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Preface to ”Molecules at Play in Cancer”

The spectacular evolution of molecular and genomic technologies, supported by advanced

mathematical and bioinformatics analytical tools, allows for both a deep understanding of the

intimate mechanisms of cancerization and the exploration of novel anti-cancer therapeutic avenues.

With these in mind, I proposed to the MDPI journal Current Issues in Molecular Biology (CIMB) a Special

Issue dedicated to advances in cancer molecular etiology and treatment.

“Molecules at Play in Cancer“is a collection of 24 articles presenting recent findings about

molecules with significant roles either in the malignancy, development, and proliferation of cancer

cells or in their selective killing within an affected organ. This reprint covers a wide range of tissues

affected by cancer: adrenal glands (Takizawa et al.), blood (Seipel et al.; Łacina et al.), breasts (Monti

et al.; Maldonado-Rodrı́guez et al.; Bel’Skaya and Sarf), cervix (Zhang et al.), kidneys (Fereira et al.),

liver (Tsuchiya et al.; Armakolas et al.), lungs (Barbirou et al.; Hayashi et al.; Sultana et al.; Somlyai et

al.), muscles (Gutierez et al.), ovaries (Kim et al; Jeon et al.), prostate (Iacobas and Iacobas), stomach

(Liu et al.; Go et al.), and testicles (Chen et al). The influence of favoring factors such as sex (Gutierez

et al.) and genetic ancestry (Andrade et al.) are also discussed. In addition to the traditional mouse

models of human cancers (Somlyai et al.; Gutierez et al.), nematodes, such as Caenorhaditis elegans (di

Lucio et al.), were very useful in detecting cancer in urine samples owing to their superior smelling

capabilities.

Some authors proposed either general (Almeida et al.; Somlyai et al.; Sultana et al.) or

personalized (Iacobas & Iacobas) molecular solutions for anticancer therapy, with some interesting

findings including anti-bacterial (Almeida et al.) and dewormer (Sultana et al.) drugs being

repurposed for cancer treatment and some personalized solutions being based on the unique

combination of Gene Master Regulators of the cancer nodules in the patient tumor (Iacobas &

Iacobas).

By purpose and content, this Special Issue is addressed to the vast number of life science

researchers and health care workers (doctors, physician assistants, and nurses). Our initiative was

honored by 24 groups totaling 166 scientists from: Asia (China, Japan, and Korea), Europe (Greece,

Hungary, Italy, Poland, Portugal, Russia, Switzerland, and the U.K.), North America (Mexico and

the U.S.A.), and South America (Brazil and Ecuador). The number of involved researchers and the

geographic distribution of their academic institutions indicate the great interest of the worldwide

scientific community in understanding the molecular causes of cancer and the efforts to fight these

lethal diseases.

Acknowledgments: this reprint would not have been possible without the excellent

administrative work of Ms. Norah Tang, Managing Editor of CIMB, and the rigorous evaluations

provided by the invited reviewers.‘

Dumitru A. Iacobas

Editor
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Editorial

Molecules at Play in Cancer
Dumitru Andrei Iacobas

Personalized Genomics Laboratory, Undergraduate Medical Academy, Prairie View A&M University,
Prairie View, TX 77446, USA; daiacobas@pvamu.edu

Despite its wide range of incidence, cancer can spontaneously occur in any part of
the body and invade regions other than the originally affected tissue. Extensive research
conducted by thousands academic institutions all over the world and huge industry in-
vestments in developing diagnostic bioassays and therapeutic agents spanning decades
are yet to produce valuable results for a better understanding of cancer formation and the
design of effective treatments. From genes to transcripts, proteins (enzymes included) and
metabolites, a long list of molecular factors are believed to be responsible for triggering the
transformation of normal cells into cancer cells, many of these factors being also considered
as potential actionable molecules for targeted therapies.

For these reasons, the most significant recent studies on molecular-based diagnostics
and the molecular therapy of several types of cancer are collated in this Special Issue of
CIMB, entitled “Molecules at Play in Cancer”. The 24 chapters present the contributions
of 166 researchers from 16 countries: Brazil (14), China (12), Ecuador (2), Greece (10),
Hungary (8), Italy (4), Japan (25), Korea (29), Mexico (11), Poland (5), Portugal (2), Russia (2),
Switzerland (7), the UK (1) and the USA (27). The articles reported new molecular findings
regarding the following types of cancer: blood [1,2], breast [3–5], kidney [6], liver [7,8],
lung [9–12], ovary [10,13,14], prostate [15], soft tissue [16], gastric [17,18], testicular [19],
cervical [20,21], and adrenal gland [22].

However, beyond the relevance of these studies for understanding the roles of various
molecular factors in cancer development and anti-cancer therapies, I would like to discuss
the types of investigated biological specimens that provided experimental evidence for the
authors’ conclusions. The types of the specimens were: (1) fresh tissues from cancer patients
and healthy counterparts; (2) formalin-fixed, paraffin-embedded (FFPE), long-term-stored
human tissues; (3) standard and genetically engineered human cancer cell lines; (4) tissues
from diseased and healthy animal models; (5) cancer nodules and surrounding normal
tissue from the same tumor of each patient.

Due to large numbers, comparing either fresh or FFPE samples from cancer and healthy
humans has the advantage of statistical significance, especially when the investigated
populations are homogeneous regarding race, sex, age group and other important cancer-
favoring factors. When profiled in-house, experiments on human tissues require the
approval of the local Institutional Review Board (IRB), which often limits the spectrum
of the experimental approaches. The use of either cell lines or animal models, even with
the required Institutional Animal Care and Use Committee (IACUC) approval, has the
advantage of allowing the genetic engineering and testing of various treatments.

Most authors of this Special Issue compared fresh tissue samples from cancer patients
with those obtained from healthy counterparts in order to identify novel biomarkers
or simply test the predictive value of already established biomarkers. Thus, basigin, a
membrane-bound glycoprotein, was identified by Łacina et al. [2] as a multiple myeloma
biomarker by comparing the expression of the encoding gene in the peripheral blood
from 62 patients with multiple myeloma with that of 25 healthy donors. The studied
cancer patients were sometimes subdivided into groups based on the etiology of their
disease. For instance, Armakolas et al. [8] compared the proteome profiles, expression of
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selected miRNAs and abundance of circulating tumor cells among a group of 56 people with
advanced and 33 people with early hepatocellular carcinoma, 28 with cirrhosis and 5 healthy
controls. Barbirou et al. sequenced circulating tumor cells to identify somatic variants in
people with non-small-cell lung cancer [9]. An interesting study by Bel’skaya et al. [5]
compared the saliva “omic” characteristics of 487 females with breast cancer with those of
298 healthy controls. Seipel et al. proved that anti B-cell maturation antigen CAR-T cell
treatment is efficient in four out of five cases of patients with relapsed multiple myeloma [1].

The significance of infection with human papillomavirus (HPV) in the development
of breast cancer was tested by Maldonado-Rodríguez et al. [4] through quantifying the
presence of the HPV DNA in 116 formalin-fixed breast tissues of 59 malignant neoplasms,
5 in situ neoplasms, 1 borderline neoplasm and 20 benign neoplasms. The study concluded
that virus presence is not a sufficient condition for developing cancer. However, as shown
by Hayashi et al. [10], the mortality of infectious diseases such as COVID-19 is higher for
women with a pulmonary metastatic niche caused by ovarian adenocarcinoma.

Both fresh and formalin-fixed tissues were used by Go et al. [18] to assess the associa-
tion of a high expression of epidermal growth factor receptor and cyclin D1 with gastric
cancer, and by Jeon et al. [14] to test the association of circulating exosomal miR-1290 with
epithelial ovarian cancer. This strategy increases the statistical relevance of studies, while
providing a direct evaluation of how much formalin fixation and long-term storage affects
the expression levels of the biomarkers.

Other authors used human cancer cell lines to elucidate the responsible molecular
mechanisms. Thus, HeLa cells were used by Zhang et al. [21] to test the role of Parkin as
synergistic mediator of mitophagy in dysfunctional mitochondria. The testicular terato-
carcinoma NCCIT and NTERA2 lines helped Chen et al. [19] to evaluate the therapeutic
role of PNU-74654, and prostate cancer LNCaP and DU145 lines were used by Iacobas and
Iacobas [15] to identify gene master regulators.

For several studies, genomic data were downloaded from The Cancer Genome Atlas
(TCGA). Liu et al. [17] used these data to determine the prognostic value of miR-942-3p for
the gastric cancer, Ferreira et al. [6] to determine the value of GOT2 in clear–cell renal-cell
carcinoma, and Kim et al. [13] to determine that of zinc finger E-box binding homeobox 2
in ovarian cancer.

Although most of these studies were carried out on human samples, two groups,
Somlyai et al. [12] and Gutierez et al. [16], used mouse models, while Almeida et al. [23]
tested the proposed solutions on bacteria. A comprehensive review by Lucio et al. [24]
presents the major accomplishments in cancer research that have been possible by the use
of the nematode Caenorhaditis elegans.

The interesting articles of this Special Issue reveal the potential anti-cancer benefits of
using deuterium-depleted water (Somlyai et al., [12]) or even the broad-spectrum antipara-
sitic activity of the dog dewormer Fenbendazole (Sultana et al. [11]), which is sometimes
self-administrated by desperate Korean patients.

Two articles indicated that race and sex should be considered when discussing the
relevance of cancer biomarkers. Thus, an epidemiological study by Andrade et al. [20]
identified the genetic heterogeneity among subpopulations with different ancestry in Brazil,
and sex differences were analyzed in a mouse model of embryonal rhabdomyosarcoma by
Gutierez et al. [16].

Nevertheless, in addition to race, sex and age, combinations of cancer risk factors
such as medical history, diet, habits and exposure to stress, toxins and radiation make each
human a dynamic unique subject. Therefore, is it really possible to identify biomarkers
characterizing all patients with a particular form of cancer? Although preferred by the
pharma industry for economic reasons, are “fit-for-all” treatments really effective for
everyone? Tumor heterogeneity further complicates the characterization of cancer subtypes
and requires complex approaches to destroy most of the primary cancer clones at once.
Moreover, both the uniqueness of favoring factors for each person and tumor heterogeneity
question the validity of meta-analyses that compare the genomes and/or transcriptomes of
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subpopulations of cancer-stricken and healthy individuals. Instead, we should refer the
genomes and/or transcriptomes of cancer cells to those of the normal cells within the tissue
of the same person, with an emphasis on how to better personalize treatment to fit patient
own characteristics [15].

Conflicts of Interest: The author declares no conflict of interest.
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Case Report

Familial Hyperaldosteronism Type 3 with a Rapidly Growing
Adrenal Tumor: An In Situ Aldosterone Imaging Study
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Abstract: Primary aldosteronism is most often caused by aldosterone-producing adenoma (APA) and
bi-lateral adrenal hyperplasia. Most APAs are caused by somatic mutations of various ion channels
and pumps, the most common being the inward-rectifying potassium channel KCNJ5. Germ line
mutations of KCNJ5 cause familial hyperaldosteronism type 3 (FH3), which is associated with severe
hyperaldosteronism and hypertension. We present an unusual case of FH3 in a young woman, first
diagnosed with primary aldosteronism at the age of 6 years, with bilateral adrenal hyperplasia,
who underwent unilateral adrenalectomy (left adrenal) to alleviate hyperaldosteronism. However,
her hyperaldosteronism persisted. At the age of 26 years, tomography of the remaining adrenal
revealed two different adrenal tumors, one of which grew substantially in 4 months; therefore, the
adrenal gland was removed. A comprehensive histological, immunohistochemical, and molecular
evaluation of various sections of the adrenal gland and in situ visualization of aldosterone, using
matrix-assisted laser desorption/ionization imaging mass spectrometry, was performed. Aldosterone
synthase (CYP11B2) immunoreactivity was observed in the tumors and adrenal gland. The larger
tumor also harbored a somatic β-catenin activating mutation. Aldosterone visualized in situ was
only found in the subcapsular regions of the adrenal and not in the tumors. Collectively, this case of
FH3 presented unusual tumor development and histological/molecular findings.

Keywords: familial hyperaldosteronism type 3; KCNJ5; adrenal tumor; β-catenin; MALDI-IMS;
CYP11B2

1. Introduction

Primary aldosteronism (PA) is caused by excessive and autonomous secretion of aldos-
terone and is classified with aldosterone-producing adenoma (APA), bilateral idiopathic
hyperaldosteronism (IHA), unilateral hyperplasia, or aldosterone-producing carcinoma.
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Somatic mutations in ion channel/pump genes, including the inwardly rectifying subfamily
J, member 5 potassium channel (KCNJ5), have been identified in a significant percentage
of APAs (APA-associated mutations) [1]. KCNJ5 mutations cause a loss in specificity of
the channel’s selectivity filter for potassium. This leads to sodium leakage into the cells,
causing depolarization of the membrane potential; this results in increased calcium influx
into adrenocortical cells, causing autonomous aldosterone production [1]. There are four
types of familial hyperaldosteronism (FH1–FH4) [2]. FH3 is caused by a germline mutation
of KCNJ5 that leads to adrenal hyperplasia with a marked increase in the secretion of
aldosterone [1]. We and others have recently reported cases of non-familial juvenile PA due
to mosaicism of somatic KCNJ5-mutated and non-mutated cells [3,4], in which the mutated
cells/tissues were hyperplastic.

