mediating the
activation of the transcription factor c-Jun [5,6] or promoting the growth of gastric cancer
cells [7]. MAPK15 has also been found to interact with autophagy-related proteins such
as GABARAP and LC3 to control tumor development [8]. In addition, MAPK15 can be
activated by carcinogenic factors such as RET/PTC3 [9] or involved in the regulation of
telomerase activity [10] to participate in the development of tumors. Recently, our group
has reported that MAPK15 can promote arsenic trioxide-induced apoptosis, as well as
boosting the efficacy of combination therapy with cisplatin and TNF-α, in lung cancer
cells [11,12]. At present, research about the function of MAPK15 is still limited, and its role
in lung cancer metastasis remains unclear.

EP3 is one of the four G protein-coupled receptors of prostaglandin E2 (PGE2), which
plays an important role in cell proliferation, differentiation, apoptosis, cardiovascular sys-
tem regulation, and inflammation. It has been reported that tumor angiogenesis and tumor
cell growth were significantly inhibited in a mouse lung cancer model with EP3 knocked
out [13]. Yamaki et al. found that PGE2 promotes the growth of lung adenocarcinoma
(LUAD) cell line A549 via the EP3 receptor-activated Src signaling pathway [14]. How-
ever, the molecular mechanism of EP3 in regulating lung cancer progression is still not
fully clarified.

In this study, we detected the expression of MAPK15 in lung cancer tissues, and found
that the expression of MAPK15 is positively correlated with lymph node metastasis in
LUAD patients; remarkably, our results showed that the expression of EP3 was transcrip-
tionally regulated by MAPK15, and the expression of EP3 was positively correlated with
the expression of MAPK15 in LUAD tissues. Furthermore, we revealed the first time that
MAPK15 promotes the expression of EP3 by interacting with p50, thereby enhancing the
migration of lung cancer cells.

2. Materials and Methods
2.1. Immunohistochemistry

Lung cancer tissue microarray (BC041115c, US Biomax, Rockville, MD, USA) was
purchased and all human tissues were collected according to HIPPA-approved protocols as
described by US Biomax (https://www.biomax.us/FAQs, accessed on 14 June 2022). Im-
munohistochemistry was performed to detect the expression of MAPK15 and EP3. Briefly,
tissue microarray was deparaffinized thrice in xylene (10 min for each) and rehydrated in
gradient series ethanol (100%, 95%, 90%, 90%, 5 min for each), respectively. After being
rinsed with water, tissue slides were incubated with 3% hydrogen peroxide for 40 min to
block endogenous peroxidase. Tissue slides were then rinsed with PBS and immersed in
0.01 M citrate acid antigen retrieval solution and heated at 98 ◦C for 20 min using a water
bath. After natural cooling, tissue slides were washed with PBS and incubated with 5%
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BSA for 30 min. Tissue slides were then incubated with MAPK15 [15] or EP3 (Cat. 101760,
Cayman Chemical, Ann Arbor, USA) antibody at 4 ◦C overnight. After being rinsed with
PBS, tissue slides were incubated with secondary antibody for 45 min at RT. Subsequently,
tissue slides were washed with PBS and reacted with 3,3′-diaminobenzidine (DAB, Zhong-
shan Golden Bridge Inc. Beijing, China) and counterstained with hematoxylin. Then, tissue
slides were mounted with glycerogelatin and photographed with a light microscope.

Immunostaining of tissue microarray were scored according to immunoreactive score
(IRS) [16,17]. Each tissue in the microarray was semiquantitatively scored for intensity
(0, absent; 1, weak; 2, moderate; 3, strong) and extent of staining (percentage of the positive
tumor cells: 0, ≤5%; 1, 6–25%; 2, 26–50%; 3, 51–75%; 4, >75%). Intensity and extent of each
tissue were multiplied to give a composite score: 0–3, deemed as low expression, “−”);
4–12, deemed as high expression (4–6, “+”; 7–9, “++”; 10–12, “+++”).

2.2. Cell Culture and Transfection

All cells were grown at 37 ◦C in a 5% CO2 incubator. HEK293T, H1299, and A549
cells were purchased from ATCC Cell Bank of the Chinese Academy of Sciences (Shang-
hai, China) and maintained in MEM, RPMI-1640, or F12-K medium supplemented with
10% FBS and 1% PS, respectively. MAPK15 stable knockdown LUAD H1299 cells (H1299-
shMAPK15) and control cells (H1299-shCtrl) were established previously [12]. For transfec-
tion, cells were mixed with siRNA/plasmids-polyethylenimine mixture and cultured for
the indicated time point. Negative control siRNA (siN05815122147) and siRNA duplexes
against EP3 were purchased from IGE Biotechnology LTD (Guangzhou, China) and listed
in Supplementary Table S1.

2.3. RNA Extraction, cDNA Synthesis, and Real-Time PCR

RNA was extracted using RNAiso Plus (Takara, Dalian, China) from cells. Then, cDNA
was synthesized using GoScript™ Reverse Transcription Mix (Promega, Madison, WI, USA)
by following the manufacturer’s instructions. Specific primers were used, and real-time
PCR was performed using GoTaq qPCR Master Mix (Promega, Madison, WI, USA) on
Applied Biosystems 7500 Real-Time PCR System. The 2∆∆CT method was used to calculate
the relative expression of target genes compared to internal control (β-Actin) as described
previously [18]. Primers were synthesized by IGE Biotechnology LTD (Guangzhou, China)
and listed in supplementary Table S1.

2.4. Immunoblot Analysis

Equivalent amounts of extracted protein were resolved by 10% SDS-PAGE and trans-
ferred onto polyvinylidene fluoride membranes. The membranes were blocked with 5%
nonfat milk in PBS containing 0.05% Tween 20 followed by incubation with primary anti-
body overnight at 4 ◦C. After reacting with primary antibody, membranes were incubated
with secondary antibody and proteins were visualized with ECL reagent using Tanon
5200 system (Tanon, Shanghai, China). The optical density of each protein band was
quantified by Gel-Pro Analyzer 4 (Toyobo, Osaka, Japan) software. Original blots and blot
quantification are shown in Figures S3–S5, S7 and S8.

2.5. Transwell Assay

Transwell assay was performed as described previously [16]. Briefly, 3.0 × 104 cells
were seeded in the upper compartment of transwell inserts with 8 µm microporous mem-
brane (cat no. 3422, Corning Inc., Corning, NY, USA). After being incubated for 24 h,
unmigrated cells on the upper surface of the microporous membrane were wiped using a
cotton swab. Cells on the lower surface of the microporous membrane were fixed with 4%
PFA for 20 min and subsequently stained with 0.1% crystal violet for 15 min. The transwell
chamber was rinsed with PBS to remove excess crystal violet, and images of migrated
cells were captured using an Axiovert 40 CFL microscope (Carl Zeiss AG, Oberkochen,
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Germany) with CCD camera (magnified 100×). Finally, the crystal violet in the migrated
cells was dissolved with 33% acetic acid, and absorbance was measured at OD595.

2.6. Immunofluorescence and Confocal Microscopy

Cells seeded on coverslip in 6-well plate were incubated for the indicated time point
and fixed with 4% PFA for 15 min. After being rinsed with PBS, cells were permeabilized
for 10 min with PBS containing 0.25% Triton X-100. Subsequently, cells were incubated with
5% BSA for 30 min to block unspecific binding of antibodies. Then, cells were incubated
with primary antibody in a humidified chamber at 4 ◦C overnight. After decanting of
primary antibody solution, cells were washed with PBS and incubated with secondary
antibody for 1.5 h at room temperature in the dark. Coverslips were counterstained with
1 µg/mL Hoechst 33342 and mounted with mounting medium. Images were captured
with Axiovert 40 CFL Microscope (Carl Zeiss AG, Germany) or Zeiss lsm 800 confocal
microscope (Carl Zeiss AG, Germany).

2.7. In Vivo Peritoneal Metastasis Assay

In vivo peritoneal metastasis assay was performed as described previously [19]. Briefly,
5 × 106 MAPK15 stable knockdown H1299 or control cells in 200 µL of phosphate-buffered
saline were injected intraperitoneally into BALB/c nude mice (Beijing Vital River Animal
Technology Co., Ltd., Beijing, China, licensed by Charles River). After 7 weeks, the mice
were sacrificed, and tumor nodules were quantified.

2.8. Co-Immunoprecipitation

HEK293T cells cultured in 10 cm dish were transfected with pcDNA4/Xpress-MAPK15
plasmids [15] and incubated for 24 h. Prior to immunoprecipitation, 1 µg of Xpress antibody
or normal IgG was pre-adsorbed with 20 µL Protein A/G Sepharose slurry for 2 h at 4 ◦C
with rotation. After transfection, cells were harvested and lysed with NP-40 lysis buffer
using repetitive freeze-thawing method. An amount of 300 µg of lysates to be used for
immunoprecipitation was precleared with 20 µL Protein A/G Sepharose at 4 ◦C for 1 h
with rotation. The supernatant was then incubated with the Xpress antibody–Protein A/G
Sepharose complexes overnight at 4 ◦C with rotation (anti-mouse IgG was used as negative
control). In total, 10% of the supernatant was used as input. The Sepharose beads were
collected by centrifugation and washed extensively in 500 µL of lysis buffer, and eluted in
20 µL of SDS sample buffer by heating to 98 ◦C for 5 min. After centrifugation at 10,000× g,
the supernatant was collected for immunoblot analysis.

2.9. Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation assay was performed using SimpleChIP® Enzymatic
Chromatin IP Kit (Cell Signaling Technology, Danvers, MA, USA). Briefly, formaldehyde
cross-linked H1299 cells were lysed, and chromatin was digested with micrococcal nuclease
into DNA/protein fragments. Then, p50 antibody (Santa Cruz Biotechnology, Dallas, TX,
USA) was added and the complex is captured by protein G magnetic beads. Seven p50
binding sites (site1–site7) in the EP3 promoter region (−2000 bp) were predicted by JASPAR
databases and PCR was used to detect p50 binding.

2.10. Vector Construction and Luciferase Reporter Assay

Five repeats of p50 binding sequence (site5, sequence: GGGGCTTCCC) and 12 bp
linker sequences with AflII and NsiI sites were synthesized by IGE Biotechnology LTD
(Guangzhou, China) and ligated to a modified pJC6-GL3 plasmid [11] to construct lu-
ciferase reporter plasmid (5 × p50-Luc). Then, the 5 × p50-Luc plasmid was co-transfected
with/without pCMV-p50 plasmid into equal amount of H1299 cells in 12-well plate. Af-
terward, cells were lysed for luciferase assay following manufacturer’s instructions (dual-
luciferase reporter assay system, Promega, Madison, WI, USA).
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2.11. Statistical Analysis

Mean comparisons were performed using the GraphPad Prism 8 for unpaired t-test.
Fisher’s exact test was used to study the correlation between MAPK15 expression and
clinical parameters. Spearman rank correlation analysis was used to compare the correlation
between the expression of MAPK15 and EP3 in lung cancer tissues using SPSS 19 software.
The above statistical analysis was two-tailed; p < 0.05 suggested that the difference was
statistically significant.

3. Results
3.1. MAPK15 Is Correlated with Lymph Node Metastasis in LUAD Patients

To study the role of MAPK15 in lung cancer, we analyzed the relationship between
MAPK15 and clinical–pathological parameters such as age, gender, depth of tumor inva-
sion, lymph node metastasis, distant metastasis, tumor differentiation, clinical stage, etc.
We found that there was a positive correlation between MAPK15 expression and lymph
node metastasis (p = 0.012) as well as clinical stage (p = 0.033) (Supplementary Table S2).
The expression of MAPK15 is higher in patients with lymph node metastasis (N1 + N2) as
compared to patients without lymph node metastasis (N0) (Supplementary Table S2). Other
clinical–pathological parameters such as age, gender, depth of tumor invasion, distant
metastasis, and tumor differentiation were not significantly correlated with the expression
of MAPK15 (Supplementary Table S2). Adenocarcinoma and squamous cell carcinoma
are major types of non-small-cell lung cancer (NSCLC). As compared to squamous cell
carcinoma, we revealed that the expression of MAPK15 is relatively higher in adenocarci-
noma (Figure 1A, Supplementary Table S3) and is associated with lymph node metastasis
(p = 0.013) (Table 1, Figure 1B).

3.2. Knockdown of MAPK15 Inhibits H1299 Cell Migration In Vitro and Metastasis In Vivo

The above results indicate that MAPK15 is expressed more highly in lymphatic
metastatic LUAD. In MAPK15 stable knockdown LUAD H1299 cells (Figure 1C,D), cell
migration was significantly inhibited (Figure 1E,F). The expression of Snail1 was decreased
in MAPK15 knockdown cells (Figure 1G), which can down-regulate the expression of E-
cadherin by post-translational modifications such as deacetylation and methylation during
EMT [20]. Consequently, the expression of epithelial marker E-cadherin was increased,
while mesenchymal marker integrin β1 is decreased after MAPK15 knockdown (Figure 1G).
Then, we performed an in vivo peritoneal metastasis assay using H1299-shMAPK15 cells
and found that loss of MAPK15 significantly reduces metastasis to mesentery in vivo
(Figure 1H,I). The above results indicate that H1299 cells undergo mesenchymal–epithelial
transition after MAPK15 knockdown, thereby decreasing migration and metastasis.