We previously described an immunohistochemistry protocol for aldosterone synthase
(CYP11B2) that distinguishes CYP11B2 from the cortisol-synthesizing enzyme steroid 11β-
hydroxylase (CYP11B1) [5]. Using CYP11B2 staining, putative aldosterone-producing cells
were visualized in the zona glomerulosa of normal adrenals from infants and adults [5–7],
as well as several PA lesions [4,5,8]. However, aldosterone biosynthesis requires a cascade
of steroidogenic enzymes, and the presence of CYP11B2 alone is not sufficient for the
synthesis of aldosterone. To visualize the aldosterone localization in adrenal sections, we
recently developed a protocol for the in situ detection of aldosterone using state-of-the-art
matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS) [9].
Since the steroid hormones, including aldosterone, are released into the blood stream
immediately after production, i.e., there is no intracellular storage of steroid hormones, the
detection of aldosterone in cells using MALDI-IMS indicates that those cells are actively
producing aldosterone. In the present study, we describe an FH3 case with results of
comprehensive molecular and CYP11B2 immunohistochemical analyses and correlated
them with aldosterone localization in adrenal tissue.

2. Case

We present the case of a 27-year-old Japanese female with a history of severe juvenile
PA. She was diagnosed with PA due to bilateral adrenal hyperplasia following adrenal vein
sampling at the age of six years and treated with spironolactone and potassium supplemen-
tation with moderate control of her blood pressure [10]. However, when she was 15 years
old, her serum creatinine level increased to 2.04 mg/dL (normal range: 0.4–1 mg/dL)
due to severe hypertension and persistent high plasma aldosterone concentration (PAC:
2511 pg/mL (normal range: 35.7–240 pg/mL)). Since multiple adrenal vein catheterization
attempts failed, and computed tomography (CT) indicated that her left adrenal gland
(pink arrowhead in Figure 1A) was more hyperplastic than the right, she underwent left
adrenalectomy, expecting to alleviate hyperaldosteronism. However, although lower than
before, PAC remained elevated (1280 pg/mL) after surgery. At the age of 21 years, she de-
veloped end-stage chronic renal failure, thereby requiring intermittent hemodialysis. When
she was 26 years old, a CT detected two adrenal tumors (22 × 17 mm and 10 × 6 mm) in
her right adrenal gland (red and blue arrowheads in Figure 1B, respectively). Four months
later, the larger tumor grew further (28 × 25 mm), and the smaller tumor remained un-
changed (Figure 1C), suggesting that the larger tumor might be an adrenocortical carcinoma.
She underwent a laparoscopic right adrenalectomy with removal of the intact gland in toto.
Her PAC fell into the normal range (83 pg/mL) while on replacement with prednisolone
for bilateral adrenalectomy.
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Figure 1. CT and histological findings of the case. (A) CT findings at 15 years of age. The left adrenal gland was removed 
after CT examination. (B) CT findings at 26 years of age. Red and blue arrowheads indicate the larger and smaller adrenal 
tumors in the right adrenal gland, respectively. (C) CT findings 4 months after the CT shown in panel B. The larger tumor 
significantly enlarged in 4 months. (D) Macroscopic findings of the extracted right adrenal. The larger (*) and the smaller 
(#) tumors presumably corresponded to the large (red arrowhead) and small (blue arrowhead) tumors in panels (B) and 
(C), respectively. The adrenal was cut into 16 pieces at the green lines. (E) Cut surfaces of the extracted adrenal. The green 
numbers in panel (D) correspond to the numbers in panel (E). The cut surface numbers in panels (D,E) correspond to those 
in parentheses in Supplementary Figure S1, which shows the sections after formaldehyde fixation. Frozen tissue blocks, 
in an optimal cutting temperature compound, were prepared from 4 portions, indicated by white frames (FB5, FB10, FB15-
1, and FB15-2). Flash frozen tissues were also taken from 3 non-tumor portions (N1–N3) and 3 tumor portions (T1–T3). 
(F–I) Hematoxylin and eosin staining, immunohistochemistry for CYP11B2, MALDI-imaging of aldosterone and cortisone 
(aldo/cortisone), and that of 18-oxocortisol (18oxoF), respectively, of frozen tissues. 

3. Materials and Methods 
3.1. DNA and RNA Isolation from Flash Frozen Tissues, Blood, and Hair Root 

Using the AllPrep DNA/RNA Mini Kit (catalog#: 80204, Qiagen, Valencia, CA, USA) 
and ISOHAIR (catalog#: 315-3403, NIPPON GENE CO., LTD., Tokyo, Japan), genomic 
DNA and RNA (DNA/RNA) #86, 87, 88, 89, 90, and 91 were prepared from N1, N2, N3, 
T1, T2, and T3, respectively, as previously reported [11]. DNA #92, 93, 155, and 156 were 
isolated from the patient’s blood, mother’s blood, patient’s hair root, and father’s blood, 
respectively, according to the manufacturer’s instruction. 

3.2. Whole Exome Sequencing 
We performed whole exome sequencing of genomic DNA samples from T1, N1, and 

blood (Bl), which was carried out at RIKEN GENESIS CO., LTD. (Tokyo, Japan), as fol-
lows. DNA was sheared into approximately 200 bp fragments and used to construct a 
library for multiplexed paired-end sequencing with the SureSelectXT Reagent Kit (cata-
log#: G9641B, Agilent Technologies, Santa Clara, CA, USA). The constructed library was 

Figure 1. CT and histological findings of the case. (A) CT findings at 15 years of age. The left
adrenal gland was removed after CT examination. (B) CT findings at 26 years of age. Red and blue
arrowheads indicate the larger and smaller adrenal tumors in the right adrenal gland, respectively.
(C) CT findings 4 months after the CT shown in panel B. The larger tumor significantly enlarged in
4 months. (D) Macroscopic findings of the extracted right adrenal. The larger (*) and the smaller (#)
tumors presumably corresponded to the large (red arrowhead) and small (blue arrowhead) tumors
in panels (B) and (C), respectively. The adrenal was cut into 16 pieces at the green lines. (E) Cut
surfaces of the extracted adrenal. The green numbers in panel (D) correspond to the numbers in panel
(E). The cut surface numbers in panels (D,E) correspond to those in parentheses in Supplementary
Figure S1, which shows the sections after formaldehyde fixation. Frozen tissue blocks, in an optimal
cutting temperature compound, were prepared from 4 portions, indicated by white frames (FB5,
FB10, FB15-1, and FB15-2). Flash frozen tissues were also taken from 3 non-tumor portions (N1–N3)
and 3 tumor portions (T1–T3). (F–I) Hematoxylin and eosin staining, immunohistochemistry for
CYP11B2, MALDI-imaging of aldosterone and cortisone (aldo/cortisone), and that of 18-oxocortisol
(18oxoF), respectively, of frozen tissues.

3. Materials and Methods
3.1. DNA and RNA Isolation from Flash Frozen Tissues, Blood, and Hair Root

Using the AllPrep DNA/RNA Mini Kit (catalog#: 80204, Qiagen, Valencia, CA, USA)
and ISOHAIR (catalog#: 315-3403, NIPPON GENE CO., LTD., Tokyo, Japan), genomic
DNA and RNA (DNA/RNA) #86, 87, 88, 89, 90, and 91 were prepared from N1, N2, N3,
T1, T2, and T3, respectively, as previously reported [11]. DNA #92, 93, 155, and 156 were
isolated from the patient’s blood, mother’s blood, patient’s hair root, and father’s blood,
respectively, according to the manufacturer’s instruction.

3.2. Whole Exome Sequencing

We performed whole exome sequencing of genomic DNA samples from T1, N1, and
blood (Bl), which was carried out at RIKEN GENESIS CO., LTD. (Tokyo, Japan), as follows.
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DNA was sheared into approximately 200 bp fragments and used to construct a library for
multiplexed paired-end sequencing with the SureSelectXT Reagent Kit (catalog#: G9641B,
Agilent Technologies, Santa Clara, CA, USA). The constructed library was hybridized
to biotinylated cRNA baits from the SureSelectXT Human All Exon V6 Kit (catalog#:
5190–8865, Agilent Technologies, Santa Clara, CA, USA) for target enrichment. Targeted
sequences were purified with magnetic beads, amplified, and sequenced on an Illumina
HiSeq 2500 platform in paired-end 101 bp configuration.

The raw sequence read data of the three samples passed the quality checks in FASTQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 1 February
2017)). Read trimming via base quality was performed using Trimmomatic [12]. Read
alignment was performed with the Burrows–Wheeler Aligner [13] (version 0.7.15-r1140).
hs37d5 was used as the reference human genome. PCR duplicate reads were removed using
Picard (version 2.9.0-1-gf5b9f50-SNAPSHOT, https://broadinstitute.github.io/picard/ (ac-
cessed on 1 February 2017)). Non-mappable reads were removed using SAMtools (version
1.3.1) [14]. After filtering out those reads, we applied the Genome Analysis Toolkit [15]
(GATK version 3.5-0-g36282e4) base quality score recalibration and performed SNP and
INDEL discovery (HaplotypeCaller). Finally, we identified 350, 346, and 343 variants in
samples T1, N1, and Bl, respectively, and the variants were annotated using ANNOVAR
(version 2016Feb1) [16]. As expected, the KCNJ5 (p.G151R) mutation was identified in these
three samples.

Variants that passed quality control were prioritized according to the following strate-
gies. We only retained variants predicted to modify protein function; these included the
nonsense, splice site, coding indel, and missense variants. We removed variants with
minor allele frequencies >0.4% for the ESP6500 (ESP6500siv2_all provided by ANNO-
VAR) database, >0.4% for each population of the Exome Aggregation Consortium (exac03
provided by ANNOVAR), >0.4% in HGVD (containing genetic variations determined by
exome sequencing of 1208 individuals in Japan) [17], and >0.4% in 2KJPN (whole-genome
sequences of 2049 Japanese healthy individuals and construction of a highly accurate
Japanese population reference panel). After removing these variants, we focused on vari-
ants identified only in the tumor sample. Variants that appeared to be mapping artifacts,
and were too common in in-house controls, were also excluded from further analyses.
Consequently, several somatic mutations were found in sample T1. Sanger sequencing of
these genes confirmed mutations in catenin β 1 (CTNNB1), centromere protein E (CENPE),
leucine zipper- and EF-hand-containing transmembrane protein 2 (LETM2), and ALG10
Alpha-1,2-Glucosyltransferase B (ALG10B) in T1 and T3, but not in T2, N1–N3, and Bl,
suggesting that these genes might be associated with the rapid growth of the larger tu-
mor. Among these genes, it is well known that mutation in CTNNB1 is associated with
tumor growth in adrenocortical carcinoma via the constitutively activated nuclear β catenin
protein [18].

3.3. Microarray Analyses

Microarray analyses of T1–T3 (RNA#89–91, respectively) and N1–N3 (RNA#86 – 88)
were performed using the Human Clariom™ S Array and GeneChip WT PLUS Reagent
Kit (Thermo Fisher Scientific, #902916 and 902280) [7]. N1 was presumably contaminated
with cells from the adrenal medulla, because a few genes known to be expressed in the
adrenal medulla were highly expressed in N1 samples (e.g., tyrosine hydroxylase). Genes
that exhibited a fold change of 1.3 or more in T1 and T3, as compared to N2 and N3, were
used for pathway analysis using the Kyoto Encyclopedia of Genes and Genomes Database.
Six pathways were significantly identified as upregulated, as follows: “Protein digestion
and absorption” (p = 0.0016), “Renin-angiotensin system” (p = 0.0023), “Adipocytokine
signaling pathway” (p = 0.0058), “Cell cycle” (p = 0.0091), “Pancreatic secretion” (p = 0.0171),
and “p53 signaling pathway” (p = 0.0339). A similar analysis, using the WikiPathway
Database, revealed three up-regulated pathways, as follows: “Retinoblastoma Gene in
Cancer” (p = 0.0003), “Splicing factor NOVA regulated synaptic proteins” (p = 0.0091), and
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“Deregulation of Rab and Rab Effector Genes in Bladder Cancer” (p = 0.0114). Upstream
steroidogenic enzymes for aldosterone synthesis (i.e., cytochrome p450 family 11 subfamily
A member 1 (CYP11A1), 3-β-hydroxysteroid dehydrogenase (HSD3B2), and 21-hydroxylase
(CYP21A1)) did not exhibit variation in expression between samples, suggesting that the
localization of aldosterone shown by MALDI-IMS (mainly in the subcapsular area but not
in the tumors) was not due to a lack of the upstream steroidogenic enzyme expression, but
other unidentified reasons. Overall, the status of gene variants and gene expression was
consistent with the clinical course of the case.

3.4. Confirmation of CYP11B2 Expression

We compared the expression levels of CYP11B2 mRNA between this case and archived
APA cases, previously adrenalectomized in the Kansai Medical University (APA#7–APA#26),
using qRT-PCR for CYP11B2 (Supplementary Table S1). CYP11B2-expression levels in the
tumors of cases APA#7, 18, 19, and 26 were lower than those in paired adjacent adrenal
tissues, suggesting incorrect sampling or sampling from non-APA tumors; therefore, these
samples were removed from the following analyses. Two tumors (tumors 1 and 2) were
sampled from APA#9, but the CYP11B2 expression of tumor 2 was lower than that of
adjacent normal; therefore, tumor 2, but not tumor 1, was also removed from the following
analyses. Normal adrenal APA#23 (APA#23N) showed the lowest CYP11B2 expression
level, and a fold difference of each sample (16 pairs) over APA#23N was calculated. Sanger
sequencing of these cases for KCNJ5 revealed that 10 cases harbored KCNJ5 mutations
(62.5%, p.G151R [n = 6], and p.L168R [n = 3], p.L168Hfs*93 [n = 1]) in samples from tumors,
but not in their paired adjacent adrenals. An average fold change of APA samples with
KCNJ5 mutation (513,214.9 ± 290,452.9 [mean ± S.D.]) was similar to that without KCNJ5
mutation (708,321.1 ± 297,156.8, p = 0.319, unpaired Student’s t-test using ∆∆Ct values). As
expected from the results of CYP11B2 immunohistochemistry, CYP11B2 expression levels
were not different between non-tumor (816,286.5 ± 428,233.7-fold) and tumor portions
(539,737.3 ± 336,381.8-fold) of the case (p = 0.393, unpaired Student’s t-test using ∆∆Ct
values). CYP11B2 expression levels in the case (T1–T3 and N1–N3, 582,237 [interquartile
range: 448,734–977,189]-fold) and APA (574,401 (328,933–817,145)-fold) were significantly
higher than that of the paired adjacent normal adrenals (966 (62–11,986)-fold), and those in
the case and APA were similar (Supplementary Figure S6). Consequently, whole enlarged
adrenal in the case expressed high levels of CYP11B2 in mRNA and protein as APAs did.

4. Result
4.1. Analyses of the Surgically Removed Adrenal Gland

Comprehensive pathological and molecular analyses were approved by the institu-
tional review boards. Immediately after surgery, the adrenal gland was cut into 16 pieces, as
shown in Figure 1D,E. The adrenal gland had two apparent tumors (# and * in Figure 1D,E)
and many smaller nodules. Flash frozen tissues were also taken from three non-tumor
portions (N1–N3 in Figure 1E), two portions from the larger tumor (T1 and T3), and one
portion from the smaller tumor (T2). Frozen blocks, embedded in optimal cutting tem-
perature compound, were prepared from four portions (FB5, FB10, FB15-1, and FB15-2 in
Figure 1E), as previously reported [7,9]. The remaining adrenal tissues were fixed with 10%
formalin (Supplementary Figure S1) and used for formalin-fixed paraffin-embedded (FFPE)
blocks for regular pathological diagnosis. Sanger sequencing of KCNJ5 was performed,
as previously reported [11], and a de novo KCNJ5 mutation (p.G151R) was detected in
genomic DNA from N1–N3 (DNA #86–88, respectively), T1–T3 (#89–92, respectively), as
well as her blood (Blood, #92) and hair root (#155), but not in blood samples from her
mother (#93) and father (#156) (see “DNA and RNA isolation from flash frozen tissues,
blood, and hair root” in the Materials and Methods, Supplementary Figure S2, and de-
tails of DNA samples shown in Supplementary Table S1). Histological analyses, using
the frozen blocks (Figures 1F and S3) and FFPE tissues (Supplementary Figure S4), were
performed. Microscopically, most of the tumor cells in the larger and smaller tumors (* and

9



Curr. Issues Mol. Biol. 2022, 44

# in Figure 1D–E, respectively) were composed of compact cells and lipid-rich cells but did
not fulfill the criteria for adrenocortical carcinoma (Weiss score: 2; Ki-67 proliferation index:
4.0%), leading to the diagnosis of an adrenal adenoma. The adjacent non-tumor portion
lost typical adrenocortical zonation in hematoxylin and eosin staining and revealed many
cells that contained lipid vacuoles (Figure 1F, Supplementary Figures S3 and S4). CYP11B2
immunohistochemistry confirmed that the tumors were APAs, as CYP11B2 was expressed
throughout the tumors (* and # in Figure 1G) [5]. The cortex of the adjacent non-tumor
portion had many CYP11B2-positive cells with irregular arrangement, similar to the adrenal
cortices of the previously removed left adrenal gland (Supplementary Figure S5) and as in
a previously reported FH3 case [8].

4.2. Production of Aldosterone in FH3 Adrenal

We performed MALDI-IMS, using SolariX attached with Fourier transform ion cy-
clotron resonance mass spectrometry (Bruker Daltonics, Billerica, MA, USA), to demon-
strate in situ aldosterone production throughout the adrenal, as we previously reported [9].
Aldosterone and cortisone, which share identical mass-to-charge ratio values (m/z), were
identified mainly in the subcapsular areas of non-tumor adrenal gland, but not in tumors
(Figure 1H), irrespective of strong CYP11B2 expression throughout the non-tumor adrenal
gland and adrenal tumors (Figure 1G). The hybrid steroid 18-oxo-cortisol, a steroid marker
of aldosterone-producing cells [9], was similarly detected in the subcapsular area only
(Figure 1I). To determine the CYP11B2 mRNA levels in various areas of the adrenal, includ-
ing the APA and adjacent adrenal cortices to the APA, we performed quantitative real-time
polymerase chain reaction (qRT-PCR), as previously reported [4,7,11,19]. We confirmed
that the CYP11B2 expression levels were not significantly different between the tumor and
non-tumor portions (T1 – T3 and N1 – N3, respectively) (∆CT in Supplementary Table S1,
p = 0.303, Student’s t-test). In addition, there was no significant difference in the expression
level of CYP1B2 between the case, i.e., the average of T1–T3 and N1–N3, and unrelated
archived cases of sporadic APA (n = 16, Supplementary Figure S6, data of the archived
APA cases are shown in Supplementary Table S1). Immunohistochemistry of KCNJ5 was
performed in frozen sections obtained from a normal adrenal gland of a renal cell carcinoma
patient (left in Supplementary Figure S7A) and FB10 (right), as previously reported [19].
KCNJ5 was detected only in the subcapsular area of the normal adrenal tissue, as previously
reported (Supplementary Figure S7B) [19]; whereas, in this case, it was found throughout
the adrenal cortex and tumors (Supplementary Figure S7C,D), suggesting that the KCNJ5
mutation induced KCNJ5 and CYP11B2 co-expression throughout the adrenal cortex and
tumors in the patient. Irrespective of high levels of CYP11B2 and KCNJ5, the tumors
produced much lower levels of aldosterone and 18oxoF than the non-tumor portion, as
shown in Figure 1H,I.

Whole exome sequencing confirmed a germline mutation of KCNJ5 in T1, N1, and
the patient’s blood (Materials and Methods). Several somatic mutations were identified
in the larger tumor, T1, but not in N1 and blood, which included β-catenin (CTNNB1,
c.134C > A, p.S45Y), ADAM17, CENPE, COL12A1, LETM2, ALG10B, and SRCAP. Among
these mutations, the CTNNB1 mutation presumably caused rapid tumor growth. Immuno-
histochemistry confirmed nuclear CTNNB1 expression in the tumor but not in the non-
tumor portions, suggesting activation of CTNNB1 in the tumor (Supplementary Figure S8).
Microarray analyses of T1–T3 (RNA#89 – 91, respectively) and N1–N3 (RNA#86 – 88,
respectively) were performed, as previously reported [7], and confirmed that genes of the
cell proliferation pathway were upregulated in T1 and T3 (* in Supplementary Table S2).
Except for hydroxysteroid 17-β-dehydrogenase 14 (HSD17B14), which is not associated
with aldosterone synthesis, expression of steroidogenic enzymes did not differ between the
aldosterone-negative tumors (T1–T3) and non-tumor portions (N1–N3), suggesting that
aldosterone production in the non-tumor subcapsular area was controlled by other factor(s)
than the steroidogenic enzymes, including CYP11B2.
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4.3. Cellular Progression in Non-Tumor and Tumor Portions of the Case

The non-tumor adrenal gland was hyperplastic (Figure 2A,B) and harbored mitotic
cells (yellow arrowhead in Figure 2C). To assess the cell cycle progression status of the
adrenal cells of the patient, we compared the Ki-67 index [20] between the non-tumor
portions, the larger tumor (* in Figures 1 and 2), smaller tumor (# in Figure 1), and archived
sporadic APAs and their adjacent adrenal sections (“adjacent”) in cases APA #8, 10–17, and
20–25 (n = 15) in Supplementary Table S1. It is noteworthy that APA #9 was removed from
the analysis because the case harbored a non-APA tumor (sample name: KS-APA_9_T2,
Supplementary Table S1). Non-tumor portions were analyzed using two parts each from
FFPE blocks #4, 10, and 14 (n = 6, Supplementary Figure S4). The larger tumor was analyzed
using two parts each from FFPE block #9, 10, and 14 (n = 6). The smaller tumor was analyzed
using four parts from FFPE block #8 (n = 4). Upon comparing these five groups (Kruskal–
Wallis one-way analysis of variance on ranks, followed by post hoc comparison with Dunn’s
methods), we found that the larger tumor (3.20 [interquartile range: 2.84–3.70] unit) had
a higher index than the APAs (0.47 [0.39–0.77] unit, p = 0.001) and their adjacent adrenal
tissue (0.45 [0.36–0.70] unit, p < 0.001) (Figure 3). Interestingly, the non-tumor portion of
the patient showed a higher Ki-67 index (1.09 [0.94–1.48] unit) than the adjacent adrenal
tissue in sporadic APAs (p = 0.047). These results suggest that chronic stimulation from
the mutated KCNJ5 channel and/or high aldosterone concentration around the cells might
be associated with increased cell cycle progression and/or second hit mutations in genes,
including CTNNB1.
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Figure 3. Comparison of Ki-67 index among APA cases (n = 15 each) and index case. * p < 0.05.

5. Discussion

This is a case of FH3 with unusual tumor development and histological/molecular
findings. The patient was initially diagnosed with PA at the age of 6 years, and her adrenals
were removed at the age of 15 years (left adrenal, to alleviate hyperaldosteronism) and at
the age of 27 years (right adrenal, due to an enlarging tumor on CT). Clinical data of this
patient from birth to 14 years old, including those of kidney biopsy at 10 years old, were
described in a preceding article [10], and those from the age of 14 years are provided in Sup-
plementary Table S3. Comprehensive pathological and molecular analyses of the removed
right adrenal and blood resulted revealed FH3. The findings can be summarized as follows:
(i) an abnormal cellular arrangement of CYP11B2-positive cells throughout the adrenal
gland, similar to observed in a previously reported FH3 case [8]; (ii) limited localization
of aldosterone production, primarily in the non-tumorous sections, with widespread and
very strong CYP11B2 expression in the tumor areas; (iii) rapid tumor growth, which may
represent an early stage of adrenocortical carcinoma, caused presumably by second hit
mutation of CTNNB1 (p.S45Y) in KCNJ5 mutated cells of the larger tumor. The presence of
a β-catenin mutation causing constitutive activation of adrenal cell growth has been shown
to induce adrenal hyperplasia and adrenal cancer development in mice [21].

There were several peculiar aspects in this case. The pathological findings were
remarkably similar to those of previously reported cases [22,23], but with the development
of adrenal tumors. The KCNJ5 mutation, absent in the parents of the patient, represents
a de novo mutation. In this case, the larger adrenal tumor also had a second mutation of
CTNNB1, which led to accelerated cellular growth. Furthermore, even though the patient
underwent a bilateral adrenalectomy, serum aldosterone was still detectable and within the
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normal range, suggesting the presence of extra-adrenal adrenocortical cells harboring the
KCNJ5 mutation, causing aldosterone production [24].