3.3. MAPK15 Regulates the Expression of Migration-Related Gene EP3

It has been reported that the expression of MMP2 was depressed in EP3 knock-out mice
under hypoxic stress [21], which indicates a correlation between the expression of MMP2
and EP3. Our results showed that MMP2 was down-regulated in MAPK15 knockdown
H1299 cells (Figure S1). To investigate whether EP3 is involved, we detect the expression of
EP3 in H1299-shCtrl and H1299-shMAPK15 cells. We found that the mRNA and protein
level of EP3 was significantly decreased in MAPK15-deficient cells (Figure 2A,B) and the
protein level of EP3 was not affected by proteasome inhibitor MG132 (Figure 2B), sug-
gesting that the decreased EP3 in H1299-shMAPK15 cells was transcriptionally regulated.
Moreover, the migration of H1299 cells was inhibited (Figure 2F,G) after EP3 was knocked
down (Figure 2C–E). The decreased EP3 in MAPK15 knockdown cells suggested that there
might be a correlation between the expression patterns of these two molecules. Then, we
detected the expression of EP3 in a serial section from the same tissue that we stained
with MAPK15 antibody and found that the expression of EP3 is positively correlated with
MAPK15 (r = 0.589, p < 0.001, Figure 2H and Table 2). Taken together, the above results
show that MAPK15 affects cell migration through the regulation of EP3.
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grated cells were stained with crystal violet (E) and absorbance of solubilized crystal violet was 
shown as bar chart graph (F). (G) The expression of Snail1/E-cadherin/Integrin-β1 was detected in 
H1299-shCtrl and H1299-shMAPK15 cells. (H) Metastatic nodules (red arrows) on intestinal mesen-
tery of BALB/c nude mice. (I) Number of mesenteric metastasis nodules per mouse. * p < 0.05, ** p < 
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Figure 1. Knockdown of MAPK15 inhibits H1299 cell migration in vitro and in vivo. (A) MAPK15
staining in lung squamous cell lung carcinoma and adenocarcinoma tissues. (B) MAPK15 staining in
LUAD tissues without lymph node involvement (N0) was compared with tissue with lymph node
involvement (N1). Scale bar represents 60 µm. (C,D), real-time PCR and immunoblot analysis were
used to detect the mRNA level (C) and protein level (D) of MAPK15 in H1299 cells. (E,F), transwell
assay was used to detect the migration ability of H1299-shCtrl and H1299-shMAPK15 cells, migrated
cells were stained with crystal violet (E) and absorbance of solubilized crystal violet was shown as
bar chart graph (F). (G) The expression of Snail1/E-cadherin/Integrin-β1 was detected in H1299-
shCtrl and H1299-shMAPK15 cells. (H) Metastatic nodules (red arrows) on intestinal mesentery of
BALB/c nude mice. (I) Number of mesenteric metastasis nodules per mouse. * p < 0.05, ** p < 0.01,
*** p < 0.001, Student’s t-test.

Table 1. Correlation between MAPK15 expression and clinical parameters in patients with LUAD
and LUSC.

Adenocarcinoma Squamous Cell Carcinoma

Clinicopathological
Parameters

MAPK15
Expression Total p Value

MAPK15
Expression Total p Value

Low High Low High

Regional lymph nodes 0.013 * 0.486
N0 10 13 23 13 8 21
N1 2 18 20 5 7 12
N2 3 2 5 3 4 7

Fisher’s exact test. Statistically significant, * p < 0.05.
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3.4. MAPK15 Interacts with NF-κB p50 Subunit and NF-κB p50 Transcriptionally Regulates EP3
Expression by Binding to EP3 Promoter

The molecular mechanism of how EP3 is transcriptionally regulated by MAPK15 is
unknown. It has been reported that the expression of MAPK15, NF-κB1 (p50), and NF-κB2
(p52) were obviously decreased in ovarian cancer cell lines [22], which indicate there are
correlations between MAPK15 and the NF-κB family. To investigate the relationship be-
tween MAPK15 and NF-κB family members, we transfected the pcDNA4/Xpress-MAPK15
plasmid into 293T cells and the immunoprecipitation assay revealed that MAPK15 interacts
with p50 but not p65 and c-rel (Figure 3A). We also detected the localization of MAPK15
and p50 in H1299 cells by confocal microscopy and found that MAPK15 is distributed
both in the cytoplasm and nucleus, and colocalizes with p50 (Figure 3B), indicating that
there is an interaction between these two proteins in LUAD cells which might contribute
to the expression of EP3. To study the relationship between MAPK15/p50 and EP3, we
overexpressed MAPK15 (Figure 3C) and p50 (Figure 3D) in H1299 cells and found that
the expression of EP3 was increased (Figure 3E), which indicates that MAPK15 and p50
positively regulate the transcription of EP3. The chromatin immunoprecipitation assay
found that p50 binds to two p50 binding motifs in the EP3 promoter (Figure 3F, site2
and site5). Subsequently, we chose site 5 (Figure 3F) to construct the luciferase reporter
plasmid and co-transfect with/without pCMV-p50 in H1299 cells for the luciferase reporter
assay. Our results indicate that the luciferase activity is significantly increased in cells
overexpressed with p50 (Figure 3G), which revealed that p50 can transcriptionally regulate
EP3 by binding to the EP3 promoter.

3.5. TNF-α Promotes H1299 Cell Migration through Induction of MAPK15-NF-κB p50 Nuclear
Localization and EP3 Expression

MAPK15 interacts with p50 intracellularly, indicating potential gene regulation and
cellular phenotypic change. Beinke et al. reported that the p105 pathway can positively
regulate gene transcription under TNF-α stimulation [23]. We hypothesize that TNF-α
might promote the expression of EP3 through the p50 pathway, thereby contributing to cell
migration. In TNF-α-treated H1299 cells, we found that TNF-α promoted EP3 expression
in a dose- (Figure 4A) and time-dependent manner (Figure 4B). Furthermore, TNF-α
promoted the migration of H1299 cells but had no significant effect on the migration of
MAPK15 knockdown cells (Figure 4C,D). This result suggests that TNF-α promotes cell
migration through MAPK15. In TNF-α-treated A549 cells, we found that TNF-α promotes
nuclear localization of MAPK15 and p50 (Figure S2). In H1299 cells, we found that p50
is distributed in both cytoplasm and nucleus, whereas in MAPK15 knockdown cells, p50
is mainly located in the cytoplasm (Figure 4E), indicating that nuclear localization of p50
is dependent on MAPK15. At the same time, we treated H1299 cells with TNF-α and
found that p50 is mainly located in the nucleus, whereas in MAPK15 knockdown cells,
p50 is distributed in both the cytoplasm (white arrows) and the nucleus (Figure 4E). The
above results indicate that TNF-α-induced nuclear translocation of p50 is dependent on
MAPK15. In addition, we found that the expression of EP3 in TNF-α-treated H1299 cells
was increased, while the expression changes of EP3 in MAPK15 knockdown H1299 cells
were not significant (Figure 4F), and TNF-α could not promote H1299 cell migration while
EP3 was knocked down (Figure 4G,H). Taken together, these results reveal that TNF-α
promotes H1299 cell migration through induction of MAPK15-p50 nuclear localization and
EP3 expression in cells with MAPK15 expression.

256



Cancers 2023, 15, 1398

Cancers 2023, 15, x FOR PEER REVIEW 7 of 16 
 

 

3.3. MAPK15 Regulates the Expression of Migration-Related Gene EP3 
It has been reported that the expression of MMP2 was depressed in EP3 knock-out 

mice under hypoxic stress [21], which indicates a correlation between the expression of 
MMP2 and EP3. Our results showed that MMP2 was down-regulated in MAPK15 knock-
down H1299 cells (Figure S1). To investigate whether EP3 is involved, we detect the ex-
pression of EP3 in H1299-shCtrl and H1299-shMAPK15 cells. We found that the mRNA 
and protein level of EP3 was significantly decreased in MAPK15-deficient cells (Figure 
2A,B) and the protein level of EP3 was not affected by proteasome inhibitor MG132 (Fig-
ure 2B), suggesting that the decreased EP3 in H1299-shMAPK15 cells was transcription-
ally regulated. Moreover, the migration of H1299 cells was inhibited (Figure 2F,G) after 
EP3 was knocked down (Figure 2C–E). The decreased EP3 in MAPK15 knockdown cells 
suggested that there might be a correlation between the expression patterns of these two 
molecules. Then, we detected the expression of EP3 in a serial section from the same tissue 
that we stained with MAPK15 antibody and found that the expression of EP3 is positively 
correlated with MAPK15 (r = 0.589, p < 0.001, Figure 2H and Table 2). Taken together, the 
above results show that MAPK15 affects cell migration through the regulation of EP3. 

 
Figure 2. MAPK15 regulates the expression of migration-related gene EP3. (A) The expression of 
EP3 mRNA was detected in H1299-shctrl and H1299-shMAPK15 cells by real-time PCR. (B) H1299-Figure 2. MAPK15 regulates the expression of migration-related gene EP3. (A) The expression of EP3

mRNA was detected in H1299-shctrl and H1299-shMAPK15 cells by real-time PCR. (B) H1299-shCtrl
and H1299-shMAPK15 cells were treated with/without 10 µmol/L MG132 for 4 h, then the expression
of EP3 was detected by immunoblot analysis. (C–E) An amount of 40 µmol/L of negative control
siRNA and EP3 siRNA were transfected into H1299 cells, respectively, for 36 h and the expression
of MAPK15/EP3 were detected. (F,G) H1299 cells transfected with negative control siRNA and
EP3 siRNA for 36 h were seeded in transwell chamber for 24 h, then migrated cells were stained
with crystal violet (F) and absorbance of solubilized crystal violet are shown as bar chart graph (G).
(H) Serial section of the same LUAD tissue shows the similar expression pattern of MAPK15 and EP3.
Scale bar represents 60 µm. * p < 0.05, *** p < 0.001, Student t test.

Table 2. Correlation between EP3 expression and MAPK15 in LUAD tissues.

EP3
Total− + ++ +++

MAPK15

− 10 5 0 0 15
+ 3 12 1 0 16

++ 0 5 1 1 7
+++ 2 2 3 3 10

Total 15 24 5 4 48
Spearman correlation, r = 0.589, p < 0.001.
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Figure 3. MAPK15 interacts with NF-κB p50 and p50 promotes EP3 expression by binding to
EP3 promoter. (A) Immunoprecipitated proteins were resolved and the presence of MAPK15 and
p50/c-rel/p65 were detected by anti-Xpress or anti-p50/c-rel/p65 antibodies. (B) The localization
of MAPK15 and p50 in 4% paraformaldehyde-fixed H1299 cells were detected. (C–E) H1299 cells
transfected with 2 µg pcDNA4, pcDNA4/Xpress-MAPK15, pCMV, and pCMV-p50 and the expression
of MAPK15 (C)/p50 (D)/EP3 (E) was detected by real-time PCR. (F) Chromatin immunoprecipitation
assay was used to detect the binding of p50 to EP3 promoter region; the asterisk indicates the
immunoprecipitated EP3 promoter region. Original gels and gel quantification are shown in Figure
S6. (G) In this study, 5 × p50-Luc plasmid was transfected with/without pCMV-p50 in H1299 cells
and luciferase reporter assay was performed to detect the luciferase activity. * p < 0.05, ** p < 0.01,
*** p < 0.001, Student’s t-test.

3.6. JSH-23 Inhibits MAPK15-Induced EP3 Expression and Cell Migration

JSH-23 is an NF-κB inhibitor. When using JSH-23 to treat H1299 cells, we found
that JSH-23 inhibited the expression of EP3 in a dose- (Figure 5A) and time-dependent
manner (Figure 5B). Furthermore, JSH-23 inhibited the migration of H1299 cells but had
no significant effect on the migration of knockdown MAPK15 cells (Figure 5C,D). This
result suggests that JSH-23 inhibits cell migration through MAPK15. In addition, we
found that the expression of EP3 in H1299 cells treated with JSH-23 was decreased, while
the expression of EP3 in MAPK15 knockdown H1299 cells did not change significantly
(Figure 5E), and JSH-23 could not inhibit H1299 cell migration when EP3 was knocked
down (Figure 5F,G). The above results indicate that JSH-23 inhibits cell migration by
inhibiting MAPK15-induced EP3 expression.
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measured at OD595 (D). (E) H1299 cells cultured in serum-reduced medium (1% FBS) were stimu-
lated with 20 ng/mL TNF-α for 1 h and p50 localization was detected in H1299 cells; scale bar rep-
resents 80 μm. (F) H1299-shCtrl and H1299-shMAPK15 cells cultured in serum-reduced medium 
(1% FBS) were treated with/without 20 ng/mL TNF-α for 12 h and the expression of EP3 was de-
tected. (G,H) H1299 cells transfected with control siRNA or EP3 siRNA were resuspended in serum-

Figure 4. TNF-α promotes H1299 cell migration through induction of EP3 expression. (A) EP3 was
detected in H1299 cells treated with different concentrations of TNF-α. (B) EP3 was detected in H1299
cells treated with 20 ng/mL TNF-α for different time points. (C,D) Transwell assay was used to
detect migration effect of H1299-shCtrl and H1299-shMAPK15 cells with/without TNF-α treatment
(20 ng/mL, 24 h), crystal violet in the migrated cells (C) was dissolved and absorbance was measured
at OD595 (D). (E) H1299 cells cultured in serum-reduced medium (1% FBS) were stimulated with
20 ng/mL TNF-α for 1 h and p50 localization was detected in H1299 cells; scale bar represents 80 µm.
(F) H1299-shCtrl and H1299-shMAPK15 cells cultured in serum-reduced medium (1% FBS) were
treated with/without 20 ng/mL TNF-α for 12 h and the expression of EP3 was detected. (G,H) H1299
cells transfected with control siRNA or EP3 siRNA were resuspended in serum-reduced medium (1%
FBS) and seeded to transwell chamber with/without 20 ng/mL TNF-α. Crystal violet in the migrated
cells (G) was dissolved and absorbance was measured at OD595 (H). NS, non-significant; * p < 0.05,
Student’s t-test.
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Figure 5. JSH-23 inhibits MAPK15-induced EP3 expression and cell migration. (A,B) H1299 cells
were treated with/without different doses of JSH-23 for 12 h (A) or with 30 µM JSH-23 for different
time points (B). The expression of EP3 was detected by immunoblot analysis. (C,D) H1299-shCtrl
and H1299-shMAPK15 cells were resuspended in serum-reduced medium (1% FBS) and seeded to
transwell chamber with/without 30 µM JSH-23, crystal violet in the migrated cells (C) was dissolved
and absorbance was measured at OD595 (D). (E) H1299-shCtrl and H1299-shMAPK15 cells cultured
in serum-reduced medium (1% FBS) were treated with/without 30 µM JSH-23 for 12 h and the
expression of EP3 was detected. (F,G) H1299 cells transfected with control siRNA or EP3 siRNA were
resuspended in serum-reduced medium (1% FBS) and seeded to transwell chamber with/without
30 µM JSH-23 for 24 h, crystal violet in the migrated cells (F) was dissolved and absorbance was
measured at OD595 (G). NS, non-significant; * p < 0.05, ** p < 0.01, Student’s t-test.

4. Discussion

Lung cancer is usually at an advanced stage with lymph node or distant metastasis
when diagnosed, which leads to high mortality. Medical knowledge still lacks effective
diagnostic molecular markers for metastatic lung cancer. In the present study, we revealed
that MAPK15 is more highly expressed in the tissues of LUAD patients with lymph node
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metastasis (Figure 1B), and MAPK15 interacts with p50 to promote EP3 expression at the
transcriptional level (Figure 6), thereby enhancing cancer cell migration and metastasis.
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comes. Since we used a commercialized lung cancer tissue array in this study, there is a 
lack of relevant information on disease progression, so it is impossible to conduct a longi-
tudinal assessment of the relationship between MAPK15 expression and patients’ disease-
free survival/overall survival, recurrence, metastasis, etc. However, with the in-depth 
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Figure 6. Schematic diagram of MAPK15 transcriptionally regulating EP3 by interacting with NF-κB
p50 subunit and promoting LUAD metastasis. Question mark (?) indicates that how TNF-α affects
MAPK15 in the cytosol is still unclear.

MAPK15 is a member of the ERK subfamily, which is involved in the regulation of cell
growth and differentiation like other well-known ERKs. Previous research indicates that
MAPK15 is involved in the transformation of colon cancer [6], promotes gastric cancer cell
proliferation [7], and is associated with autophagy [8]. However, its clinical pathological
role has, until now, not been examined in lung cancer. The correlation between MAPK15
and lymph node metastasis in LUAD described here suggests that MAPK15 plays an
important role in lung cancer development, which may lead to poor clinical outcomes.
Since we used a commercialized lung cancer tissue array in this study, there is a lack of
relevant information on disease progression, so it is impossible to conduct a longitudinal
assessment of the relationship between MAPK15 expression and patients’ disease-free
survival/overall survival, recurrence, metastasis, etc. However, with the in-depth study of
MAPK15, we gradually realized its important role in LUAD. In future studies, multicenter,
larger-sample-size studies should be conducted through longitudinal assessment of the
patients’ critical long-term clinical outcome to further clarify MAPK15 expression and the
significance of clinical parameters. Due to the significant correlation between MAPK15
and the clinical features of the LUAD patients we observed, MAPK15 and its signaling
pathway in LUAD may be a potential therapeutic target for metastatic LUAD. As a kinase,
MAPK15 carries out different functions in various cancers, indicating the deregulation of
key pathways. Studies have indicated a pivotal role of MAPK15 in mediating the effect of
gene transcription. We have previously shown that MAPK15 promotes the transformation
of colon cancer by mediating the activation of c-Jun [6]. Here, the identification of MAPK15
as an upstream regulator for EP3 unveiled a previously unknown mechanism for the
MAPK15 or EP3 signaling pathway and their roles in the regulation of cell migration
in LUAD.

The role of EP3 in tumor progression is still controversial. It has been reported that EP3
coupled with G proteins can effectively inhibit tumor growth. Shoji et al. found that EP3
can significantly inhibit the proliferation of tumor cells in advanced-stage colon cancer [24].
Sanchez et al. found that EP3 can promote the expression of p21 by reducing cAMP, thereby
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arresting the cell cycle in the S phase, and ultimately inhibiting the proliferation of 3T6
fibroblasts [25]. On the other hand, there are more and more studies showing that EP3
can promote the development of tumors. Finetti et al. found that EP3 is involved in
regulating the formation of tumor blood vessels [26]. Amano et al. found that in an EP3-
deficient mouse tumor model, tumor angiogenesis and tumor cell growth were effectively
inhibited [13]. Yamaki et al. found that EP3 participates in the Src signaling pathway to
promote the growth of LUAD A549 cells [14]. In this study, we reveal that knocking down
EP3 can inhibit the migration of LUAD cells and that the expression of EP3 was positively
regulated by MAPK15, which expands our understanding of EP3 and its regulation in
lung cancer.

NF-κB is a type of transcription factor that plays an important role in the occurrence
and development of tumors. The ERK family was linked to the NF-κB pathway [27,28]. As
the most recently discovered MAPK family member, the relation between MAPK15 and
NF-κB is mainly uncharacterized. Previous studies on the NF-κB protein family mainly
focused on the activity of IκB or p65 in the p50/p65 complex to promote gene transcription.
However, more and more studies have shown that p50 can bind to the promoter of the
gene and activate gene transcription. The study of Hong et al. showed that overexpression
of p50 in BAR-T cells significantly enhanced the activity of the DNMT1 gene promoter [29].
Karst et al. showed that overexpression of NF-κB p50 in melanoma cells MMRU can
promote angiogenesis and up-regulate IL6 expression. They confirmed by Chip assay
that p50 can bind to the promoter region of IL6 gene and activate its transcription [30].
Similarly, Southern et al. found that the BAG-1 protein can interact with the p50-p50
homodimer and bind to the promoter region of downstream genes to play a positive role in
regulating gene transcription [31]. Beinke et al. reviewed that TNF-α/IL-1/LPS can activate
the classic p50/p65 dimer NF-κB signaling pathway and the p100/RelB non-canonical
signaling pathway, as well as the p105/p50 signaling pathway [23]. In this study, we found
that MAPK15 interacts with p50 in LUAD cells, and the nuclear translocation of p50 may
require the assistance of MAPK15. In addition, we also found that the mRNA expression
level of EP3 increased when p50 was overexpressed in H1299 cells, indicating that p50 can
regulate the expression of EP3 at the transcriptional level, and CHIP assay and luciferase
reporter assay confirmed that p50 can bind to the promoter region of EP3 and promote
the transcription of EP3. Our results revealed that MAPK15 interacts with p50 to promote
the transcription of EP3, thereby affecting biological functions such as the migration of
LUAD cells.

5. Conclusions

In conclusion, this study demonstrates the role of MAPK15 in the metastasis of LUAD.
We revealed that MAPK15 promotes LUAD cell migration via p50 and EP3 signaling and is
associated with lymph node metastasis in LUAD patients, which indicates that MAPK15
might be a potential prognostic biomarker for LUAD and a therapeutic target to inhibit
metastasis in metastatic LUAD patients. The insights provided by this study could facilitate
understanding the role of MAPK15 in lung cancer progression and its potential modulatory
role in cancer metastasis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers15051398/s1, Table S1: Primer and siRNA used in this
study; Table S2: Correlation between MAPK15 expression and clinicopathological parameters in
patients with lung cancer; Table S3: Correlation between MAPK15 expression and tissue types;
Figure S1: Matrix metalloproteinase-2 (MMP2) was significantly decreased in MAPK15 knockdown
H1299 cells; Figure S2: Localization of MAPK15 and p50 in TNF-α treated A549 cells; Figure S3:
Original blots and blot quantification of Figure 1; Figure S4: Original blots and blot quantification of
Figure 2; Figure S5: Original blots and blot quantification of Figure 3; Figure S6: Original gels and
gel quantification of Figure 3; Figure S7: Original blots and blot quantification of Figure 4; Figure S8:
Original blots and blot quantification of Figure 5.
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Simple Summary: High IMP3 expression is correlated with poorer prognosis in many tumour
entities. To date, there have been no data on IMP3 expression and clinical outcome in high-risk
localisations (lip, ear) of squamous cell carcinoma of the skin. These are almost twice as likely to
metastasise compared to other sites. In this study, the tumour marker IMP3 showed clear correlations
with aggressiveness features (lymph node metastases, local recurrences, and progression-free sur-
vival). The identification of these more-aggressive tumours could influence therapy and diagnostics
(radicality of neck dissection, follow-up intervals, staging). The analysis method presented here is
efficient and could be easily incorporated into a clinical workflow and used for prospective testing.

Abstract: Background: High IMP3 expression is correlated with a worse outcome. Until now,
there have been no data about IMP3 expression and clinical outcome for high-risk localisation of
squamous cell carcinoma of the skin (cSCC). Methods: One-hundred twenty-two patients with cSCC
of the lip and ear were included, and IMP3 expression in the tumours was immunohistochemically
assessed in different evaluation approaches. Subsequently, subgroups were analysed in a matched
pair approach and correlated with clinical pathologic parameters. In the following, different IMP3
analysis methods were tested for clinical suitability. Results: We found a significant correlation
between IMP3 expression and risk for lymph node metastasis, local relapse, and progression-free
survival. Conclusions: On basis of our data, we suggest a prognostic benefit cutoff value for high
(>50%) and low (<50%) IMP3 expression. Thus, IMP3 expression has a high scientific potential for
further studies and could potentially be used as a prognostic marker in diagnostic and therapeutic
decision-making.

Keywords: IMP3; lip cancer; squamous cell carcinoma; ear cancer; skin cancer; HNSCC

1. Introduction

Squamous cell carcinoma of the skin (cSCC) is the second-most-frequent skin cancer
after basal cell carcinoma [1]. Risk localisations of cSCC include the ear and lip, which
display an increased risk of lymph node metastases (LNMs) compared to other tumour
localisations. Alam et al. showed that the localisations of cSCC at the external ear (ECSCC)
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and lip (LSCC) with recurrence and metastasis rates of 8–25% are more aggressive than
other localisations [2]. Furthermore, the localisation in the lip area has an influence on the
tumour aggressiveness, so that LSCC is more aggressive when oral mucosa is affected [3].
However, the lymph node metastasis status (N+ or N−) is one of the most-important
prognostic factors in cSCC of the head and neck [2,4,5]. The distinction between N+ and
N− patients is very important, as N+ patients have a worse prognosis and a lower 5-year
survival rate. N− patient had a 5-year survival of 87–95%, and N+ had only survival
rates of 25–50% [6]. Especially patients with high-risk localisations LSCC and ECSCC
benefit from risk prediction. In addition to the prognostic assessment, the risk evaluation
of LNMs and the indication for neck dissection are controversial topics among different
disciplines [1].

In terms of individualised medicine, there is a particular need for research on predic-
tive tumour markers. For example, a predictive model for LSCC has been created. A study
by Wermker et al. showed that, with the help of tumour thickness and grading, a risk
stratification and evaluation for LNMs could be made [6]. In contrast to the histopathomor-
phological risk constellations, immunohistochemical markers could also be helpful in the
prognostic evaluation of high-risk localisations of cSCC.

The insulin-like growth factor 2 mRNA-binding protein 3 (IGF2BP3, also named IMP3)
could be a tumour marker with such a potential. IMP3 is an RNA-binding oncofetal
protein [7]. Different studies have shown that these proteins have important implications
in cell function, polarisation, cell migration, morphology, cellular metabolism, proliferation,
and differentiation [7–9]. Gong et al. presented that IMP3 expression supports tumour cell
proliferation, tumour cell adhesion, and tumour cell invasion [10]. There is also evidence
of a link between increased IMP3 expression and advanced tumour stage [11]. In a meta-
analysis in 2017, Chen et al. showed that the level of IMP3 expression correlates significantly
with a decreased overall survival (OS) in different tumour entities. The authors evaluated
53 studies covering numerous tumour entities including renal cancer, lung cancer, oral
cancer, and gastrointestinal cancer. There were positive correlations of high IMP3 expression
with worse overall survival, disease-specific survival, and metastasis-free survival. To
summarise, a high IMP3 expression is associated with a worse prognosis [12].

In oral squamous cell carcinoma (oSCC), high IMP3 expression correlates with lymph
node metastasis (N+) and decreased 5-year survival. If two patients had the same tumour
stage, but different IMP3 expression levels, the patient with the higher IMP3 expression
had a worse prognosis [13].

The aim of our study was to analyse if the marker IMP3 can be used in a clinical
setting to assess the aggressiveness of high-risk localisations of cSCC. The aggressiveness
was determined with the overall survival rate, disease-specific survival, occurrence of local
relapses, and progression-free survival. The key question was if the IMP3 analysis methods
(IMP3 Analysis Category I (<25%, 25–50%, 50–75%, >75%), IMP3 Analysis Category II
(0%, 1–20%, 21–60%, >60%), IMP3 Analysis Category III (>50%; <50%)) were usable for
risk prediction for N+ cases (correlated with worse prognosis). It seems that one of the
IMP3 analysis categories (IMP3 Analysis Category II) is particularly suitable in terms of
outcome prediction.