While CYP11B2 staining has been used as a marker for aldosterone production, in the
current case, in situ imaging of aldosterone revealed that aldosterone was only found in
the non-tumorous areas of the distorted adrenal, which is an additional peculiar finding.
Microarray and qRT-PCR studies revealed that all steroidogenic enzymes responsible for
aldosterone synthesis were present in sufficient quantities to lead to the increased produc-
tion of aldosterone in both the tumorous and non-tumorous areas. However, aldosterone
production did not occur in the tumorous areas. It has been reported that KCNJ5 muta-
tions result in depolarization of the adrenal cells with stimulation of calcium mobilization
and calmodulin phosphorylation, resulting in transcriptional induction of steroidogenic
enzymes [1]. The fact that the tumors exhibited increased levels of steroidogenic enzymes
suggests that there is an additional deficiency (or deficiencies) in the steps required for
aldosterone biosynthesis in this case. For the synthesis of aldosterone, in addition to
transcription of steroidogenic enzymes, cholesterol transporters to mitochondria, such as
steroidogenic acute regulatory protein (StAR), are also needed. In addition, StAR must
be phosphorylated to exert its action. We speculate that phosphorylation of StAR was
repressed, as microarray analysis revealed that StAR expression was not downregulated
(Supplementary Table S2).

Although some authors have reported that a treatment with mineralocorticoid receptor
antagonist controls hyperaldosteronism well in FH3, most cases in FH3 needed bilateral
adrenalectomy for management of severe hyperaldosteronism [1,23]. We had held off a
decision of bilateral adrenalectomy because we preferred to avoid lifelong glucocorticoid
replacement therapy and the risk of adrenal crisis from bilateral adrenalectomy, if possible.
However, that led to the chronic kidney disease and, ultimately, maintenance dialysis at
an early age. Notably, this case suggested that chronic stimulation from KCNJ5 mutation
and/or severe hyperaldosteronism contribute to tumorigenic transformation. Therefore,
we believe that FH3 patients should undergo bilateral adrenalectomy as soon as possible
before irreversible organ damages occur, if mineralocorticoid receptor antagonists cannot
control patients’ blood pressure.

6. Conclusions

This is an interesting case of a de novo germline mutation of the KCNJ5 gene that
resulted in severe hyperaldosteronism with serious target organ damage, resulting in end-
stage renal disease. Steroidogenic and molecular studies of the adrenal gland demonstrated
discrepancies that need further investigation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cimb44010010/s1, Figure S1: The sections after formaldehyde fixation, Figure S2: Pedigree
of the index patient and the results of Sanger sequencing, Figure S3: The original microscopic
imaging data, Figure S4: HE and IHC of FFPE tissue sections, Figure S5: HE and IHC of FFPE tissue
sections of previously resected adrenal gland, Figure S6: CYP11B2 expression, Figure S7: KCNJ5
immunostaining, Figure S8: CTNNB1 immunostaining, Table S1: Clinical data, qPCR data, and
KCNJ5 mutation analysis of the index case, the parents of the index case, and other APA cases,
Table S2: Microarray data, Supplementary Table S3: clinical course from 15 years old.
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Abstract: BACKGROUND: Novel chimeric antigen receptor T-cells (CAR-T) target the B-cell matura-
tion antigen (BCMA) expressed on multiple myeloma cells. Assays monitoring CAR-T cell expansion
and treatment response are being implemented in clinical routine. METHODS: Plasma levels of
soluble BCMA (sBCMA) and anti-BCMA CAR-T cell copy numbers were monitored in the blood,
following CAR-T cell infusion in patients with relapsed multiple myeloma. sBCMA peptide con-
centration was determined in the plasma, applying a human BCMA/TNFRS17 ELISA. ddPCR was
performed using probes targeting the intracellular signaling domains 4-1BB und CD3zeta of the
anti-BCMA CAR-T construct. RESULTS: We report responses in the first five patients who received
anti-BCMA CAR- T cell therapy at our center. Four patients achieved a complete remission (CR)
in the bone marrow one month after CAR-T infusion, with three patients achieving stringent CR,
determined by flow cytometry techniques. Anti-BCMA CAR-T cells were detectable in the peripheral
blood for up to 300 days, with copy numbers peaking 7 to 14 days post-infusion. sBCMA plasma
levels started declining one to ten days post infusion, reaching minimal levels 30 to 60 days post infu-
sion, before rebounding to normal levels. CONCLUSIONS: Our data confirm a favorable response to
treatment in four of the first five patients receiving anti-BCMA CAR-T at our hospital. Anti-BCMA
CAR-T cell expansion seems to peak in the peripheral blood in a similar pattern compared to the
CAR-T cell products already approved for lymphoma treatment. sBCMA plasma level may be a valid
biomarker in assessing response to BCMA-targeting therapies in myeloma patients.

Keywords: B-cell maturation antigen (BCMA); soluble BCMA (sBCMA); multiple myeloma (MM);
anti-BCMA CAR-T cell therapy

1. Introduction

Multiple myeloma (MM) is a neoplasm of clonal plasma cells. MM is considered
treatable, but incurable. Remission may be induced by treatment options involving steroids,
chemotherapy, antibodies, targeted compounds, and autologous stem cell transplantation
(ASCT). Advancements in treatments, including the introduction of immunomodulatory
drugs (IMID), proteasome inhibitors (PI), and monoclonal antibodies have prolonged
survival to a five-year survival rate of about 50% [1–4]. New therapies targeting BCMA
are currently being investigated in clinical trials and will be incorporated into routine use,
with the aim of further improving outcome rates.

The B-cell maturation antigen (BCMA, TNFRSF17) is a cell surface receptor of the TNF
receptor superfamily preferentially expressed in malignant and normal plasma cells and
mature B lymphocytes, specifically binding to TNFSF13B/TALL-1/BAFF (B-cell activating
factor) and to various TRAF family members, and, thus, transducing signals for cell
survival and proliferation [5,6]. Proteolytic shedding of the BCMA receptor reduces its
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cell-surface expression and the ligand-mediated survival of B cell subsets. This shedding
is mediated by protease γ-secretase, and is partially dependent on ligand binding and
receptor interactions. Shed receptors of soluble BCMA (sBCMA) may serve as biomarkers
for auto-immunity and lymphoma [7]. sBCMA is shed from plasma cells, myeloma cells,
and plasmacytoid dendritic cells. sBCMA peptide concentrations are elevated in MM
plasma (median 500 ng/mL, range 100–1700 ng/mL) compared to healthy donors (median
40 ng/mL, range 10–80 ng/mL), with no difference between newly diagnosed patients and
those with relapsed disease [8–10]. A remarkable decline in sBCMA levels was observed
in patients with good responses to BCMA-targeted immunotherapy, suggesting sBCMA
as a new biomarker for monitoring response to MM therapy [11]. In preclinical studies,
anti-BCMA-CAR-T therapy showed low antigen-independent signaling and potent in vitro
killing of myeloma tumor cells, across a range of BCMA expression levels, as well as
sustained elimination of tumors and 100% survival, after single-dose administration in a
mouse model of human multiple myeloma [12].

Idecaptagene-vicleucel (bb2121) is an anti-BCMA chimeric antigen receptor T-cell ther-
apy for the treatment of multiple myeloma, approved by the FDA in 2021 for the treatment
of adults with relapsed or refractory multiple myeloma, who have received at least three
lines of anti-CD38/PI/IMID treatment. In clinical studies the median progression-free
survival was 11.8 months in phase I [13] and 8.8 months in phase 2 trials [14]. In the
absence of CAR-T therapy, RR/MM patients had a median PFS of 6.6 months and OS
of 13.5 months [15]. Response to bb2121 is heterogeneous and often transient, possibly
due to the presence of sBCMA in the plasma [7,9,11]. Serial sBCMA concentrations may
decline more significantly in hematologic responders (PR/CR/sCR) than in non-responders
(SD/PD) before day 28 post infusion [16].

The assays monitoring CAR-T expansion and assessing response to this novel ther-
apeutic option await implementation into clinical routine. Here, we evaluate the first
five patients with relapsed MM treated with anti-BCMA CAR-T cell therapy at the Insel-
spital Bern, Switzerland.

2. Materials and Methods

In the work described here, we aimed to monitor response in anti-BCMA CAR T-
cell recipients, by establishing a panel of laboratory assessments. We evaluated whether
introducing routine laboratory parameters might facilitate timely identification of response
and trigger therapeutic interventions. We established a digital droplet PCR (ddPCR)
assay for CAR-T−specific T-cell receptor (TCR) measurement from peripheral blood (PB)
and introduced sBCMA assessments at consecutive time points before and after CAR-T
cell infusion.

2.1. Patients

The first five patients with relapsed/refractory multiple myeloma (RR/MM) receiving
anti-BCMA CAR-T therapy at Bern University Hospital, Switzerland, were included in
this study. They received their individual anti-BCMA CAR-T cell infusion between May
and September 2021 after several lines of prior therapy. All patients gave written informed
consent, and the study was approved by the local ethics committee of Bern, Switzerland
(No. 2018-00628).

2.2. Lymphocyte Apheresis, Lymphocyte Depletion Chemotherapy, and CAR-T Infusion

Lymphocyte collections with the Spectra Optia (Terumo BCT) device were performed
using the continuous mononuclear cell collection (CMNC) procedure. Peripheral CD3+ cell
counts of blood and lymphocyte products were analyzed by multi-parameter flow cytome-
try (BD FACSCanto II). Five patients received idecabtagene vicleucel (ide-cel; previously
bb2121). Ide-cel was manufactured following leukapheresis and then infused at dose levels
aiming at 4.5E + 08 CAR+ T cells after 2 days interval, following lympho-depletion with
3 days of fludarabine 30 mg/m2 + cyclophosphamide 300 mg/m2.

18



Curr. Issues Mol. Biol. 2022, 44

2.3. Response Criteria

The criteria for assessing response were according to the International Myeloma Work-
ing Group [16,17]. Negative immuno-fixation on the serum and urine and disappearance
of any soft tissue plasmacytomas and <5% plasma cells in bone marrow was required for
CR response. In addition, normal free light chain (FLC) ratio and absence of clonal cells
in the bone marrow by immunohistochemistry or immunofluorescence was required for
stringent CR.

2.4. Establishment of ddPCR for CAR-T Quantification

In analogy to our previous study on CD19-CAR-T cell specific digital PCR [17], we
designed a specific ddPCR assay to quantify sequences of the intracellular domain of the
bb2121 CAR-T construct, using serial recipients’ peripheral blood samples. We designed
primers and probes for the CAR-T transgenes to target the intracellular junction sequence
between the effector (4-1BB) and co-stimulatory (CD3z) domains, similarly to Milone [18].
The procedure for the selection of the PCR primer sequences for quantitative assessment of
the bb2121 CAR-T construct was performed following the strategy previously reported by
Raje et al., with the primer sequences published there [12]. The reference gene was RPP30
(ribonuclease P protein subunit 30) [19].

2.5. Determination of sBCMA Plasma Levels in the Peripheral Blood

The Human BCMA/TNFRSF17 ELISA Kit (EH41RB, Thermo Fisher Scientific, Waltham,
MA, USA) is a solid-phase sandwich enzyme-linked immunosorbent assay (ELISA) designed
to detect and quantify the level of human BCMA in cell culture supernatants, plasma, and
serum. ELISA assay was done according to the manufacturer’s instructions using BCMA
protein standard. sBCMA levels were represented as the mean of triplicate samples for each
specimen.

3. Results

We evaluated the first five myeloma patients treated with bb2121 CAR-T cell therapy
at a single academic center (Table 1). After CAR-T cell administration, patients can develop
specific acute toxicities, including cytokine release syndrome (CRS) or immune effector
cell-associated neurotoxicity syndrome (ICANS) [20], with up to 40% of patients requiring
ICU admission. Three of the five patients in our cohort developed CRS grade 1 or 2, and
two patients had ICANS grade 1 or 2. Response determination entailed measurement of
standard myeloma blood parameters every three weeks. Four patients achieved a complete
remission (CR) in the bone marrow one month after CAR-T infusion, with three patients
achieving stringent CR, as determined by flow cytometry techniques. bb2121 CAR-T DNA
was detectable in peripheral blood for up to 300 days, with copy numbers peaking 7 to
14 days post infusion (Figure 1A). sBCMA plasma levels started dropping 1–10 days post
infusion and reached minimal levels 60 to 80 days post infusion (Figure 1B). In three
patients, sBCMA levels started to rebound immediately after the CAR-T levels declined. In
one patient, high levels of sBCMA were consistently detected after the initial reduction,
and this patient died of progression 100 days post CAR-T cell infusion.

3.1. Patients Characteristics

Five patients with relapsed/refractory multiple myeloma were included in this study
(Table 1). They received anti-BCMA CAR-T cells after two to five lines of prior therapy.
Response determination entailed detection of standard myeloma blood parameters every
three weeks, according to the international myeloma working group [21]. The CAR-T
treatment resulted in complete remission (CR) in four patients with CAR-T peak levels
exceeding 2E + 05 copies/µg gDNA and sBCMA plasma concentration dropping to minimal
levels (<10 ng/mL) within 90 days post infusion.
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Table 1. R/R MM Patient characteristics.