2. Materials and Methods
2.1. Ethics Statement

This study was approved by the local ethics committee (Ethical Committee of the West-
phalian Wilhelms University Muenster, Approval No. 2013-063-f-S) and was conducted
in accordance with the Guidelines for Good Clinical Practice and in compliance with the
Declaration of Helsinki. All patients gave their written informed consent for participating
in this study.
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2.2. Patients

All included patients were > 18 years old and had a histologically proven cSCC
of the lip (LSCC) or ear (ECSCC). Included localisations for LSCC were the upper lip
and lower lip. The following localisations were defined for the ECSCC: helix, cavum
conchae/anthelix/tragus, retroauricular/posterior side, or a combination with more than
one of these regions. All patients were resected R0 in the primary tumour.

Each patient had a preoperative stay with a minimum diagnostic procedure of sonog-
raphy of the head and neck, X-ray of the thorax, and abdominal sonography. All patients
were presented in an interdisciplinary tumour board. After the therapy, all patients received
a periodic recall. The exclusion criteria were: no written consent and condition according
to neck dissection or different HNSCC than in the inclusion criteria. Further data in-
cluded in the correlation analysis were: follow-up time, first diagnosis, tumour localisation,
local recurrence, lymph node metastasis, distant metastasis, disease-specific death, and
overall survival.

The electronic patient data were complete and had a follow-up of at least 24 months.
The abuse of alcohol or tobacco was not part of the exclusion criteria.

All patients (n = 122) were divided into two main groups and subsequently into two
subgroups. Allocation to the two main groups was based on the localisation: LSCC and
ESCC. These were then further subdivided into cases of N+ or N−. In addition, subgroup
division into LSCC and ECSCC and lymph node status was performed: LSCC N−, LSCC
N+, ECSCC N−, ECSCC N+.

In addition, a subdivision was performed for nodal status with both cases: N+ (LSCC
N+ and ECSCC N+) and N− (LSCC N− + ECSCC N−).

The matched pair approach was used, as it allows a certain homogeneity to be achieved.
The following groups were compared: LSCC N− vs. LSCC N+ and ECSCC N− vs. ECSCC
N+. Each patient from the respective group was contrasted with a patient from the other
group and with clinically pathologically selected known risk factors with as few differences
as possible.

Included parameters for matching were: age, gender, grading, T-stadium, primary
tumour localisation, tumour infiltration depth, perineural growth, cartilage invasion (only
for ECSCC), comorbidities, and immunosuppression (classification into none, weak, mod-
erate, strong). Finally, IMP3 expression (different IMP3 expression ranges; see below) was
correlated with clinical pathological data.

2.3. Immunohistochemistry Analysis of IMP3

The selection of suitable tumour samples was made on Haematoxylin-Eosin-stained
slices. The tumour tissue (histologically proven LSCC and ECSCC) was fixed in 10%
formaldehyde solution.

Incubation with a primary antibody against IMP3 (anti-IMP3 Clon 69.1, 1:50, Ag-
ilent/Dako (Glostrup, Denmark)) was performed in the Autostainer Plus (Dako REAL
DETECTION SYSTEM K5005, Glostrup). The tissue slices were incubated with the sec-
ondary (Dako REAL Link Biotinylated secondary antibody (AB2), Glostrup) antibody
(exposure time 15 min) and then with Dako Real Streptavidin Alkaline Phosphatase (AP)
(Glostrup; exposure time 15 min). Afterwards the SCC tissue slices were exposed to
chromogen (Dako RED Chromogen, Glostrup) for 8 min. Next, Haematoxylin (nucleus
counterstain/eight-minute exposure time) was applied. Coverslip tape was used.

The cellular localisation of IMP3 staining was determined by the Olympus BX51
microscope (Hamburg, Germany).

Two investigators blinded to the patients’ prognostic data analysed each slice with
a first overview and then divided each slice into 5 high-power fields (HPFs) with a magnifi-
cation of 400× after randomisation.

In every HPF, the investigator counted 5 × 10 tumour cells, totalling 50 cells per
HPF and 250 cells in each slice. All tumour cells with a positive dark brown colour in the
cytoplasm were counted as positive. Tonsil tissue was used as the positive control. The
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expression analysis was according to the literature [13,14]. In the event of discrepancies
between the investigators, the case was reevaluated in a shared discussion.

The study focused on three different analysis categories. The aim was to find which
expression range is most suitable for prognostic use. The expression was analysed in %
ranges of expression: IMP3 Analysis Category I (<25%, 25–50%, 50–75%, >75%), IMP3
Analysis Category II (0%, 1–20%, 21–60%, >60%), IMP3 Analysis Category III (>50%; <50%).
These three categories are presented in the Results Section.

2.4. Statistical Analysis

All statistical analyses were performed by using the Statistical Package for Social
Sciences (SPSS) Version 22.0 for Windows® (SPSS Inc., Chicago, IL, USA).

Categorical variables were analysed using the chi-squared test and Fisher’s exact test.
For continuous variables, the Mann–Whitney U-test was used as a non-parametric test
for abnormally distributed data, and an independent t-test was used to analyse normally
distributed variables. Disease-specific survival (time from first diagnosis until tumour-
dependent death; data on patients without tumour-dependent death were censored at the
last follow-up time) and progression-free survival (time from first diagnosis until local
recurrence or metastasising; data on patients without an event of progression were censored
at the last follow-up time) were calculated using the Kaplan–Meier method, and group
differences were analysed using the log-rank test.

3. Results

In the first part of the results, an overview of the patient cohort will be given, followed
by the correlation of IMP3 expression with the nodal status groups in the second part.
Finally, the evaluation methods of IMP3 expression (IMP3 Expression Categories I-III) are
compared and correlated with clinical pathological outcome parameters.

3.1. Study Population

The patients’ age range was 42.7–97 years (mean 75.8 years, median 75.7 years, stan-
dard deviation 10.1 years). The patients’ subgroups were LSCC + ECSCC (n = 122, 100%,
male n = 109, female n = 13). The subgroup data characteristics were: LSCC (n = 58, 47.5%,
LSCC unilateral: n = 25; LSCC bilateral: n = 33) and ECSCC (n = 64, 52.5%).

The distribution of the classification of immunosuppression of the patients was as
follows: none (n = 102), weak (n = 6), moderate (n = 13), strong (n = 1).

3.2. Clinical Pathology Data in the Study Cohort

Prognostic TNM data were collected: (all pT n = 122, 100%; pT1 n = 27, 22.5%;
pT2 n = 31, 25.8%; pT3 n = 47, 37.5%; pT4 n = 17, 14.2%; all pN n = 120, 100%; pN0 n = 76,
63.3%; pN1 n = 26, 21.7%; pN 2a n = 14, 11.7%; pN 2b n = 3, 2.5%; pN 2c n = 1, 0.8%; all M
n = 122, 100%; M0 n = 120, 98.4%; M1 n = 2, 1.6%). All patients showed an R0 status.

3.3. IMP3 Expression Distribution in the Study Cohort

As there were only marginal differences between the investigators, a shared decision
was not necessary. The mean of IMP3 expression was 51.2%, and the median was 52.4%
with a standard deviation of 19.5%. The range of IMP3 expression was between 0.0% and
88.4% IMP3 expression.

3.4. Higher IMP3 Expression Correlates with the Risk for Lymph Node Metastasis

The comparison between the N+ and N− groups showed that IMP3 expression in all
cases with N+ had a mean of 61.4%, a median of 63.2%, and a standard deviation of 14.9.

Interestingly, IMP3 expression of all cases with N− showed a mean of 41.1%, a median
of 45.6%, and a standard deviation of 18.4. Thus, a higher IMP 3 expression was correlated
with pN+ in high-risk localisation of cSCC (p < 0.001). Figure 1 (left side) shows the
correlation of the nodal status and IMP3 expression in the boxplot.
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Figure 1. (Left side) IMP3 expression correlates positively with nodal status (N+/N−) in high-risk
localisation of squamous cell carcinoma of the ear (ECSCC) and lip (LSCC) (p < 0.001). (Right side)
The subgroups analysis of LSCC N+/N− and ECSCC N+/N− and IMP3 expression show each
a significant correlation with nodal status (p < 0.001). *** p < 0.001.

In addition to the correlation of the total collective (including both LSCC and ECSCC)
with N+, the analysis of the subgroups LSCC and ECSCC followed. Interestingly, both
subgroups showed a higher expression of IMP3 in the N+ group. Figure 1 (right side)
displays the risk for LNMs and the expression of IMP3 in the subgroups of LSCC N+/N−
and ECSCC N+/N− and IMP3 expression.

LSCC N+ patients presented with a mean IMP3 expression of 60.3%, a range of
0.0–85.2%, and a standard deviation of 16.2. For LSCC N−, we found a mean of 40.3%,
a range of 0.0–72.4%, and a standard deviation of 17.9. Interestingly, the difference of LSCC
N+ vs. LSCC N− was significant in the Mann–Whitney U-test in the subgroup analysis
(p < 0.001), proving that higher IMP3 expression is correlated with the risk for LNMs in
LSCC. This was also revealed in the analysis of the ECSCC N+ subgroup. These patients
presented with a mean IMP3 expression of 62.3%, a median of 60.4%, a range of 32.4–88.4%,
and a standard deviation of 13.8, whereas the ECSCC N− subgroup showed a mean of
41.8%, a median of 45.0%, a range of 0.0–75.2%, and a standard deviation of 19.1. The
difference of ECSCC N+ v. ECSCC N− was also significant (p < 0.001) in the Mann–Whitney
U-test. Taken together, IMP3 could be a reliable marker for metastasis risk assessment as it
consistently correlated with the LNM rates.

3.5. IMP3 Correlates with Disease Progression and Local Relapse

In addition to the prediction of N+ cases by the IMP3 expression rates, other prog-
nostically significant outcome parameters were also analysed: A higher IMP3 expression
significantly correlated with disease progression (p < 0.001) and local relapse (p = 0.014).
However, IMP3 expression did not correlate with disease-specific death (p = 0.090) and
distant metastasis (p = 0.090).

3.6. IMP3 Analysis Categories I–III

After proving the prognostic potential of IMP3 expression analysis for pN+, a simple
clinically applicable semiquantitative IMP3 expression analysis needed to be established.
For this purpose, we analysed the IMP3 expression using three different approaches
(Analysis Categories I–III) to identify the most-reliable and -application-oriented method
for the prognostic evaluation of IMP3 expression in LSCC and ECSCC. In addition, it
should be investigated whether the correlation between increased IMP3 expression and the
increased occurrence of LNMs also applies to IMP3 Analysis Categories I–III.

3.7. IMP3 Analysis Category I (<25%, 25–50%, 50–75%, >75% IMP3 Expression)

For the first screening of IMP3 expression ranges, a quarter-step classification (IMP3
Analysis Category I; <25%, 25–50%, 50–75%, >75% IMP3 expression) was performed.
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In IMP3 Category I, the age at first diagnosis was as follows: <25% IMP3 expression:
mean 76.1 years, median 73.6, 64.7–93.9 years; 25–50% IMP3 expression: mean 76.6 years,
median 77.9 years, 42.7–94.8 years; 50–75% IMP3 expression: mean 74.9, median 75.2 years,
44.3–97.0 years; >75% IMP3 expression: mean 76.8 years, median 76.1 years, 65.2–91.7 years.
The correlation was not significant in the Pearson chi-squared test (p = 0.346).

A distribution of IMP3 expression for the AJCC was also shown: <25% IMP3 expres-
sion: Stage I (n = 5), Stage II (n = 3), Stage III (n = 1), Stage IV (n = 3); 25–50% IMP3
expression: Stage I (n = 10), Stage II (n = 8), Stage III (n = 19), Stage IV (n = 9); 50–75% IMP3
expression: Stage I (n = 7), Stage II (n = 8), Stage III (n = 24), Stage IV (n = 14); >75% IMP3
expression: Stage I (n = 1), Stage II (n = 0), Stage III (n = 7), Stage IV (n = 3). The correlation
failed to reach significance in the Pearson chi-squared test (p = 0.179).

In addition, IMP3 Analysis Category I is presented with the degree of differentiation
(grading): <25% IMP3 expression: G1 (n = 4), G2 (n = 6), G 3 (n = 2); 25–50% IMP3
expression: G1 (n = 10), G2 (n = 27), G 3 (n = 9); 50–75% IMP3 expression: G1 (n = 11),
G2 (n = 32), G 3 (n = 10); >75% IMP3 expression: G1 (n = 1), G2 (n = 8), G 3 (n = 3). The
correlation was not significant in the Pearson chi-squared test (p = 0.905).

The distribution of the strength of immunosuppression could also be shown as depen-
dent on the IMP3 expression: <25% IMP3 expression: none (n = 11), weak (n = 1), moderate
(n = 0), strong (n = 0); 25–50% IMP3 expression: none (n = 38), weak (n = 4), moderate
(n = 4), strong (n = 0); 50–75% IMP3 expression: none (n = 42), weak (n = 1), moderate
(n = 9), strong n = 1); >75% IMP3 expression: no patient with immunosuppression. The
correlation failed to reach significance in the Pearson chi-squared test (p = 0.381).

There were more cases in the N+ (LSCC N+ and ECSCC N+) group with an IMP3 ex-
pression range of 50–75% (63.9%) and an IMP3 expression range >75% (16.4%) as compared
to the respective N− groups.

In line with this, the quartiles with lower IMP3 expression ranges showed fewer cases
in the N+ (LSCC N+ and ECSCC N+) group (IMP3 expression range <25% (1.6%) and IMP3
expression range of 25–50% (18.0%)).

As expected, there were significantly more cases in the N− (LSCC N− + ECSCC N−)
group with an IMP3 expression range <25% (18.0%) or IMP3 expression range of 25–50%
(57.4%) and fewer cases for the high expression ranges (IMP3 expression range of 50–75%
(23.0%) and IMP3 expression range >75% (1.6%)).

The cross-tabulation showed significance (p < 0.001) for IMP3 Analysis Category I
with nodal status in the Pearson chi-squared test.

We then analysed this in further detail by comparing the individual subgroups (LSCC
N−, LSCC N+, ECSCC N−, ECSCC N+) and found that, generally, the lower quartiles were
more frequent in the N− subgroups, whereas in the N+ subgroups, the higher quartiles
were prevalent: LSCC N−: IMP3 expression <25% (17.2%), IMP3 expression of 25–50%
(65.5%), IMP3 expression of 50–75% (17.2%), IMP3 expression >75% (0%); LSCC N+: IMP3
expression <25% (3.4%), IMP3 expression of 25–50% (13.8%), IMP3 expression of 50–75%
(75.9%), IMP3 expression >75% (6.9%); ECSCC N−: IMP3 expression <25% (18.8%), IMP3
expression of 25–50% (50.0%), IMP3 expression of 50–75% (28.1%), IMP3 expression >75%
(3.1%); ECSCC N+: IMP3 expression <25% (0%), IMP3 expression of 25–50% (21.9%), IMP3
expression of 50–75% (53.1%), IMP3 expression >75% (25.0%).

After subgroup analysis, the correlations of IMP3 Analysis Category I with different
clinical pathological outcome parameters were examined for all patients.

A significant correlation between IMP3 expression and N+ (p < 0.001) was demon-
strated for IMP3 Analysis Category I.

There was no significant correlation (p = 0.370) of IMP3 Analysis Category I and
disease-specific death in the Pearson chi-squared test. In contrast, there was a correlation in
IMP3 Analysis Category I and disease progression (p < 0.001). In addition, trends could be
shown for IMP3 Analysis Category I and distant metastasis (p = 0.093) and IMP3 Analysis
Category I and local relapse (p = 0.058).
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As we saw before that IMP3 expression correlates with disease-free progression, we
also performed a Kaplan–Meyer analysis for progression-free survival for IMP3 Analy-
sis Category I: Figure 2 shows that progression-free survival was reduced for an IMP3
expression range > 50%. The log-rank test (comparison with the <25% IMP3 expression
range) showed a significant difference with the 50–75% IMP3 expression range (p = 0.007)
and >75% IMP3 expression range (p = 0.004). For the 25–50% IMP expression range, no
significant difference could be shown.
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Figure 2. The progression-free survival was shortened depending on the IMP3 expression ranges
(IMP3 Analysis Category I; <25%, 25–50%, 50–75%, >75%). A higher IMP3 expression of >50% was
correlated with a less progression-free survival.

3.8. IMP3 Analysis Category II (0%, 1–20%, 21–60%, >60% IMP3 Expression)

After the analysis of the IMP3 Analysis Category I (<25%, 25–50%, 50–75%, >75% IMP3
expression), the IMP3 expression was subdivided into thirds (IMP3 Analysis Category II;
0%, 1–20%, 21–60%, >60% IMP3 expression).

In IMP3 Category II, the age at first diagnosis was as follows: 0% IMP3 expres-
sion: mean 69.5 years, median 71.6 years, 64.7–72.1 years; 1–20% IMP3 expression: mean
78.8 years, median 77.4 years, 69.5–93.9 years; 21–60% IMP3 expression: mean 75.8 years,
median 76.5 years, 42.7–97.0 years; >60% IMP3 expression: mean 75.8 years, median
76.0 years, 44.3–97.0 years. The correlation was not significant in the Pearson chi-squared
test (p = 0.223).

In addition, a distribution of IMP3 Analysis Category II could be shown for the AJCC:
0% IMP3 expression: Stage I (n = 2), Stage II (n = 1), Stage III (n = 0), Stage IV (n = 0); 1–20%
IMP3 expression: Stage I (n = 2), Stage II (n = 2), Stage III (n = 1), Stage IV (n = 3); 21–60%
IMP3 expression: Stage I (n = 13), Stage II (n = 15), Stage III (n = 29), Stage IV (n = 14); >60%
IMP3 expression: Stage I (n = 6), Stage II (n = 1), Stage III (n = 21), Stage IV (n = 12). The
correlation was significant in the Pearson chi-squared test (p = 0.042).

In addition, the IMP3 Analysis Category I is presented with the degree of differen-
tiation (grading): 0% IMP3 expression: G1 (n = 2), G2 (n = 1), G 3 (n = 0); 1–20% IMP3
expression: G1 (n = 2), G2 (n = 4), G 3 (n = 2); 21–60% IMP3 expression: G1 (n = 16), G2
(n = 42), G 3 (n = 13); >60% IMP3 expression: G1 (n = 6), G2 (n = 26), G 3 (n = 8). The
correlation was not significant in the Pearson chi-squared test (p = 0.522).
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The distribution of the strength of immunosuppression could also be shown as
a dependent on the IMP3 expression: 0% IMP3 expression: no immunosuppression
(n = 3); 1–20% IMP3 expression: none (n = 7), weak (n = 1), moderate (n = 0), strong
(n = 0); 21–60% IMP3 expression: none (n = 58), weak (n = 4), moderate (n = 8), strong
(n = 1); >60% IMP3 expression: none (n = 34), weak (n = 1), moderate (n = 5), strong (n = 0).
The correlation failed to reach significance in the Pearson chi-squared test (p = 0.922).

In the N+ group (LSCC N+ + ECSCC N+), most patients (54.1%) were in the >60%
IMP3 expression range and 44.3% in the 21–60% IMP3 expression range. In the 0% IMP3
expression range, there were 1.6% of the cases, and in the 1–20% IMP3 expression range, no
patients (0%).

The distribution in the N− group (LSCC N− + ECSCC N−) was different. Here, in the
IMP3 expression range group 0%, 3.3% of the cases, in the IMP3 expression range 1–20%,
13.1% of the cases, in the IMP3 expression range 21–60%, 72.1% of the cases, and in the
IMP3 expression range >60%, 11.5% of the cases fell.

IMP3 expression in the subgroups (LSCC N−, LSCC N+, ECSCC N−, ECSCC N+)
was also examined:

LSCC N−: IMP3 expression range of 0%: 3.4%, IMP3 expression range of 1–20%:
10.3%, IMP3 expression range of 21–60%: 79.3%, IMP3 expression range >60%: 6.9%; LSCC
N+: IMP3 expression range of 0%: 3.4%, IMP3 expression range of 1–20%: 0%, IMP3
expression range of 21–60%: 37.9%, IMP3 expression range >60%: 58.6%; ECSCC N−: IMP3
expression range of 0%: 3.1%, IMP3 expression range of 1–20%: 15.6%, IMP3 expression
range of 21–60%: 65.6%, IMP3 expression range >60%: 15.6%, ECSCC N+: IMP3 expression
range of 0%: 0%, IMP3 expression range of 1–20%: 0%, IMP3 expression range of 21–60%:
50.0%, IMP3 expression range >60%: 50.0%.

No correlation was found between IMP3 Analysis Category II and the risk of disease-
related death and local relapse.

In contrast, the Pearson chi-squared test showed a positive correlation of IMP3 Analy-
sis Category II with disease progression (p = 0.001), distant metastasis (p = 0.014), and LNM
(p = 0.008).

3.9. IMP3 Analysis Category III (<50%, >50% IMP3 Expression)

A quick and clinically easy way to implement IMP3 analysis is the classification into
the >50% and <50% IMP3 expression ranges (IMP3 Analysis Category III).

In IMP3 Category III, the age at first diagnosis was as follows: >50% IMP3 expres-
sion: mean 75.3 years, median 75.7 years, 44.3–97.0 years; <50% IMP3 expression: mean
76.5 years, median 76.1 years, 42.7–94.8 years. The correlation was not significant in the
Pearson chi-squared test (p = 0.397).

A distribution of IMP3 expression for the AJCC was also shown: >50% IMP3 expres-
sion: Stage I (n = 8), Stage II (n = 9), Stage III (n = 33), Stage IV (n = 18); <50% IMP3
expression: Stage I (n = 15), Stage II (n = 10), Stage III (n = 18), Stage IV (n = 11). The
correlation failed to reach significance in the Pearson chi-squared test (p = 0.80).

In addition, the IMP3 Analysis Category I is presented with the degree of differentia-
tion (grading): >50% IMP3 expression: G1 (n = 12) G2 (n = 43) G 3 (n = 13); <50% IMP3
expression: G1 (n = 14) G2 (n = 30) G 3 (n = 10). The correlation was not significant in the
Pearson chi-squared test (p = 0.530).

The distribution of the strength of immunosuppression could also be shown as depen-
dent on the IMP3 expression: >50% IMP3 expression: none (n = 57), weak (n = 1) moderate
(n = 9) strong (n = 1); <50% IMP3 expression: none (n = 45), weak (n = 5) moderate (n = 4)
strong (n = 0). The correlation failed to reach significance in the Pearson chi-squared test
(p = 0.141).

The >50% IMP3 expression range was positively correlated with the presence of LNMs
at all sites (LSCC N+ + ECSCC N+): 83.6% of these cases showed an LNM and 27.9% no
LNM. In contrast, 72.1% of patients in the <50% IMP 3 expression range group did not
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have an LNM (LSCC N− + ECSCC N−), and 16.4% had an LNM. Thus, a higher IMP3
expression of >50% was significantly (p < 0.001) correlated with the occurrence of an LNM.

We next analysed the localisation subgroups and also found significant correlations
with IMP3 Expression Category III. In the LSCC group and IMP3 expression >50%, 82.8% of
patients had an LNM and only 24.1% had no LNM. In the LSCC group and IMP3 expression
<50%, 75.9% of patient cases showed no LNM and only 17.2% had LNM.

Comparable results were also found in the ECSCC group. In the ECSCC group and an
IMP3 expression of >50%, 84.4% of patients had an LNM and 31.3% had no LNM. In line
with this, in the ESCC group and an IMP3 expression of <50%, 68.8% of the patients had no
LNM and 15.6% had an LNM. IMP3 Expression Category III (<50%, >50% IMP3 expression)
was significantly correlated (p < 0.001) with the risk for LNMs in the subgroups.

Although we were able to show the significant correlation of >50% IMP3 expression
and LNMs, we could unfortunately not demonstrate a significant correlation for IMP3
expression and distant metastasis in this category. Furthermore, there was a correlation
between IMP3 Analysis Category III and disease progression (p < 0.001).

In addition, it was investigated whether IMP3 Analysis Category III correlated with
the risk of local recurrence. There was a correlation (p = 0.012) for IMP3 Analysis Category
III and local recurrence in the Pearson chi-squared test.

To examine whether the 50% expression cutoff was also able to predict the disease-
specific survival, we analysed IMP3 Expression Category III with disease-related death.
Higher IMP3 expression showed a tendency (p = 0.092) towards disease-related death in
the IMP3 expression category in the log rank test (Mantel–Cox). A higher IMP3 expression
of >50% showed a lower disease-specific survival (Figure 3).
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>50% (IMP3 Analysis Category II).

Another important clinical outcome parameter is progression-free survival. A higher
IMP3 expression >50% was correlated also with a shorter progression-free survival. The log
rank test (Mantel–Cox) showed significant differences (p < 0.001). Figure 4 demonstrates
the Kaplan–Meier curve for progression-free survival and IMP3 expression (IMP3 Analysis
Category III (<50%, >50%)).
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3.10. Concluding Remarks on the Results

The tumour marker IMP3 seems to be suitable for outcome prediction in LSCC and
ECSCC. We observed a significant risk prediction potential for LNMs and, in particu-
lar, with IMP3 Analysis Category III (<50%, >50%). The evaluation was fast, efficient,
and simple.

4. Discussion
4.1. Strengths and Weaknesses of the Study

The strength of the study is a high number of rare cases of cSCC of the ear and lip
with lymph node metastasis. However, because of the distribution of the groups of N+
and N−, a selection bias is possible. Nevertheless, with the matched pair approach, it is
possible to minimise the effects of known risk factors for bad prognosis and to work out
the effect of the marker IMP3 in small cohorts. The matched pair approach nevertheless
triggers a selection bias, which is why a multivariate analysis was deliberately omitted.

A weakness of retrospective analysis in general is that the data quality is lower than
in a prospective approach, but for preclinical testing of IMP3, it is still more efficient than
a prospective approach.

The classification of the expression ranges presented here can also be critically ques-
tioned. However, there is no standardised evaluation method for IMP3 in the litera-
ture, and different cutoff values have been published for when expression is consid-
ered positive [12]. It should be added that the evaluations also vary with regard to the
semi-quantitative analysis.

Another strength of our study is that the IMP3 expression analysis was consistent
between the two investigators, indicating that the analysis method seems to be reliable and
independent of the examiner.

The origin of LSCC is often not detectable. It is possible that the origin is the oral
mucosa, the white of the lip, or the red of the lip. This makes the exact onset of the disease
and, thus, the precise classification into oSCC, cSCC, or LSCC difficult [15]. Unfortunately,
this could have an impact on tumour aggressiveness. Oral SCCs are much more aggressive
than SCCs of the skin [3]. The LSCC shows an intermediary status in aggressiveness. This
is the reason why the LSCC is more and more seen as an independent tumour entity. In
addition, the outer lip was found to be about 40-times more frequently affected by LSCC
and other tumour entities than the inner lip [16]. Our study included upper lip and lower
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lip cancers because many studies did not show a prognostic difference between upper lip
and lower lip cancers [1,17–19].

In the present study, the patient’s phototype was not recorded. The phototype could
also have an influence on the outcome in connection with IMP3 expression.