ID C-80 C-85 C-86 C-89 C-91 Average
(Range)

age at diagnosis (years) 63 58 55 69 45 58 (45–69)

stage R-ISS III II II na II

plasma cell infiltration (%) 85 50 80 90 60 73 (50–90)

FISH t(11;14) t(4;14) t(11;14)/+1q na t(4;14)/+1q

IgA (g/L) 22 50 46

light chain kappa (mg/L) 23 6 223

light chain lambda (mg/L) 13,400 382 604 11

lines of prior therapy 3 2 5 2 3 3 (2–5)

prior ASCT 1 1 1 0 1 0.8 (0–1)

number of relapses 3 2 2 2 0 2 (0–3)

time to CART (years) 7 6 6 1 1 4.2 (1–7)

CAR-T peak (copies/µg gDNA) 3.2E + 05 2.0E + 05 3.0E + 05 6.0E + 05 1.3E + 04 2.9E + 05

CAR-T peak day post infusion 7 7 13 9 14 10 (7–13)

sBCMA pre-infusion (ng/mL) 115 100 120 280 200 163 (100–280)

sBCMA 4 weeks post infusion 10 10 50 60 120 50 (10–120)

sBCMA 8 weeks post infusion 5 5 12 15 115 33 (5–115)

status, 4 weeks post infusion sCR sCR sCR CR SD

status, 8 weeks post infusion sCR sCR sCR CR PD

status, 6 months post infusion sCR sCR sCR relapse deceased

Abbreviations: relapsed/refractory (R/R); multiple myeloma (MM); autologous stem cell transplant (ASCT);
complete remission (CR); stable disease (SD); progressive disease (PD).

Patient 1 (C-80), first diagnosed with multiple myeloma, stage III (R-ISS) received
three lines of prior therapy and autologous stem cell transplant (ASCT). After the third
relapse, anti-BCMA CAR-T treatment resulted in stringent complete remission four weeks
after CAR-T cell infusion. CAR-T copy number in the peripheral blood peaked on day
7 at high levels (>3E + 05 copies/µg gDNA), followed by decline to minimal levels after
six months, then remained at low levels (100 copies/µg gDNA) until end of observation.
sBCMA plasma levels, initially at 115 ng/mL, started dropping immediately after infusion,
and reached minimal levels (5 ng/mL) eleven weeks after infusion. sBCMA plasma levels
started to rise to normal levels 4 months after infusion, and 10 months after infusion the
response status was still sCR.

Patient 2 (C-85), first diagnosed with multiple myeloma, stage II (R-ISS), had received
two lines of prior therapy and ASCT. After second relapse, anti-BCMA CAR-T treatment
resulted in stringent complete remission four weeks after CAR-T cell infusion. CAR-T copy
number in the peripheral blood peaked on day 7 at intermediate levels (2E + 05 copies/µg
gDNA) and subsided below the detection limit after five months. sBCMA plasma levels,
initially at 100 ng/mL, started dropping immediately after CAR-T cell infusion, and reached
minimal levels (10 ng/mL) four weeks after infusion, persisting below normal levels for
nine months when the response status was still sCR.

Patient 3 (C-86), first diagnosed with multiple myeloma, stage II (R-ISS) received
five lines of prior therapy and ASCT. After second relapse, anti-BCMA CAR-T treatment
resulted in complete remission four weeks after infusion. CAR-T copy number in the
peripheral blood peaked on day 13 at high levels (3.2E + 05 copies/µg gDNA) and was still
at 128 copies/µg gDNA after six months. sBCMA plasma levels, initially at 120 ng/mL,
started dropping 10 days after infusion, and reached minimal levels (10 ng/mL) two months
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after CAR-T cell infusion. sBCMA plasma levels started to rise above normal levels
(rebound) three months after infusion. Eight months after CAR-T infusion sBCMA plasma
concentration had reached pretreatment levels, while the response status was still CR.
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Figure 1. Dynamics of CAR-T and sBCMA plasma levels in the peripheral blood of patients.
(A) Dynamics of CAR-T copies/µg genomic DNA in the peripheral blood. Rapid rise to high peak
levels (>1.9E + 05 copies/µg), followed by decline to undetectable levels (C-85, C-89) or persistence at
low levels (C-80, C-86). Rapid rise to mediocre peak levels (1.3E + 04 copies/µg) and decline to low
levels (C-91). The concentration of the CAR-T copies/µg gDNA is given on a logarithmic scale on the
y-axis. (B) Dynamics of sBCMA concentrations in the plasma. Rapid decline to minimal levels (C-80,
C-85, C-86, C-89), followed by rebound to normal levels (C-80, C-86). Persistence of elevated levels
(C-91). Response determination at the end of the study entailed three sCR (C-80, C-85, C-86), one
relapsed (C-89, R), one deceased (C-91, D). The concentration of the sBCMA is given on a logarithmic
scale on the y-axis. (C) Dynamics of CART copies/µg gDNA (grey bars) and sBCMA (ng/mL) in the
plasma (black dots).

Patient 4 (C-89) had received two lines of prior therapy, but was not eligible for ASCT.
After second relapse anti-BCMA CAR-T, therapy resulted in complete remission four weeks
after infusion. CAR-T copy number in the peripheral blood peaked on day 9 at high
levels (6E + 05 copies/µg gDNA) and subsided below the detection limit after five months.
sBCMA plasma levels, initially at 280 ng/mL, started dropping immediately after infusion
and reached minimal levels two months after CAR-T cell infusion. Six months after CAR-T
infusion, the response determination indicated a relapse.

Patient 5 (C-91), first diagnosed with multiple myeloma, stage II (R-ISS), had received
two lines of prior therapy and ASCT. Anti-BCMA CAR-T treatment resulted in stable
disease (SD) four weeks after infusion. CAR-T copy number in the peripheral blood peaked
on day 14 at low levels (1.3E + 04 copies/µg gDNA) and was at 100 copies/µg gDNA
after three months when disease was progressive (PD). sBCMA plasma levels, initially
at 200 ng/mL, started dropping immediately after infusion; however, they soon reached
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a plateau at 120 ng/mL. The disease progressed, and the patient died 100 days after
CAR-T infusion.

3.2. Dynamics of CAR-T Concentration in the Peripheral Blood

We determined the dynamics of CAR-T cell presence in the peripheral blood by evaluating
the copy number, as well as persistence after infusion, similarly to the analysis done in the phase
I and phase II studies [13,14]. Expansion of CAR-T cells peaked above 2–E + 05 copies/µg
gDNA in the four patients with good responses, and at 1.3E + 04 copies/µg DNA) in the one
patient with partial response (Figure 1A). Three patterns of dynamics were observed: 1. Rapid
increase to high peak levels (>1.9E + 05 copies/µg), followed by decline to undetectable levels
(C-85, C-89). 2. Rapid increase to high peak levels, followed by decline with persistence at low
levels (C-80, C-86). 3. Rapid increase to mediocre peak levels (1.3E + 04 copies/µg), followed by
decline with persistence at low levels (C-91). CAR-T cells were present for less than six months
after infusion in two patients (C-85, C-89), and over six months in two patients (C-80, C-86).

3.3. Dynamics of sBCMA Plasma Levels

Proteolytic shedding of the BCMA receptor reduces its cell-surface expression and
ligand-mediated survival of B cell subsets. This shedding is mediated by protease γ-
secretase, and is partially dependent on ligand binding and receptor interactions. sBCMA
plasma levels are elevated in MM sera (100–300 ng/mL) compared to healthy donors
(10–80 ng/mL), with no difference between newly diagnosed patients and those with
relapsed disease [8–10]. A remarkable decrease in sBCMA level was previously observed in
patients with good responses to BCMA-targeted immunotherapy, suggesting sBCMA as a
suitable biomarker to assess response to MM therapy [11]. Here, we assessed soluble BCMA
as a serum-based universal marker of myeloma burden, and correlated sBCMA levels with
response duration. sBCMA plasma levels started dropping 1–10 days post infusion, and
minimal levels (<10 ng/mL) were reached 60 to 80 days post-infusion (Figure 1B,C). After
the initial decline, sBCMA levels started to rise again (rebound), reaching normal levels
in three cases, and rising to pretreatment levels in one patient eight months after CAR-T
cell infusion. Four patterns of dynamics of sBCMA levels were observed: 1. Rapid decline
to minimal levels, followed by rebound to normal levels (C-80, C-89). 2. Rapid decline
to minimal levels with persistence (C-85). 3. Rapid decline to minimal levels, followed
by rebound to normal levels and rise to pretreatment levels (C-86). 4. Persistently high
sBCMA plasma levels (C-91). Shedding of BCMA may reduce the efficacy of ide-cel CAR-T
treatment, since the target is no longer present on the target cell, and sBCMA can act as a
decoy that neutralizes the compound (Figure 2).
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4. Discussion

Four of the first five patients receiving anti-BCMA CAR-T cells at the University Hos-
pital, Bern, demonstrated favorable response to anti-BCMA CAR-T treatment. Complete
remission (CR) in the bone marrow was prevalent in four patients (80%) one month post
CAR-T infusion, with stringent CR (sCR) present in three patients (60%), as determined by
flow cytometry techniques. This is in accordance with results from a phase II study [14],
where, at the target dose of 4.50E + 08 CAR-T cells, a response was observed in 44 of
54 patients (81%), and a complete response or better was observed in 21 of 54 patients
(39%). Anti-BCMA CAR-T cell expansion appeared to peak in the peripheral blood in
multiple myeloma patients, with a similar pattern compared to CAR-T cell products already
approved for commercial use in lymphomas [22,23].

Responses to anti-BCMA CAR-T treatment in this small cohort were found to associate
with peak expansion by qPCR (>2E + 05 copies/µg DNA for CR vs. 1E + 04 copies/µg for
PR/SD), similarly to data reported by Cohen et al., 2019 [16], who described a significant
association of response with peak expansion by qPCR (median 7E + 05 copies/µg DNA for
≥PR vs. 6E + 03 copies/µg for <PR), as well as with persistence over the first 28 days. CAR-
T cells were detectable for less than six months in two patients, and for up to 10 months in
two patients, at low levels. A similar duration was described in the cellular kinetic analysis
of the phase II trial where CAR-T cells were present in 59% of patients at 6 months and in
36% at 12 months after infusion [14]. The low level presence of CAR-T cells (100 copies/µg
gDNA) may be insufficient to guard against myeloma recurrence. In addition, several
months after infusion, the CAR-T cells may become functionally compromised and the
myeloma cells may become resistant to the CAR-T cells.

With respect to sBCMA levels, a clinical reference value has not been defined. However,
sBCMA peptide concentrations are elevated in MM plasma (100–1000 ng/mL) compared
to healthy donors (10–80 ng/mL) [14,22,23]. In four of the five MM patients in our study,
sBCMA concentrations in the plasma, at 100–300 ng/mL before CAR-T infusion, declined
to minimal levels below 10 ng/mL within 90 days post anti-BCMA CAR-T infusion, before
rebounding to normal levels. Higher baseline sBCMA of 300 ng/mL was detected in two
patients, one without clinical response and one with good initial clinical response but early
relapse, indicating that higher baseline sBCMA may affect therapeutic efficacy, possibly by
blocking the chimeric T cell receptors of the effector cells.

sBCMA levels above normal levels after the decline of CAR-T cells may indicate the
impending end of remission. sBCMA plasma concentrations of 100 ng/mL can represent
normal levels in one patient, and indicate recurrence of myeloma in another patient. sBCMA
plasma levels may be easily determined together with standard remission controls on a
monthly basis and can serve, not only as response monitoring tool, but also as an early
predictor of response.

A remarkable decrease in sBCMA level was observed in the four patients with good
responses to bb2121 therapy. With this limited number of patients, definite conclusions
on the utility of sBCMA as a response monitoring marker are not possible. However, the
study may present a proof of principle, suggesting that sBCMA may represent a promising
biomarker of response to BCMA-targeted immunotherapy. sBCMA concentrations were
found to decline more significantly after CAR-T cell infusions in responders (CR/sCR)
than in non-responders (SD). sBCMA was detectable in all five patients at the end of the
study, suggesting that BCMA antigen loss is not a prevalent mechanism of escape from
ide-cel therapy. sBCMA concentrations remained at low levels in long-term responders,
confirming sBCMA plasma levels as a useful adjunctive biomarker for assessing myeloma
disease response and progression. Larger studies are required to evaluate the prognostic
significance of sBCMA plasma levels for their potential as biomarker of response and
predictor of response to BCMA-targeting therapies in relapsed multiple myeloma patients.

Identification of the observed CAR-T copy number kinetics suggests investigation of
whether the pattern ‘rapid rise to high peak levels, followed by decline, with persistence
at low levels’ may be associated with superior efficacy of CAR-T treatment. Identification
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of the observed sBCMA plasma level dynamics suggests further investigation of whether
the pattern ‘rapid decline to minimal levels < 10 ng/mL’, as well as ‘duration at minimal
levels’, may be associated with superior efficacy of CAR-T treatment. These questions can
be addressed once the therapy is approved and more MM patients can be admitted to
BCMA CAR-T therapy.
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Abstract: CD147 (basigin, BSG) is a membrane-bound glycoprotein involved in energy metabolism
that plays a role in cancer cell survival. Its soluble form is a promising marker of some diseases, but
it is otherwise poorly studied. CD147 is overexpressed in multiple myeloma (MM) and is known to
affect MM progression, while its genetic variants are associated with MM survival. In the present
study, we aimed to assess serum soluble CD147 (sCD147) expression as a potential marker in MM.
We found that sCD147 level was higher in MM patients compared to healthy individuals. It was
also higher in patients with more advanced disease (ISS III) compared to both patients with less
advanced MM and healthy individuals, while its level was observed to drop after positive response to
treatment. Patients with high sCD147 were characterized by worse progression-free survival. sCD147
level did not directly correlate with bone marrow CD147 mRNA expression. In conclusion, this study
suggests that serum sCD147 may be a prognostic marker in MM.

Keywords: BSG; basigin; CD147; MM; multiple myeloma; survival

1. Introduction

Multiple myeloma (MM) is an incurable bone marrow malignancy associated with the
presence of atypical plasma cells and with occurrence of end organ damage. It is the second
most common haematological malignancy and accounts for 2% of all cancer cases [1,2]. MM
is proceeded by monoclonal gammopathy of undetermined significance (MGUS), which
has a 1% chance of progressing to malignant MM [3]. While novel therapeutic options,
such as autologous stem cell transplantation and immunomodulatory drugs, led in the last
two decades to a significant increase in overall survival, mean survival of MM patients is
still relatively low at approximately 5 years [4,5].

CD147, also known as basigin (BSG) and extracellular matrix metalloproteinase in-
ducer (EMMPRIN), is a heavily glycosylated member of the Ig superfamily. It is encoded
by the BSG gene located on chromosome 19p13.3 and is ubiquitously expressed on various
types of cells [6,7]. It is primarily described as a transmembrane protein. Its main isoform,
basigin-2, is composed of a longer extracellular domain including a signal sequence and
two Ig domains, as well as of shorter transmembrane and cytoplasmic domains [8,9]. CD147
can also be found in body fluids in the form of soluble CD147 (sCD147). sCD147 can be
secreted by cells as a full-length protein released with microvesicles [10]. Alternatively,
the extracellular domain can be cleaved and released through one of two pathways, one
involving matrix metalloproteinases (MMPs), and one involving ADAM12 [11,12]. CD147
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is a multifunctional protein involved in many cellular pathways [9,13]. Additionally, recent
reports indicate that it may function as an alternative entry receptor for the SARS-CoV-2
virus associated with the COVID-19 pandemic [14,15].

CD147 is overexpressed in many cancers and is known to promote cancer progres-
sion [16,17]. It was found to be a marker of risk, poor prognosis, overall and progression-free
survival, as well as chemotherapy resistance [18,19]. Although many CD147-associated
pathways may be responsible for this, it was shown that interaction between CD147 and
monocarboxylate transporters (MCTs) contributes most to this pro-tumour effect [20]. MCTs
are membrane-bound transporters of monocarboxylates such as lactic acid [21]. They are
important components of energy metabolism, as lactic acid is a by-product of glycolysis
which needs to be removed from the cell to avoid dangerous decrease in cytosolic pH [22].
Most cancer cells rely primarily on glycolysis for energy production, a phenomenon known
as the Warburg effect, making proper functioning of MCTs crucial for them [23].

CD147 functions as a chaperone of MCT1 (also known as SLC16A1) and its downregu-
lation is known to be detrimental to proper lactate transport and tumour survival [24–26].
CD147 is also known to be involved with expression of other proteins such as MMPs, and
vascular endothelial growth factor (VEGF), while its own expression can be controlled by
various other factors, e.g., receptor activator for nuclear Factor κ B ligand (RANKL) [27–29].
Its ability to induce VEGF expression also contributes to cancer development and progres-
sion, as VEGF is an important pro-angiogenic factor [29].

Like in other cancers, CD147 was shown to be overexpressed in MM and to be asso-
ciated with MM progression [30]. Likewise, MCT1 and MCT4 were also overexpressed
in MM patients, although only MCT1 was indispensable for continued MM cell prolifera-
tion [24]. Genetic variants of both CD147 and MCT1 were found to influence survival in
MM patients [31], and CD147 is known to be involved in response to MM treatment [32,33].
Myeloma cells were observed to exhibit increased lactate transport, whereas CD147 gene
expression was found to correlate with key regulators of glycolysis and the Warburg effect,
further substantiating the pro-myeloma effect of CD147 [24,34].

Soluble CD147 is thought to support cancer proliferation by interacting with membrane-
bound CD147 [35]. It was shown to be an easily detectable biomarker in some diseases [36–38],
although its role in haematological malignancies is poorly studied. We recently showed
thatsCD147 is overexpressed in acute myeloid leukaemia (AML) patients compared to
healthy individuals and that high CD147 is associated with worse overall survival [39].

In the present study, we aimed to determine whether serum sCD147 could be used
as a potential prognostic marker in MM. Furthermore, we wanted to establish if sCD147
level correlated with the proangiogenic factor VEGF and mRNA expression of CD147 in
the bone marrow.

2. Materials and Methods
2.1. Patients and Controls

The study included 62 newly diagnosed MM patients and 25 healthy blood donors
serving as the control group. Both groups were nearly equally divided into men and
women (the ratio of females was 30/59 and 12/25, respectively). The study was approved
by the Wroclaw Medical University Bioethical Committee (ethical approval code: 369/2019).
According to International Staging System (ISS) stratification, 21.4% of patients were in
stage I, 33.9% were in stage II, and 44.6% were in stage III. Most patients were administered
either the bortezomib, melphalan, prednisone (VMP); 35.2%, or the bortezomib, thalido-
mide, dexamethasone (VTD); 29.6% regimen as first line therapy. Further clinical data of
patients analysed in the study are included in Table 1.
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Table 1. Characteristics of MM patients included in the study.

Data Median and Range
(n = 59)

Age 70 (43–88)
white blood cell count (G/L) 6.7 (2.4–20.9)
haemoglobin (g/dL) 10.1 (5.6–14.7)
total protein (g/dL) 8.4 (5.1–15.9)
albumin (g/dL) 3.8 (1.7–5.0)
lactate dehydrogenase (U/L) 225 (100–1595)
β2-microglobulin (mg/L) 4.4 (1.3–78.5)
C-reactive protein (mg/L) 10.2 (0.7–102.8)
creatinine (mg/dL) 1.00 (0.36–8.87)
calcium (mg/dL) 9.4 (7.4–14.0)

2.2. ELISA Analysis of Serum Samples

Peripheral blood from 62 MM patients and 25 healthy individuals was collected, al-
lowed to clot, and subsequently centrifuged for 15 min at 1000× g. Serum samples were
then collected, aliquoted, and kept at −70 ◦C until further use. Serum samples were used
for measurements of sCD147 and VEGF concentrations, which were performed using the
Human EMMPRIN/CD147 Quantikine ELISA Kit and Human VEGF Quantikine ELISA
Kit (R&D Systems, Inc., Minneapolis, MN, USA) according to manufacturer’s instructions.
All samples were run in duplicate. Subsequently, absorbance was measured in a Sun-
rise microplate reader with Magellan analysis software (Tecan Trading AG, Männedorf,
Switzerland).

2.3. RNA Isolation and Gene Expression Analysis

Bone marrow aspirates from a group of 29 MM patients and 3 non-MM patients
(working as a PCR control group) were collected, and mononuclear cells were isolated
by Lymphodex (inno-train Diagnostik GmbH, Kronberg im Taunus, Germany) density-
gradient centrifugation. Total RNA was then extracted using the RNeasy Plus Mini Kit
(QIAGEN, Hilden, Germany) according to manufacturer’s protocol. RNA purity and
integrity were verified on the DeNovix DS-11 specrophotometer (DeNovix Inc., Wilmington,
DE, USA), and by gel electrophoresis. A total of 2000 ng of isolated RNA was used for
reverse transcription into cDNA using the High-Capacity cDNA Reverse Transcriptase
kit (Applied Biosystems, Waltham, MA, USA) and RNase Inhibitor (Applied Biosystems,
Waltham, MA, USA) was added to the reaction mix. The reaction was performed in
a SimpliAmp Thermal Cycler (Applied Biosystems, Waltham, MA, USA) according to
manufacturer’s instructions. The resulting cDNA was stored at −70 ◦C.

CD147 (BSG), MCT1 (SLC16A1), MCT4 (SLC16A3), and VEGF gene expression were
measured using quantitative real-time PCR, and the raw expression data were normal-
ized to β-actin (ACTB), which was used as a reference gene. TaqMan Gene Expression
assays specific to each gene of interest, as well as TaqMan Gene Expression Master Mix
(Applied Biosystems, Waltham, MA, USA) were used for the experiment. TaqMan Gene
Expression probes (Applied Biosystems, Waltham, MA, USA) used were: Hs00936295_m1
(CD147), Hs01560299_m1 (MCT1), Hs00358829_m1 (MCT4), Hs00900055_m1 (VEGF), and
Hs01060665_g1 (ACTB). Samples were run in duplicate. The reactions were performed on
LightCycler 480 II (Roche Diagnostics, Rotkreuz, Switzerland) and according to manufac-
turer’s instructions. Relative expression was then calculated using the 2−∆∆Ct method.

2.4. Statistical Analysis

The non-parametric Mann–Whitney U test was used for comparison between serum
sCD147 and clinical parameters such as white blood cell count, haemoglobin, total pro-
tein, albumin, lactate dehydrogenase, β2-microglobulin, creatinine or C-reactive pro-
tein. Spearman’s coefficient was used to assess correlations with serum sCD147, serum
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VEGF, CD147/MCT1/MCT4/VEGF gene expression, and clinical parameters. Overall
and progression-free survival were analysed using the Kaplan–Meier curves and Gehan–
Breslow–Wilcoxon test, as well as multivariate Cox proportional hazards model, and the
non-parametric Wilcoxon signed-rank test was employed to compare sCD147 level before
and after response to treatment. These analyses were performed with the Real Statistics
Resource Pack for Microsoft Excel 2013 (version 15.0.5023.1000, Microsoft, Redmond, WA,
USA), RStudio (RStudio, PBC, Boston, MA, USA), and GraphPad Prism (version 8.0.1,
GraphPad Software, San Diego, CA, USA). p-values < 0.05 were considered statistically
significant, while those between 0.05 and 0.10 were indicative of a trend.

3. Results
3.1. Serum Soluble CD147 Is Increased in MM Patients

We analysed expression of sCD147 in serum of a group of MM patients (n = 62)
and in the control group of healthy individuals (n = 25). The median sCD147 value was
4441.78 pg/mL (interquartile range: 3435.10–5798.96 pg/mL) in patients, and 3894.45 pg/mL
(interquartile range: 2903.50–4544.15 pg/mL) in the control group. We found sCD147 to
be significantly higher in serum of MM patients compared to the control group (p = 0.016,
Figure 1).
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Figure 1. Serum sCD147 in multiple myeloma (MM) patients and the control group of healthy
individuals. sCD147 is higher in the former group (p = 0.016).

3.2. Serum Soluble CD147 Is Associated with More Advanced Disease and Worse Survival

We analysed sCD147 expression in the context of some of the clinical parameters of
MM. sCD147 was higher in patients in the more advanced stage III (mean: 5202.93 pg/mL,
interquartile range: 3909.71–7986.53 pg/mL), compared to patients in stages I-II (mean:
3782.70, interquartile range: 3352.70–5196.10 pg/mL), according to the International Staging
System (ISS) criteria (p = 0.012, Figure 2). sCD147 expression in stage III patients was also
significantly higher than that of healthy individuals (p = 0.001).

Regarding other clinical parameters, we observed that sCD147 correlated with β2-
microglobulin level (R = 0.279, p = 0.033, Figure 3A) and creatinine (R = 0.429, p = 0.001,
Figure 3B). However, no associations with either white blood cell count, haemoglobin, total
protein, albumin, lactate dehydrogenase, or C-reactive protein were observed. Additionally,
we compared serum levels of sCD147 and of the proangiogenic factor VEGF. However, we
did not find any correlation between them (R = −0.010, p = 0.941).
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Figure 2. Serum sCD147 in patients in stages I-II and in patients in stage III of the International
Staging System, or ISS. Healthy controls are also included. Patients in the more advanced stage III
are characterized by higher sCD147 levels than both patients in the stages I-II (p = 0.014), and healthy
controls (p = 0.002). Concurrently, healthy individuals did not significantly differ from patients in
stages I-II (p = 0.279).
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Figure 3. Correlation between serum soluble CD147 and two clinical parameters in MM patients—
β2-microglobulin (A) and creatinine (B). Serum soluble CD147 is characterized by a weak-moderate
correlation with these two parameters.