However, this is an academic discussion, and for the clinician, the assessment of
aggressiveness is often, nonetheless, difficult. It might be reasonably assumed that lymph
drainage is not the same in the comparison of the lip and ear. Likewise, the tumour biology
is perhaps different. Nevertheless, we strongly believe that the strengths of our study
outweigh the limitations.

4.2. Is IMP3 Expression Useful for the Clinical Outcome Prediction of High-Risk Localisation
in cSCC?

In the literature, IMP3 is examined in many different tumour entities [20–22].
The RNA-binding protein IMP3 is known as a cancer-specific gene [10,12]. An in-

creased IMP3 expression was observed in both malignant and benign neoplasm [7,12].
Furthermore, it is possible to differentiate between cSCC and keratoacanthoma with the
marker IMP3 [23]. Chen et al. showed that an increased IMP3 expression is associated with
a high recurrence and metastasising rates in many tumour entities [12]. This predisposes
the protein IMP3 as a tumour marker for oncology decision-making. Many therapeutic
decisions such as radiation or radio-chemotherapy are dependent on lymph node status.
Liao et al. showed that IMP3 promotes the proliferation, cell growth, and robustness
against ionising radiation [24]. Thus, one can speculate that IMP3 can be used to assess the
response rate or indication for the radiotherapy of cSCC.

Another useful application of IMP3 could be the outcome prediction of cSCC during
follow-up. In our study, we investigated this potential and aimed to identify the best
assessment method. We found that a high IMP3 expression >50% showed a shortened
progression-free survival into the seventh year. Especially in the first 24 months, the
progression-free survival deteriorates strongly with an IMP3 expression >50%. After
approximately 24–36 months, there is no or only marginal change in progression-free
survival. Our data suggest that patients with an IMP3 expression >50% should be followed
up more closely because of higher event risk. The marker IMP3 could thus be the basis for
the decision of after-care duration of high-risk cSCC patients. However, this hypothesis
must be controlled by bigger prospective cohorts.

In addition, we found a tendency (but a lack of significance) towards poorer disease-
specific survival with increased IMP3 expression >50%. It seems sensible and exciting to
investigate this connection in a larger collective.

It is known that IMP3 expression is different in the main tumour or satellite cells [13].
Future studies should also evaluate outcome differences when IMP3 expression is studied
in the primarius tumours or in the LNMs.

Our study found no significant correlation between distant metastasis and IMP3
expression. However, this might be due to the small number of patients with distant
metastasis. An increased risk for distant metastasis is permissible because of the correlation
of lymph node metastasis and distant metastasis [25]. This fact must be controlled for IMP3
by bigger cohorts.

Taken together, the IMP3 expression is a promising candidate for risk assessment
of high-risk cSCC in the clinic. Furthermore, it has a high scientific potential for further
studies and could potentially be used as a prognostic marker in diagnostic and therapeutic
decision-making.

4.3. Which Is the Best IMP3 Expression Category for Clinical IMP3 Outcome Prediction?

After confirming the beneficial outcome prediction of IMP3 in high-risk cSCC, the
question of IMP3 expression range analysis (IMP3 analysis categories) should be discussed
in terms of application areas and potential clinical use. Different clinical endpoints can
be defined for outcome prediction. Lin et al. showed a correlation between increased
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IMP3 expression and a decreased 5-year survival [13]. Our data showed that IMP3 Anal-
ysis Category III (<50%, >50%) could be used for follow-up assessment and prediction
of progression-free survival. A shorter progression-free survival, especially in the first
months, was correlated with IMP3 expression >50%. A new approach could be to adjust
tumour follow-up care dependent on IMP3 expression. Since the risk of local relapse is
increased with high IMP3 expression, this could support the call for IMP3-dependent
closely monitored follow-up care.

In addition, the nodal status is important for the discussion of staging and therapy.
The finding of significant differences in group and subgroup analysis made it necessary
to find a suitable analysing system and cutoff value for the evaluation of potential clinical
use for practitioners. The higher expression of IMP3 in the N+ group of LSCC and ECSCC
requires the search for a cutoff value to use IMP3 as an LNM prediction marker. For this
also, it seems that IMP3 Analysis Category III (>50%; <50%) is best suited. At an IMP3
expression >50%, the risk for LNMs increased. A similar correlation of IMP3 expression
and the risk for LNMs was found in literature for oral cancer [13]. The few categories are
advantageous for quick and cost-effective implementation for the clinician for prognostic
prediction of LNMs. The discrimination of the expression level into just these two ranges
is till sufficient for risk assessment and, then, is the easiest, yet still reliable method for
clinical use.

4.4. IMP3 Expression Analysis Could Potentially Help in Decision-Making of Neck Dissection

There is wide knowledge about many tumour entities with a correlation between
IMP3 and the risk for LNMs or DMs [12,13,26–28]. For oSCC and also for squamous cell
carcinoma of the uterine cervix, a significant correlation between IMP3 and LNMs has been
shown [13,26]. In contrast, in another tumour entity, prostate carcinoma, increased IMP3
expression of the primary tumour was shown in the presence of distant metastasis [28].

This correlation shows that IMP3 is unfortunately not specific to cSCC and can also be
found in other tumour entities. Nevertheless, it also shows that IMP3 seems to play a role
in many tumour entities with regard to metastasis.

Thus, we aimed to analyse if the IMP3 expression status is usable for LNM risk
evaluation in high-risk localisations of cSCC. The LNM is an important clinical tool to
estimate the prognosis. There is always a discussion about the extent of neck dissection
in LSCC and ECSCC. The therapeutic consequence is often a neck dissection, but for
the patient, it has a huge impact on the quality life. The decision of a neck dissection
often depends on the orientation of a conservative or more-surgical medical discipline.
IMP3 could help to support the decision for or against neck dissection in the high-risk
localisations of cSCC.

The next question could be as follows: Should every patient with cSCC get an IMP3
expression status? Our opinion is that only the patients with high-risk localisation of
the lip and ear benefit from this diagnostic tool because of the increased risk for LNMs.
Without randomised, multi-centre, and controlled studies, there is no final statement for
this biomarker. Nevertheless, there is a good cost–benefit for the reproducible immuno-
histochemical marker IMP3. More studies are needed to investigate this promising and
exciting tumour marker in cSCC.

4.5. Outlook on IMP3 Vaccination/IMP3 Therapy

In advanced oesophageal cancer, IMP3 and other peptides (TTK, LY6K) have been
used therapeutically as vaccines in phase II clinical trials. The authors postulate that
an improvement in prognosis could be achieved [29]. Similarly, prognosis improvement
by vaccination with IMP3 and other peptides (LY6K, CDCA1) has been used in advanced
HNSCC in phase II clinical trials [30]. However, it remains to be seen whether these
therapies will become established and whether they can find their way into the treatment
of high-risk localisations of cSCC. Unfortunately, there is currently no therapy available
that targets IMP3. However, due to the frequent occurrence of IMP3 expression, especially
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in aggressive tumours, the target structure appears to be interesting for system therapies.
Interestingly, there is some evidence that IMP3 could be used to assess chemosensitivity
in triple-negative breast cancers [31,32]. For example, Ohashi et al. showed that IMP3-
positive tumours were significantly more likely to be non-responders to neoadjuvant
chemotherapy [32]. It remains to be seen whether an influence of IMP3 on chemosensitivity
can also be shown for cSCC.

5. Conclusion

In summary, the immunohistochemical marker IMP3 is suitable as a prognostic marker
in high-risk localisation of cSCC. All three applied analysis categories showed significances
in their correlation with the clinical outcome of the patients. A classification into <50%
and >50% expression seems to be easily applicable, reproducible, and efficient and, thus, is
the most-promising strategy to apply in the clinic. Furthermore, IMP3 assessment could
help in the decision-making of radical neck dissection or could reduce non-indicated neck
dissection in high-risk cSCC. Lastly, IMP3 expression can also be used to identify aggressive
tumours early on and to adjust the patients’ follow-up care.
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Simple Summary: Each year, new cases of oral cancer occur and metastasis represents the primary
determinant for survival. Thus, there is a need to improve the preoperative assessment of metastatic
risk. Scientific evidence discovered that BAY 11-7082, a powerful inhibitor of the NLRP3 inflamma-
some, is able to modulate cell invasion and migration and counteract the apoptosis process. The
purpose of this study was to evaluate the effect of BAY-117082 in an in vivo orthotopic model of
OSCC and its role in the invasiveness and metastasis processes in neighbor organs such as lymph
node, lung, and spleen tissues.

Abstract: Oral squamous cell carcinoma (OSCC) is a commonly occurring head and neck cancer and
it is characterized by a high metastasis grade. The aim of this study was to evaluate for the first time
the effect of BAY-117082, a selective NLRP3 inflammasome inhibitor, in an in vivo orthotopic model
of OSCC and its role in the invasiveness and metastasis processes in neighbor organs such as lymph
node, lung, and spleen tissues. Our results demonstrated that BAY-117082 treatment, at doses of
2.5 mg/kg and 5 mg/kg, was able to significantly reduce the presence of microscopic tumor islands
and nuclear pleomorphism in tongue tissues and modulate the NLRP3 inflammasome pathway
activation in tongue tissues, as well as in metastatic organs such as lung and spleen. Additionally,
BAY-117082 treatment modulated the epithelial–mesenchymal transition (EMT) process in tongue
tissue as well as in metastatic organs such as lymph node, lung, and spleen, also reducing the
expression of matrix metalloproteinases (MMPs), particularly MMP2 and MMP9, markers of cell
invasion and migration. In conclusion, the obtained data demonstrated that BAY-117082 at doses of
2.5 mg/kg and 5 mg/kg were able to reduce the tongue tumor area as well as the degree of metastasis
in lymph node, lung, and spleen tissues through the NLRP3 inflammasome pathway inhibition.

Keywords: oral cancer; NLRP3; metastasis; lymph node; spleen; lung

1. Introduction

Oral squamous cell carcinoma (OSCC) represents a common type of head and neck
cancer; it is characterized by poor prognosis [1,2]. Radical resection represents the better
strategy for patients with moderate to advanced oral cancer [3]. The multidisciplinary ther-
apy of surgical resection, radiation, and chemotherapy in patients with an advanced stage
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resulted in 20% of patients being identified to have developed distant metastasis (DM) [4];
although the frequency of DM decreased, DM reduces a patient’s quality of life and affects
the clinical outcome. DM typically manifest itself in the lung (81.5%), followed by bone
and liver (20%); only a few articles have reported a different localization of DM in the
lymph nodes [5], spleen, kidney, and heart [6,7]. Despite the currently available therapeutic
options for the treatment of oral cancer, the survival rate for patients with OSCC remains
very low [8]. Oral cancer is characterized by a metastasis process which includes the de-
tachment of cells from tumor tissue, and their invasion, proliferation, and evasion through
the lymphatic or blood system [9]. Therefore, the identification of new therapeutic targets
and new molecules capable of decreasing or preventing the progression of oral cancer
represents a crucial purpose. In the field of cancer research, great interest has been dedi-
cated to inflammasomes-mediated inflammation [10]. Inflammasomes are multi-protein
complexes which consist of the nucleotide-binding and oligomerization domain (NOD)-like
receptor (NLR), adapter protein apoptosis-associated speck-like protein-containing CARD
(ASC), and caspase-1 [11]. The inflammasome complex can be activated by various stimuli
which subsequently cleave pro-interleukine-1β (IL-1β) to its mature bioactive form via the
activated caspase-1 [12]. The involvement of inflammasome in bladder cancer [13], gastric
cancer [14], and leukemia [15] has been highlighted by several studies; however, the role of
NLRP3 in DM due to OSCC has not been fully elucidated. Scientific evidence has shown
that BAY 11-7082, a powerful inhibitor of the NLRP3 inflammasome [16], possesses various
pharmacological abilities; it is also able to modulate the apoptosis process [17]. The purpose
of this study was to evaluate the effect of BAY-117082, a selective NLRP3 inflammasome
inhibitor, in an in vivo orthotopic model of OSCC and its role in the invasiveness and
metastasis processes in neighbor organs such as lymph nodes, lung, and spleen tissues.

2. Materials and Methods
2.1. Animals

BALB/c nude male mice were obtained from Jackson Laboratory (Bar Harbor, Han-
cock, ME, USA) and fed with a typical regimen and water ad libitum under pathogen-free
conditions with a cycle of 12 h light/12 h dark. Animal study was accepted by the Univer-
sity of Messina (n 368/2019-PR released on 14 May 2019) according to Italian regulations
for the use of animals. This study was approved by the University of Messina review
board for the care of animals. All animal experiments were carried out in agreement with
Italian (DM 116192) and European Union regulations (2010/63/EU amended by Regulation
2019/1010).

2.2. Cell Line

The OSCC cell line CAL27 was acquired from ATCC (Manassas, VA, USA). CAL27
cells were grown in Dulbecco’s modified Eagle’s medium (Invitrogen, Waltham, MO, USA)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen) and 100 U/mL penicillin
and 100 µg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA) at 37 ◦C with 5% CO2.