In the next step, we used Kaplan–Meier curves to analyse the difference in overall (OS)
and progression-free survival (PFS) between patients with high and low sCD147. High
sCD147 was defined in this and further analyses as being above the upper quartile in
our study group (5798.96 pg/mL), and low sCD147 was below the upper quartile. While
no difference was observed in OS, we observed that patients with high sCD147 were
characterized by shorter PFS than patients with low sCD147 (p = 0.046, Figure 4).

Additionally, we constructed a Cox proportional hazards model including sCD147
status (low/high) and adjusting for age, β2-microglobulin level, creatinine level, ISS stage,
and therapy (use of immunomodulatory drugs). This analysis confirmed high sCD147 to
be an independent marker of adverse PFS (p = 0.038).
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Figure 4. Progression-free survival of patients with high serum sCD147 (above the upper quartile, or
5798.96 pg/mL) and in patients with low serum sCD147 (below the upper quartile). Patients with
high sCD147 are characterized by a more adverse PFS (p = 0.046).

3.3. Serum Soluble CD147 Levels Drop in Response to Treatment

In a subsection of MM patients (n = 10), we compared sCD147 levels after positive
response to treatment (very good partial response or better) to those at diagnosis. We found
sCD147 levels to significantly decrease in response to treatment in most patients (p = 0.025,
Figure 5).
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Figure 5. Serum sCD147 levels in multiple myeloma patients before and after positive response to
treatment. sCD147 levels are decreased in most patients after remission (p = 0.025).

3.4. Serum Soluble CD147 Does Not Correlate with BSG mRNA Expression Levels

We measured relative mRNA BSG expression in bone marrow samples of a subgroup
(n = 29) of MM patients. sCD147 level in serum did not correlate with mRNA CD147
expression in those patients (R = 0.027, p = 0.896). In addition to BSG, we also measured
mRNA expression of various other genes associated with BSG in MM. We found that, as
expected, BSG mRNA expression correlated strongly with expression of VEGF (R = 0.420,
p = 0.023), MCT1/SLC16A1 (R = 0.811, p < 0.001), but not with MCT4/SLC16A3 (R = 0.061,
p = 0.755). While no statistically significant associations between mRNA BSG expression
and clinical parameters or survival were observed, we found a trend towards lower BSG
expression in patients with positive (very good, partial, or better) response to treatment
(p = 0.093).

4. Discussion

A growing body of evidence points to CD147 being a major factor in cancer progression
and survival [16–19]. This may be a result of its multifunctional nature and involvement
in a multitude of regulatory pathways that include cell migration, proliferation, and
angiogenesis. Another pathway associated with tumour progression and promoted by
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CD147 is epithelial–mesenchymal transition (EMT) [40,41]. Furthermore, recent research
suggests that control of lactate transport through MCTs is a major function of CD147 in the
context of cancer [20]. As CD147 was recently shown to function as an auxiliary receptor
for SARS-CoV-2 infection [14,15], a good knowledge of its expression patterns may be of
importance in the context of the COVID-19 pandemic.

Various studies suggests that CD147 is involved in development, progression, and
response to treatment of MM [24,30,42]. CD147 is also implicated in response to treatment,
particularly treatment involving immunomodulatory drugs [32,33]. In our previous stud-
ies, we showed that some genetic variants of CD147 and MCT1 affect survival of MM
patients [31]. Soluble CD147 is a form of CD147 found in all body fluids and an easily
measured potential biomarker, which we recently showed to be associated with survival in
AML patients [39]. However, little is known about sCD147 in MM patients.

The main goal of the present study was to establish if sCD147 could be a prognostic
marker in MM. Earlier study showed that serum/plasma sCD147 is elevated in many
diseases, including some cancers [36–38,43,44] and our earlier studies show that it is
elevated in AML [39]. Here, we observed that sCD147 level is significantly higher in
MM patients compared to healthy individuals. Furthermore, sCD147 is higher in patients
with more advanced disease than in both patients with less advanced MM, and healthy
individuals. Additionally, we showed that sCD147 dropped in most analysed patients
as a result of achieving remission, regardless of treatment regimen. High sCD147 also
predicted shorter PFS, independently of variables such as age, ISS stage, or treatment
regimen (whether immunomodulatory drugs were used or not).

All this evidence suggests that sCD147 is a potential prognostic marker associated
with MM in general, and more particularly with MM progression and survival. Our
results resemble those found in a study on breast cancer, which showed higher sCD147 in
patients with primary breast cancer compared to benign diseases, as well as in patients
with advanced cancer compared to early stage disease [37]. Similarly, sCD147 was shown
to be elevated in patients with hepatocellular carcinoma (HCC), and to correlate with HCC
tumour size and worse survival [36,45].

In our previous study, we likewise demonstrated that sCD147 is higher in AML
patients and correlates with various AML clinical parameters and survival [39]. However,
data on sCD147 expression in other cancers are scarce. Given that sCD147 is abundant
in serum and plasma, but also in body fluids such as saliva and urine, it can be easily
measured by protein detection methods such as ELISA. Therefore, it appears to be an
interesting candidate for a potential biomarker not just in MM, but in cancer in general.

The role of sCD147 in multiple myeloma, and in cancer in general, is not very clear.
CD147-containing microvesicles were shown to be internalized by myeloma cells and to
increase their proliferation [42]. sCD147 is known to dimerize with membrane-bound
CD147 in the tumour microenvironment, to stimulate production of more CD147 as well as
various other proteins enhancing tumour survival [35,46]. However, we did not observe
sCD147 to correlate with levels of the pro-angiogenic factor VEGF, even though there was
a correlation between VEGF and CD147 expression on the mRNA level. This suggests
that sCD147 might not be involved in BSG-dependent induction of VEGF expression and
angiogenesis [29]. However, it is worth noting that VEGF regulation is very complex and
involves many factors and pathways [47]. This includes post-transcriptional regulation
processes, which means that its mRNA expression may not necessarily correspond to
actual protein expression [48]. Additionally, we did not find the sCD147 level to correlate
with CD147 mRNA expression. However, mRNA expression of both VEGF and MCT1
(SLC16A1) did correlate with CD147 mRNA level, as expected [29,33]. This may be due to
the fact that CD147 is primarily expressed on the cell surface. Only a part of it is secreted,
and this secretion is dependent on three specialised secretion pathways (one involving
microvesicles, and two involving shedding of the CD147 extracellular domain) [10–12].
These results suggest that sCD147 secretion may not be the main way for CD147 to exert its
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pro-tumour effect, although sCD147 still appears to be an interesting biomarker in multiple
myeloma.

In conclusion, we showed that sCD147 may be a prognostic marker in MM, although
our results may require confirmation on a larger cohort of patients. sCD147 appears to be a
promising marker of cancer.
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Abstract: Experimental evidence implicates reactive oxygen species (ROS) generation in the hypoxic
stabilization of hypoxia-inducible factor (HIF)-1α and in the subsequent expression of promoters
of tumor invasiveness and metastatic spread. However, the role played by mitochondrial ROS in
hypoxia-induced Epithelial-Mesenchymal Transition (EMT) activation is still unclear. This study
was aimed at testing the hypothesis that the inhibition of hypoxia-induced mitochondrial ROS
production, mainly at the mitochondrial Complex III UQCRB site, could result in the reversion of
EMT, in addition to decreased HIF-1α stabilization. The role of hypoxia-induced ROS increase in
HIF-1α stabilization and the ability of antioxidants, some of which directly targeting mitochondrial
Complex III, to block ROS production and HIF-1α stabilization and prevent changes in EMT markers
were assessed by evaluating ROS, HIF-1α and EMT markers on breast cancer cells, following 48 h
treatment with the antioxidants. The specific role of UQCRB in hypoxia-induced EMT was also
evaluated by silencing its expression through RNA interference and by assessing the effects of its
downregulation on ROS production, HIF-1α levels, and EMT markers. Our results confirm the
pivotal role of UQCRB in hypoxic signaling inducing EMT. Thus, UQCRB might be a new therapeutic
target for the development of drugs able to reverse EMT by blocking mitochondrial ROS production.

Keywords: EMT; UQCRB; ROS; hypoxia; HIF-1α

1. Introduction

The Epithelial-Mesenchymal Transition (EMT) is a biological process characterized by
typical biochemical changes of epithelial cells that allow the acquisition of a mesenchymal
phenotype and by the loss of cell-cell interactions and apicobasal polarity [1]. These changes
lead to increased invasiveness, resistance to stress and to apoptotic cell death, and increased
production of extracellular matrix proteins [1–3]. During the process, specific transcriptional
modulators reduce the expression of the membrane glycoprotein E-cadherin, leading to
the destabilization of adherent junctions and promoting cell mobility while increasing
the synthesis of the mesenchymal protein vimentin, which modifies the composition of
the intermediate filaments of the cytoskeleton, favoring invasiveness. The activation of
the EMT program depends on the synergy between extracellular signals originating from
the tumor microenvironment and the genomic and epigenomic structure of the cells. A
number of extracellular ligands, including transforming growth factor β (TGF β), as well
as microenvironmental cues, such as a reduction in oxygen partial pressure (frequently
encountered in solid tumors), have been shown to activate and maintain EMT [2–4]. Under
hypoxic conditions, EMT is induced as part of a pleiotropic adaptive response that is
largely controlled by transcription factors belonging to the Hypoxia-Inducible Factor (HIF)
family. HIFs are heterodimeric transcription factors consisting of a common β subunit
that is constitutively present in cells, and of an inducible α subunit, which is specific for
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each family member. Under normoxic conditions, the latter is continuously synthesized
and degraded following hydroxylation of two critical proline residues (P402 and P564)
by specific prolyl hydroxylases (PHD1—3), which allows the interaction with the Von
Hippel-Lindau (VHL) E3 ubiquitin ligase and subsequent protein degradation [5,6].

PHD activity is oxygen-dependent, and also requires Fe (II) and oxoglutarate as
cofactors. Thus, under hypoxic conditions, the inducible α subunit is stabilized and the
heterodimeric transcription factor accumulates in the nucleus, binds to specific sequences
in gene promoters, and modifies the expression of several target genes, including those
encoding for transcriptional modulators involved in EMT (Slug, Snail, Twist, Zeb) [7–9].

A number of studies published in the late 1990s/early 2000s have shown that intracel-
lular generation of reactive oxygen species (ROS) is implicated in the hypoxic stabilization
of HIF-1α, providing a possible mechanism through which ROS may promote tumor
invasiveness and metastatic spread. These studies emphasize the role played by the mi-
tochondrial electron transport chain, and more specifically of complex III, as a source for
HIF-1α-stabilizing ROS during hypoxia [10–13]. Mitochondrial complex III, also called
Ubiquinol-cytochrome c oxidoreductase or cytochrome bc1 complex, transfers electrons
from ubiquinol to cytochrome c and couples this redox reaction to the translocation of
protons from the matrix to the intermembrane space through a mechanism known as “Q
cycle” [14–18]. During this cycle unstable ubisemiquinone intermediates are formed that
can transfer their unpaired electron to oxygen, leading to superoxide formation; mitochon-
drial superoxide dismutase (SOD) then converts superoxide to H2O2, which inhibits PHD
activity by direct attack and/or by decreasing Fe (II) availability, thus causing HIF-1α
stabilization. Subsequent studies have established the ubisemiquinone formed at the Qo
site of complex III as the crucial electron source for hypoxic ROS production. Accordingly,
specific Qo inhibitors, such as stigmatellin, are able to counteract hypoxic ROS production
and HIF-1α stabilization, as well as some HIF-1-dependent cellular responses such as VEGF
release and angiogenesis [19]. In contrast, Qi site inhibitors, such as antimycin A, increase
superoxide production by complex III and are therefore ineffective in preventing hypoxic
adaptations [14,20].

Recently, the ubiquinol-cytochrome c reductase binding protein (UQCRB), a subunit of
mitochondrial Complex III, has been found to play a pivotal role in hypoxic mitochondrial
ROS generation, thereby emerging as an important modulator of tumor angiogenesis by
the upregulation of both hypoxic signaling. Interestingly, the small molecule Terpestacin
and its derivatives, which specifically bind UQCRB, inhibit the angiogenic response to pro-
angiogenic stimuli, such as hypoxia [21–23], making UQCRB a potential new therapeutic
target for antiangiogenic drug development.