2.3. Experimental Design

The orthotopic model was performed as previously described [18,19]. Briefly,
1 × 106 CAL27 cells in 20 µL of phosphate-buffered saline (PBS) were injected into the
lateral portion of the tongues of animals using a sterile 0.5 mL insulin syringe. Mice in
the control group were injected with the vehicle only. Then, the animals were randomly
divided into 4 groups to receive the vehicle or BAY-117082 at the doses of 2.5 and 5 mg/kg
every 3 days according to [16,17] and as previously described in our study [16]. BAY-
117082 was dissolved in PBS with 0.001% of DMSO. After 30 days, the mice were sacrificed,
and the tongue, lung, lymph nodes, and spleen were excised and processed to perform
several analyses.
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Experimental Groups

Sham group (vehicle): mice only received vehicle (PBS).
OSCC group: intraperitoneal (ip) administration of PBS after OSCC model induction.
OSCC+ BAY-117082 2.5 mg/kg: mice received BAY-117082 2.5 mg/kg dissolved in

PBS by intraperitoneal administration.
OSCC++ BAY-117082 5 mg/kg: mice received BAY-117082 5 mg/kg dissolved in PBS

by intraperitoneal administration.

2.4. Hematoxylin and Eosin (H&E) Staining

The H&E assay was performed as shown previously [20]. Briefly, samples from tongue
tumors and metastases from lung, spleen, and lymph node were deparaffinized with xylene
and stained with H&E staining. The images are shown at 10× magnification (100 µm of the
Bar scale) using an Axiovision Zeiss microscope (Milan, Italy). The degree of metastasis
was quantified in the lymph node, lung, and spleen to evaluate the metastasis foci, as
described previously [21].

2.5. Immunohistochemical Localization of N-cadherin, E-cadherin, MMP-2, MMP-9, and NLRP3

Immunohistochemistry was conducted as explained previously [22]. Sections from
tongue tumors and metastases from lung, spleen, and lymph node were incubated overnight
at room temperature with different primary antibodies: anti-N-cadherin (sc-393933, 1:100;
Santa Cruz Biotechnology, Dallas, TX, USA), anti-E-cadherin (sc-8426, 1:100; Santa Cruz
Biotechnology, Dallas, TX, USA), anti-MMP2 (sc-13595, 1:100; Santa Cruz Biotechnology,
Dallas, TX, USA), anti-MMP9 (sc-393859, 1:100; Santa Cruz Biotechnology, Dallas, TX, USA),
and anti-NLRP3 (sc-34411, 1:500; Santa Cruz Biotechnology, Dallas, TX, USA). Later, the
pieces were cleaned with PBS and incubated for 1 h with the secondary antibody (Santa
Cruz Biotechnology, CA, USA). This was performed using a negative control with no
primary antibody. For the immunohistochemistry, magnifications of 20× (50 µm scale bar)
are displayed.

2.6. Western Blot Analysis

Western blot analyses on samples from tongue, lung, and spleen metastases was
performed as described previously [22]. The membranes were incubated with primary
antibodies: anti-NLRP3 (sc-34411, 1:500; Santa Cruz Biotechnology, Dallas, TX, USA),
anti-ASC (sc-22514, 1:500; Santa Cruz Biotechnology, Dallas, TX, USA), anti-IL-1β (sc-
32294, 1:500; Santa Cruz Biotechnology, Dallas, TX, USA), anti-IL-18 (sc-80051, 1:500;
Santa Cruz Biotechnology, Dallas, TX, USA), anti-N-cadherin (sc-393933, 1:100; Santa Cruz
Biotechnology, Dallas, TX, USA), anti-E-cadherin (sc-8426, 1:100; Santa Cruz Biotechnology,
Dallas, TX, USA), anti-MMP2 (sc-13595, 1:100; Santa Cruz Biotechnology, Dallas, TX, USA),
anti-MMP9 (sc-393859, 1:100; Santa Cruz Biotechnology, Dallas, TX, USA), and anti-βactin
for cytosolic fraction (1:500; Santa Cruz Biotechnology; Dallas, TX, USA. sc-8432). Signals
were perceived with an enhanced chemiluminescence (ECL) detection system mixture
according to the manufacturer’s instructions (Thermo Fisher, Waltham, MA, USA).

2.7. Enzyme-Linked Immunosorbent Assay (ELISA) for NF-κB and IκBα

The levels of NF-κBp65 and IκBα in tongue samples were measured by an ELISA
kit according to the manufacturer’s instructions (NFκB-p65 ELISA Kit, Catalog No: E-
EL-M0838; Elabscience; IκBα ELISA kit, Catalog No: MOES01330; AssayGenie). The
homogenates were centrifuged for 5 min at 5000× g; then, the supernatants were collected
and stored at −20 ◦C.

2.8. Materials

The reagents were obtained from Sigma-Aldrich (Milan, Italy). All stock solutions
were made in PBS (Sigma-Aldrich, Milan, Italy).

282



Cancers 2023, 15, 2796

2.9. Statistical Analysis

Data were analyzed with GraphPad Prism 7.04 software using one-way ANOVA
analysis followed by a Bonferroni post hoc test for multiple comparisons. A p-value of
less than 0.05 was considered significant. All values are indicated as a mean ± standard
deviation (SD).

3. Results
3.1. BAY-117082 Treatment Reduced OSCC Growth

Histological analysis revealed that the OSCC group was characterized by the pres-
ence of microscopic tumor islands around the main tumor site, an archetypical feature of
squamous cell carcinoma, irregular size, and nuclear pleomorphism compared to the sham
group (Figure 1A,B). Nevertheless, BAY-117082 at doses of 2.5 mg/kg and 5 mg/kg signif-
icantly decreased the tumor area, restoring the tongue tissue architecture (Figure 1C,D).
During the experiment, the OSCC group showed a significant reduction in body weight
compared to the sham group; however, the BAY-117082 treatment at doses of 2.5 mg/kg
and 5 mg/kg showed no significance (Figure 1E).
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Figure 1. Effects of BAY-117082 treatment on tumor growth. The treatment with BAY-117082
2.5 mg/kg and 5 mg/kg significantly diminished the tumor mass (C,D) compared to the OSCC
group (B). A significant decrease in animals’ body weights was observed in the OSCC group com-
pared to sham group; however, BAY-117082 at both doses did not show any significance (E). Sections
were observed and photographed at 10× magnification. (E) *** p < 0.01 vs. sham group.

3.2. BAY-117082 Treatment Reduced NLRP3 Inflammasome Pathway Activation in OSCC

The NLRP3 inflammasome pathway overactivation could contribute to oral cancer
progression [23]. Therefore, we decided to evaluate the effect of BAY-117082 on the NLRP3
and ASC expression by Western blot analysis, demonstrating that the expression of NLRP3
and ASC are very high in the OSCC group compared to the sham group; nevertheless,
BAY-117082 at both doses significantly decreased their expression in a dose-dependent
manner (Figure 2A,B). When activated, the NLRP3 inflammasome stimulates the release of
pro-inflammatory cytokines IL-1β and IL-18, which promote the progression of cancer [16].
According to this, we found an increase in the IL-1β and IL-18 expressions in the OSCC
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group; however, the treatment with BAY-117082 at doses of 2.5 mg/kg and 5 mg/kg
significantly decreased their expression in a dose-dependent manner (Figure 2C,D).

Figure 2. BAY-117082 reduced the NLRP3 inflammasome pathway activation in tongue samples.
Western blot analysis showed that BAY-117082 2.5 mg/kg and 5 mg/kg decreased NLRP3, ASC,
IL-1β, and IL-18 expression compared to the OSCC group. Data are representative of at least three
independent experiments. (A–C) *** p < 0.001 vs. sham; ## p < 0.01 and ### p < 0.001 vs. OSCC;
(D) *** p < 0.001 vs. control; # p < 0.05 and ### p < 0.001 vs. OSCC. The uncropped bolts are shown in
Supplementary Materials.

3.3. BAY-117082 Treatment Modulated Epithelial–Mesenchymal Transition (EMT) and Matrix
Metalloproteinases (MMPs) Expression in OSCC

Studies demonstrated that the epithelial–mesenchymal transition (EMT) plays a key
role in the processes of oral cancer invasion and metastasis [24]. Thus, we decided to
investigate the effect of BAY-117082 on N-cadherin and E-cadherin expression by im-
munohistochemical analysis, demonstrating that the OSCC group was characterized by
an increase in N-cadherin and a decrease in E-cadherin expression compared to the sham
groups (Figure 3A,B,F,G); however, the treatment with BAY-117082 at doses of 2.5 mg/kg
and 5 mg/kg significantly reduced and increased the N-cadherin and the E-cadherin ex-
pressions, respectively, as shown in Figure 3C,D (see the % of the total tissue area score
in Figure 3E) and Figure 3H,I (see the % of the total tissue area score in Figure 3J), re-
spectively. Furthermore, we decided to evaluate the effect of BAY-117082 on the matrix
metalloproteinase levels and particularly on MMP2 and MMP9, as markers of cell invasion
and migration [25], showing that BAY-117082 at doses of 2.5 mg/kg and 5 mg/kg was able
to significantly decrease their levels compared to the OSCC group, as shown in Figure 3K–N
(see the % of the total tissue area score in Figure 3O); and in Figure 3P–S (see the % of the
total tissue area score in Figure 3T).
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Figure 3. BAY-117082 treatment modulated the EMT process and MMP expression in tongue samples.
Immunohistochemical analysis revealed that the treatment with BAY-117082 at doses of 2.5 and
5 mg/kg was able to reduce N-cadherin (C,D,M,N,R,S), MMP2, and MMP9 staining compared to
the OSCC group (B,L,Q), increasing E-cadherin (H and I). Data are representative of at least three
independent experiments. (A–D) *** p < 0.001 vs. sham; ### p < 0.001 vs. OSCC. (Scale bar: 50 µm).

3.4. BAY-117082 Treatment Reduced Metastasis Grade in OSCC Metastasis in Lymph Node, Lung,
and Spleen

The metastasis process plays a pivotal role in oral cancer [26]. The most common
site for OSCC metastasis is that of a cervical lymph node; however, tumor cells can move
through lymphatic or blood vessels to distant metastatic sites such as the lung and the
spleen [6]. Therefore, based on these considerations, we first decided to evaluate the ability
of BAY-117082 to reduce the metastasis grade in the OSCC metastatic organs such as lymph
nodes. Our results demonstrate that the OSCC group was characterized by the formation
of an epidermoid cyst-like lesion lined by a layer of stratified squamous epithelium and nu-
clear pleomorphism compared to the sham group (Figure 4A,B,M); however, the treatment
with BAY-117082 at doses of 2.5 mg/kg and 5 mg/kg was able to significantly decrease the
lymphatic metastasis (Figure 4C,D,M). Additionally, we investigated whether BAY-117082
also reduced lung and spleen metastasis following OSCC induction. The histological
analysis demonstrated that BAY-117082 at doses of 2.5 mg/kg and 5 mg/kg significantly
reduced the diffuse tumor cell infiltration as well as the presence of multifocal cellular
aggregates in lung tissues compared to the OSCC group (Figure 4E–H,N). Meanwhile,
the histological analysis of spleen tissues showed that the tumor cells were spindled to
polygonal with a poorly demarcated eosinophilic cytoplasm followed by the multinodular
infiltration in the OSCC group compared to the sham group (Figure 4I,J); however, the
treatment with BAY-117082 at both doses was able to significantly reduce the degree of
metastasis (Figure 4K,L,O).
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Figure 4. BAY-117082 treatment modulated the metastasis process in the lymph node, lung, and
spleen. Histological analysis revealed that the treatment with BAY-117082 at doses of 2.5 and 5 mg/kg
was able to reduce the degree of metastasis in the lymph node (C,D,M), lung (G,H,N), and spleen
(K,L,O) in the C group compared to the OSCC group (B,F,J). (A,E,I) represents control groups in
lymph node, lung and spleen. Data are representative of at least three independent experiments. ND,
not designed. *** p < 0.001 vs. sham; ### p < 0.001 and vs. ## p < 0.01 OSCC.

3.5. BAY-117082 Treatment Reduced NLRP3 Inflammasome Pathway Activation in OSCC
Metastasis in Lung and Spleen

Considering the great selectivity and inhibitor effect of BAY-117082 against the NLRP3
inflammasome [27], we also decided to evaluate its effect in OSCC metastatic organs namely
the lung and spleen tissues. In this context, our results demonstrated that the OSCC groups
were characterized by an increase in NLRP3, ASC, IL-1β, and IL-18 expressions in the lung
as well as in spleen tissues compared to sham groups, respectively; however, the treatment
with BAY-117082 at doses of 2.5 mg/kg and 5 mg/kg was able to significantly decrease the
NLRP3, ASC, IL-1β, and IL-18 expressions in both OSCC metastatic organs (see the lung
panel in Figure 5A–D and the spleen panel in Figure 5E–H).
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The blots revealed that the treatment with BAY-117082 at doses of 2.5 and 5 mg/kg was able to
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lung (A–D) and spleen (E–H). Data are representative of at least three independent experiments.
(A,D,F,H) *** p < 0.001 vs. sham and ### p < 0.001 vs. OSCC; (B,E,G) *** p < 0.001 vs. sham;
## p < 0.01 and ### p < 0.001 vs. OSCC; and (C) *** p < 0.001 vs. sham; # p < 0.05 and ## p < 0.01
vs. OSCC.
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3.6. BAY-117082 Treatment Modulated Epithelial–Mesenchymal Transition (EMT) and Matrix
Metalloproteinases (MMPs) Expression in OSCC Metastatic Lymph Node, Lung, and Spleen

Considering the role of EMT in oral cancer progression [24], we also decided to
evaluate the effect of BAY-117082 on E-cadherin and N-cadherin expression in the lymph
node, lung, and spleen tissues following OSCC induction. Our data demonstrated that
the OSCC group was characterized by a decrease in E-cadherin expression in all three
OSCC metastatic organs (as shown in Figure 6A,B,F,G,K,L); however, the treatment with
BAY-117082 at doses of 2.5 mg/kg and 5 mg/kg significantly restored the E-cadherin
expression, as can be seen in the lymph node in Figure 6C,D (see the % of the total tissue
area score in Figure 6E); in the lung in Figure 6H,I (see the % of the total tissue area score
in Figure 6J; and in the spleen in Figure 6M,N (see the % of the total tissue area score
Figure 6O). Moreover, the immunohistochemical analysis showed that the OSCC groups of
the lymph node, lung, and spleen tissues were characterized by a significant increase in
N-cadherin expression compared to the sham groups (Figure 7A,B,F,G,K,L, respectively);
however, BAY-117082 at both doses reduced its expression in all three OSCC metastatic
organs, as shown in Figure 7C,D for the lymph node (see the % of the total tissue area score
in Figure 7E); in Figure 7H,I for the lung (see the % of the total tissue area score in Figure 7J);
and in Figure 7M,N for the spleen (see the % of the total tissue area score Figure 7O).
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Figure 6. BAY-117082 treatment modulated the EMT pathway in the lymph node, lung, and spleen.
Immunohistochemical analysis revealed that treatment with BAY-117082 at doses of 2.5 and 5 mg/kg
was able to increase E-cadherin in the lymph node (C,D), lung (H,I), and spleen (M,N) compared
to the OSCC group (B,G,L). Data are representative of at least three independent experiments.
(A–D) *** p < 0.001 vs. sham; ## p < 0.01 and ### p < 0.001 vs. OSCC. (Scale bar: 50 µm).

Additionally, we investigated the MMP levels by immunohistochemical analysis,
demonstrating that the OSCC groups were characterized by a significant increase in MMP2
and MPP9 levels in the lymph node, lung, and spleen tissues compared to the sham groups
(as shown in Figure 8A,B,F,G,K,L and Figure 9A,B,F,G,K,L, respectively); however, the
treatment with BAY-117082 at both doses was able to significantly reduce their levels in all
three OSCC metastatic organs, as shown in Figure 8C,D (see the % of the total tissue area
score in Figure 8E); in Figure 8H,I (see the % of the total tissue area score in Figure 8J); in
Figure 8M,N (see the % of the total tissue area score in Figure 8O); in Figure 9C,D (see the
% of the total tissue area score in Figure 9E); in Figure 9H,I (see the % of the total tissue area
score in Figure 9J); and in Figure 9M,N (see the % of the total tissue area score in Figure 9O).
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Figure 7. BAY-117082 treatment modulated the EMT pathway in the lymph node, lung, and spleen.
Immunohistochemical analysis revealed that treatment with BAY-117082 at doses of 2.5 and 5 mg/kg
was able to reduce N-cadherin in the lymph node (C,D), lung (H,I), and spleen (M,N) compared
to the OSCC group (B,G,L). Data are representative of at least three independent experiments.
(A–D) *** p < 0.001 vs. sham; ## p < 0.01 and ### p < 0.001 vs. OSCC.

Cancers 2023, 14, x FOR PEER REVIEW 11 of 15 
 

 

 

Figure 8. BAY-117082 treatment modulated MMP2 in the lymph node, lung, and spleen. Immuno-

histochemical analysis revealed that treatment with BAY-117082 at doses of 2.5 and 5 mg/kg was 

able to reduce MMP2 in the lymph node (C,D), lung (H,I), and spleen (M,N) compared to the OSCC 

group (B,G,L). Data are representative of at least three independent experiments. (A–D) *** p <0.001 

vs. sham; # p < 0.05, ## p < 0.01 and ### p < 0.001 vs. OSCC. 

 

Figure 9. BAY-117082 treatment modulated MMP9 in the lymph node, lung, and spleen. Immuno-

histochemical analysis revealed that treatment with BAY-117082 at doses of 2.5 and 5 mg/kg was 

able to reduce MMP9 in the lymph node (C,D,E), lung (H,I,J), and spleen (M,N,O) compared to the 

OSCC group (B,G,L). Data are representative of at least three independent experiments. Control 

group (A,F,K)) *** p <0.001 vs. sham; # p < 0.05 and ## p < 0.01 vs. OSCC. 

  

Figure 8. BAY-117082 treatment modulated MMP2 in the lymph node, lung, and spleen. Im-
munohistochemical analysis revealed that treatment with BAY-117082 at doses of 2.5 and 5 mg/kg
was able to reduce MMP2 in the lymph node (C,D), lung (H,I), and spleen (M,N) compared
to the OSCC group (B,G,L). Data are representative of at least three independent experiments.
(A–D) *** p < 0.001 vs. sham; # p < 0.05, ## p < 0.01 and ### p < 0.001 vs. OSCC.
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Figure 9. BAY-117082 treatment modulated MMP9 in the lymph node, lung, and spleen. Immunohis-
tochemical analysis revealed that treatment with BAY-117082 at doses of 2.5 and 5 mg/kg was able to
reduce MMP9 in the lymph node (C–E), lung (H–J), and spleen (M–O) compared to the OSCC group
(B,G,L). Data are representative of at least three independent experiments. Control group (A,F,K))
*** p < 0.001 vs. sham; # p < 0.05 and ## p < 0.01 vs. OSCC.

See Supplementary Files in Figures S1–S4.

4. Discussion

OSCC is a malignant neoplasm derived from the stratified squamous epithelium of
the oral mucosa; OSCC has an incidence of 450,000 new cases per year [28]. Smoking and
excessive alcohol consumption represent the main risk factors for OSCC development;
however, human papillomavirus (HPV), dietary deficiencies, and genomic modifications
are also involved [29]. OSCC can provoke regional as well as distant metastasis (DM) [6];
DM represents the major problem for oral cancer; it is associated with advanced stages of
oral tumors [30]. Interestingly, nodal metastasis appears when cancer cells at the primary
site pass through lymphatic channels and migrate to cervical lymph nodes [6]. Usually, oral
carcinomas spread from the primary tumor site to an anatomically distant site; however,
tumor cells extravasate from the vessels into the stroma of the metastatic site, colonizing
neighboring organs and forming macroscopic metastasis. It is notable that the lung is the
most common site for distant metastasis in cases of head and neck OSCC [31]. However,
metastasis to other organs, such as the spleen and liver, can also occur [32]. The treatment
for oral cancer includes surgical resection, followed by chemotherapy and radiotherapy;
despite the advances in therapy against OSCC, no significant decrease in mortality or
potential effects against DM have been revealed; furthermore, DM worsens the prognosis
and reduces the chances of successful treatment [6]. Although the pathophysiology of
oral cancer remains unclear, in vivo and in vitro studies have revealed the involvement
of NLRP3 inflammasome activation in contributing to the initiation and progression of
oral cancer [5,23]; NLRP3 also plays a role in activating the invasion and metastasis, which
seems to be tissue- and context-dependent [33]. Interestingly, proteolytic enzymes such as
MMPs are involved in the metastasis process and their augmented production could be
linked with the invasive and metastatic phenotype in various tumors [34]. In the process
of metastasis in oral cancer, numerous MMPs have played a key role; studies have sug-
gested that tumor stromal cells produced MMPs to promote tumor invasion [35]. Recently,
BAY-117082, as a strong inhibitor of NLRP3 inflammasome, showed significant anti-tumor
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effects, suggesting its possible use as a promising treatment for oral cancer [16]. Therefore,
based on the key roles of the NLRP3 inflammasome, in this study, the DM-promoting
property of NLRP3 was demonstrated for the first time, evaluating the beneficial effect
of BAY-117082 on reducing metastasis in an in vivo orthotopic model of OSCC. In our
previous study, we highlighted the protective effects of BAY-117082 treatment in oral can-
cer [16]; in this study, the histological analysis on OSCC tongue samples confirmed the
capacity of BAY-117082 to significantly reduce the tumor area, restoring the tongue tissue
architecture. Evidence demonstrated that the NLRP3 inflammasome controls the innate im-
munity response through ASC activation, which subsequently activates the inflammatory
response [36] by cleaving the cytokines pro-IL-1β and pro-IL-18 into their biologically active
forms [37]. It is particularly interesting that BAY-117082 is known to prevent the organiza-
tion of the ASC pyroptosome and NLRP3 inflammasome function through the alkylation of
the cysteine residues of the NLRP3 ATPase region [27]. In this study, a significant reduction
in NLRP3, ASC, IL-1β, and IL-18 expression was shown in the tumor’s samples from
BAY-117082-treated mice compared to the OSCC group. The DM of oral cancer is a complex
process involving the detachment of cells from the tumor tissue, the spread of cancer cells
to tissues and organs beyond where the tumor originated, and the formation of secondary
foci [38]; interestingly, OSCC can metastasize to the cervical lymph nodes and distant soft
tissue metastases mostly occur in the lung [39]. Additionally, although DM incidence in the
spleen is relatively low compared with that in other organs, cases have been recorded [40].
In this study, it was demonstrated for the first time that BAY-117082 treatment reduced
DM in OSCC metastatic organs, namely the lymph node, lung, and spleen. The prodigious
selectivity and inhibitor effect of BAY-117082 against the NLRP3 inflammasome was also
demonstrated through the modulation of the NLRP3 pathway in OSCC metastatic organs,
namely the lung and spleen tissues. The epithelial–mesenchymal transition (EMT) is a
process in which epithelial cells change into mesenchymal cells, acquiring high mobility
and an elevated migration grade, contributing to the progression of cancer [40]. In depth,
it has been studied that, during EMT, epithelial cells undergo a suppression of genes re-
sponsible for the synthesis of components that form adherent junctions, such as E-cadherin,
thereby causing the loss of cell adhesion and apical-basal polarity, followed by an increase
in transcription factors associated with mesenchymal genes, such as N-cadherin, vimentin,
fibronectin, and extracellular MMPs [41]. In this study, the treatment with BAY-117082
notably increased E-cadherin expression and significantly reduced the N-cadherin and
MMP expression in the OSCC tumor samples; the same effects were also confirmed on
the DM samples (for the lymph nodes, lung, and spleen), suggesting an innovative role
of BAY-117082 as a modulator of the epithelial and mesenchymal transition process in
oral cancer.

5. Conclusions

Therefore, BAY-117082 could represent an effective therapeutic strategy to reduce
or counteract OSCC metastasis in lymph nodes, lung and spleen, thanks to its ability to
modulate the NLRP3 inflammasome pathway and regulate the EMT process responsible
for connecting the secondary metastatic tumors to the OSCC primary. Additional studies
are necessary to better comprehend the role of these signaling pathways in metastases
related to OSCC.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cancers15102796/s1, Figure S1: Effect of BAY-117082 on
NF-κB/IκBα pathway. ELISA kits revealed that BAY-117082 is able to significantly reduce NF-
κB/IκBα pathway activation. (A) ** p < 0.01 vs. Sham; # p < 0.05 vs. OSCC; (B) ** p < 0.01 vs. Sham;
# p < 0.05 vs. OSCC.; Figure S2. Effect of BAY-117082 on NLRP3 inflammasome. Immunoisto-
chemical analysis demonstrated that BAY-117082 reduced cell-positive NLRP3 staining in tongue
(C–E), lung (H–J), spleen (M–O) and lymph node tissue (R–T) compared to OSCC groups (B,G,L,Q).
(E) *** p < 0.001 vs. Sham; ## p < 0.01 vs. OSCC. (J) *** p < 0.001 vs. Sham; ## p < 0.01 vs. OSCC
(O) *** p < 0.001 vs. Sham; # p < 0.05 vs. OSCC; ## p < 0.01 vs. OSCC; (T) *** p < 0.001 vs. Sham;

291



Cancers 2023, 15, 2796

## p < 0.01 vs. OSCC. Figure S3. Effect of BAY-117082 on E-cadherin, N-cadherin, MMP2 and
MMP9 expression in tongue and spleen samples. The blots reveal that treatment with BAY-117082
was able to restore E-cadherin and reduce N-cadherin, MMP2 and MMP9 expression compared to
OSCC group, in tongue (A–D) as well as in spleen (E–H). Data are representative of at least three
independent experiments. (A,G) *** p < 0.001 vs. Sham; ## p < 0.01 vs. OSCC; (B) ** p < 0.01 vs. Sham;
## p < 0.01 vs. OSCC; (C) ** p < 0.01 vs. Sham; ## p < 0.01 vs. OSCC; ### p < 0.001 vs. OSCC;
(D) *** p < 0.001 vs. Sham; ### p < 0.001 vs. OSCC; (E) ** p < 0.01 vs. Sham; # p < 0.05 vs. OSCC;
## p < 0.01 vs. OSCC; (F) *** p < 0.001 vs. Sham; # p < 0.05 vs. OSCC; ## p < 0.01 vs. OSCC;
(H) ** p < 0.01 vs. Sham; # p < 0.05 vs. OSCC. Figure S4. Effect of BAY-117082 on E-cadherin,
N-cadherin, MMP2 and MMP9 expression in lung and lymph node samples. The blots reveal that
treatment with BAY-117082 was able to restore E-cadherin and reduce N-cadherin, MMP2 and MMP9
expression compared to OSCC group, in lung (A–D) as well as in lymph node (E–H). Data are repre-
sentative of at least three independent experiments. (A,G) ** p < 0.01 vs. Sham; # p < 0.05 vs. OSCC;
## p < 0.01 vs. OSCC; (B–D) *** p < 0.001 vs. Sham; ### p < 0.001 vs. OSCC; (E) ** p < 0.01 vs. Sham;
# p < 0.05 vs. OSCC; ## p < 0.01 vs. OSCC; ## p < 0.01 vs. OSCC; (F) ** p < 0.01 vs. Sham;
## p < 0.01 vs. OSCC; ### p < 0.001 vs. OSCC; (H) *** p < 0.001 vs. Sham; # p < 0.05 vs. OSCC;
## p < 0.01 vs. OSCC.
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