While the role of mitochondrial ROS in hypoxia-induced angiogenesis has been suc-
cessfully established, their implication in EMT activation is still unclear. The present study
was aimed at testing the hypothesis that the inhibition of hypoxia-induced mitochondrial
ROS production could result in the reversion of EMT, in addition to decreased HIF-1α
stabilization, thus providing a rationale for the development of drugs able to counter-
act tumor progression induced by the EMT by blocking mitochondrial ROS production.
We first evaluated the role of hypoxia-induced ROS increase in HIF-1α stabilization, in a
triple-negative breast cancer cell line that has often been used in the study of EMT, namely
MDA-MB468. Secondly, we assessed the ability of a number of antioxidants, mostly target-
ing mitochondrial Complex III and including Terpestacin, to block ROS production and
HIF-1α stabilization and prevent changes in EMT markers.

Finally, the specific role of UQCRB in hypoxia-induced EMT was evaluated by silenc-
ing its expression through RNA interference and assessing the effects of its downregulation
on ROS production, HIF-1α levels and EMT markers.
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2. Materials and Methods
2.1. Chemicals

Myxothiazol (Myxo), mito-TEMPO (mitoTP), standard chemicals, and cell culture
reagents were purchased from Euroclone s.r.l. (Milan, Italy), unless otherwise indicated.
Terpestacin was kindly provided by Dr. HoJeong Kwon (Yonsei University, South Korea).

2.2. Cell Lines, Drug Treatment and Hypoxia Induction

The breast cancer cell lines MCF7, MDA-MB468, and MDA-MB231 were originally
obtained from American Type Culture Collection (Rockville, MD, USA) and recently
authenticated by morphological inspection, growth curve analysis, and short tandem repeat
profiling. MCF7 cells are hormone responsive, whereas the other two cell lines derive from
triple negative breast carcinomas (TNBCs), a particularly aggressive and untreatable subset
of breast cancers [24]. The 293FT cell line (Invitrogen, Milan, Italy) was used to produce
replication-incompetent lentiviral particles. Cells were maintained in RPMI1640 (MCF7
and MDA-MB231; ECM2001L) and DMEM (MDA-MB468 and 293FT; ECB7501L) medium
supplemented with 10% fetal bovine serum, 1% glutamine (ECB3000D), 1% antibiotic
mixture, 1% sodium pyruvate (S8636) and 1% non-essential amino acids (ECB3054D) and
incubated at 37 ◦C in a humidified 5% CO2 atmosphere. Cells were cultured for less than
10 weeks (18–20 passages) and were regularly checked for Mycoplasma (Molecular Biology
Reagent Set Mycoplasma species, Euroclone, UK).

For all experiments, unless otherwise indicated, cells were seeded, treated 24 h later
with Myxo (T5580, 1 µM), mitoTP (SML0737, 100 and 200 µM) or Terpestacin (25 µM) in
serum-free medium and incubated for 48 h at 37 ◦C in normoxia (O2 21%) or hypoxia (O2
1%). Drug concentrations were based on literature data [22,25–27]. Hypoxia was induced
by placing the cells for the indicated times inside a modular incubator chamber (Billups
Rothenberg Inc., Del Mar, CA, USA) flushed with a mixture of 1% O2, 5% CO2, and 94% N2
at 37 ◦C.

2.3. Scratch Wound Healing Assay

Cell migration was evaluated on the studied cell line by the scratch wound healing
assay. Briefly, 7 × 105 cells/well were grown (approximately to confluence) in 6-well plates,
and a scratch was produced in the cell monolayers using a 100-µL pipette tip. The culture
medium was then replaced by serum-free medium and the plates were incubated under
normoxic or hypoxic conditions. Pictures of the scratch wound were taken immediately
following scratch formation (0) and after 48 h incubation, through a camera connected to
an Olympus IX81 microscope. The percentages of the open scratch wound were evaluated
by the TScratch software.

2.4. Evaluation of ROS Levels

Intracellular ROS generation was evaluated using 2,7-dichlorodihydrofluorescein
diacetate (DCFH-DA, D6883) as a probe. At the end of 48 h treatment with mitoTP (100
and 200 µM), Myxo (1 µM), or Ter (25 µM), under both normoxic or hypoxic conditions, the
cells were detached, washed, and re-suspended (106 cells/mL) in PBS containing 10 µM
DCFH-DA; after 45 min incubation in the dark at 37 ◦C, cell samples were then analyzed
with a FACSCalibur flow cytometer (Becton Dickinson Mountain View, CA, USA) and
data were processed using CellQuestPro software (Becton Dickinson- version 6.0). DCFH-
DA could not be used to analyze ROS production in infected cells as they also express
GFP (Green Fluorescent Protein, see below); thus, for these experiments, DCFH-DA was
replaced by dydroethidine (D7008, HE) [28]. Briefly, cells were detached, washed and
resuspended (106 cells/mL) in HE (25 µM in PBS); following 30′ incubation at 37 ◦C in
the dark, samples were analyzed as described [28,29]. Intracellular ROS generation was
quantitated in arbitrary units based on the mean fluorescence intensity (MFI).
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2.5. Western Blot Analysis

Western blot analysis was carried out to detect the expression of HIF-1α, E-cadherin, N-
cadherin, vimentin, cytokeratin-19, Snail, Slug, and UQCRB in whole cell lysates, following
normoxic or hypoxic incubation and/or drug treatment. For whole lysates, cells were lysed
in a buffer containing NaCl 120 mM, NaF 25 mM, EDTA 5 mM, EGTA 6 mM, sodium
pyrophosphate 25 mM in TBS 20 mM pH 7.4, PMSF 2 mM, Na3VO4 1 mM, phenylarsine
oxide 1 mM, 1% (v/v) NP-40 and 10% Protease Inhibitor Cocktail. Protein concentration
was determined by the BCA assay (23235, Thermo Fisher, Monza (MI), Italy); 100 µg
of protein per sample was loaded onto polyacrylamide gels (8% or 12%) and separated
under denaturing conditions. The protein bands were then transferred onto Hybond-P
membranes (GE10600023, Sigma Aldrich, Milan, Italy) and Western blot analysis was
performed by standard techniques, with mouse monoclonal anti-human HIF-1α (610958,
BD Bioscience), E-cadherin (5085) and N-cadherin (13A9, Thermo Fisher, Monza (MI), Italy)
antibodies; mouse monoclonal anti-human cytokeratin 19 (A53B, Thermo Fisher, Monza
(MI), Italy) antibody; rabbit polyclonal anti-human vimentin, Snail and Slug antibodies
(ABCAM). Equal loading of the samples was verified by re-probing the blots with an anti-
mouse-β-tubulin antibody (SC-5274, Santa Cruz Biotechnology, Segrate (MI), Italy). Protein
bands were visualized using a peroxidase-conjugated anti-mouse secondary antibody and
the Westar Supernova Substrate (XLS-3, Cyanagen, Bologna, Italy).

2.6. Construction of Lentiviral Vectors

Lentiviral particles were generated using a second-generation transient expression
system, composed of (i) the pCMV R8.74 packaging construct, (ii) the pMD2.G envelope
expression construct, and (iii) the pLVTHM/GFP transfer vector, for silencing of UQCRB
expression by RNA interference. The pLVTHM/GFP contains a green fluorescent protein
(GFP) cDNA under the transcriptional control of an intronless human elongation factor 1-α
(EF1-α-short) promoter. All constructs were kindly provided by Dr. Didier Trono (School
of Life Sciences, Swiss Institute of Technology, Lausanne, Switzerland; www.epfl.ch/labs/
tronolab/ (accessed on 25 May 2005)). The transfer vector pLVTHM/shUQCRB/GFP
or pLVTHM/shScrambledUQCRB/GFP was generated as follows. A sense strand of 19
nucleotides specific for UQCRB, preceded by overhangs specific for MluI cloning, was de-
signed to be followed by a short loop sequence (TTCAAGAGA), by the reverse complement
of the sense strand, with five terminal thymidines to act as a RNA polymerase III transcrip-
tional stop signal, and by a sticky sequence specific for ClaI. The forward oligonucleotide (5′-
GCGTCCCCGACAGGATGTTTCGCATTATTCAAGAGATAATGCGAAACATCCTGTCTT
TTTGGAAAT-3′ corresponding to the 300–319 nucleotides of UQCRB (NCBI Reference Se-
quence: NM_001199975.3), was annealed with a complementary reverse oligonucleotide (3′-
AGGGGCTGTCCTACAAAGCGTAATAAGTTCTCTATTACGCTTTGTAGGACAGAAAA
ACCTTTAGC-5′) in annealing buffer (100 mM potassium acetate, 30 mM HEPES pH7.4,
2 mM magnesium acetate). Annealed oligos were phosphorylated with T4 Polynucleotide
Kinase (New England Biolabs Ltd.) and cloned into the MluI-ClaI sites of a pLVTHM lentivi-
ral vector. The transfer vector pLVTHM/shScrambledUQCRB/GFP was constructed in the
same way (5′-GCGTCCCCAGTGTTGGACGATTATCACTTCAAGAGAGTGATAATCGTC
CAACACTTTTTTGGAAAT-3′ sequence obtained from www.genscript.com (accessed on
15 January 2016)).

2.7. Generation of Lentiviral Particles and Target Cell Infection

Lentiviral particles pseudotyped through the VSV envelope glycoprotein were pro-
duced by co-transfecting 5 × 106 293FT cells with 40 µg of total plasmid DNA: the
(i) pCMVDR8.74, (ii) pMD2.G, and (iii) pLVTHM/shUQCRB/GFP or pLVTHM/scrambled
UQCRB/GFP vectors, with the calcium phosphate precipitation method, as previously
described [30]. Transduction experiments were performed in a medium containing 4µg/mL
polybrene (Sigma-Aldrich, Milan, Italy). Viral titration was performed by flow cytometer-
counting GFP-expressing NIH3T3 cells 48 h after infection. For in vitro shRNA-UQCRB
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silencing, 60% confluent MDA-MB468 cells were infected for 4 h with 10 MOI lentiviral
vectors; the particle-containing medium was then replaced with fresh medium and the cells
were incubated at 37 ◦C for 48 h.

2.8. Evaluation of Cell Viability

Cell viability was evaluated through the dye exclusion assay following treatment
and/or under normoxic and hypoxic conditions. Briefly, 2 × 105 cells were seeded onto
6-well plates and 24 h later were treated and incubated for 48 h in the presence of 21% or
1% O2. Cells were then detached and counted using a Burker hemocytometer, following
Trypan blue staining.

2.9. Statistical Analysis

Statistical analysis of the data obtained from flow cytometric studies, densitometric
analysis of western blot results, and Scratch Wound Healing assay were performed by
means of one- or two-way ANOVA, with Bonferroni’s test for multiple comparisons, using
GraphPad PRISMsoftware (version 4.03).

3. Results
3.1. Characterization of Breast Cancer Cell Lines

Three breast cancer cell lines were initially considered for the present study, namely
MCF-7, MDA-MB468, and MDA-MB231, representing three distinct subtypes of the dis-
ease [24,31]. MCF7 cells belong to the luminal A subtype, expressing hormone receptors
and exhibiting the least aggressive behavior of all breast cancer subtypes. In contrast, both
MDA-MB468 and MDA-MB231 derive from triple-negative breast cancers, lacking ER-α,
PR, and HER-2 expression, and they belong to the basal A and basal B groups, respectively,
based on GE profiling. To find the ideal breast cancer cellular model to test the hypothesis
that the inhibition of hypoxia-induced mitochondrial ROS production could result in the
reversion of EMT, in addition to decreased HIF-1α stabilization, the three cell lines were
characterized concerning their migratory capacity and ability to increase ROS and HIF-1α
protein levels and to exhibit changes in EMT markers in response to hypoxia. For this
purpose, ROS, HIF-1α, E-cadherin, and vimentin levels and cell migration were evaluated
following 48 h incubation of the cells under normoxic (O2 21%) or hypoxic (O2 1%) condi-
tions. Figure 1 shows that in MDA-MB468 cells 48 h hypoxia-induced ROS levels increase,
as indicated by a shift to the right on the fluorescein peak. Fluorescence intensity was
quantitated in arbitrary units based on Median Fluorescence Intensity (MFI—Figure 1a).
Differences in HIF-1α, E-cadherin, and vimentin expression were also observed following
48 h incubation in hypoxia. In particular, the E-cadherin-vimentin switch, typical of the
EMT, was present, along with the expected increase in HIF-1α levels (Figure 1d). More-
over, this cell line showed intrinsic migratory capacity, both in normoxia and hypoxia, as
indicated in Table 1, reporting the percentages of the open scratch wound.

Table 1. Percentage of open scratch wound in MDA-MB468, MDA-MB231 and MCF7 cells following
48 h incubation under normoxic (O2 21%) and hypoxic conditions (O2 1%) (mean S.E. of 3 independent
experiments; * p < 0.05 vs. 0 h; *** p < 0.001 vs. 0 h and O2 21%).

MDA-MB468 MDA-MB231 MCF7

Time (h) O2 21% O2 1% O2 21% O2 1% O2 21% O2 1%

0 80.0 ± 2.0 75.0 ± 1.0 78.0 ± 2.0 78.0 ± 3.0 76.5 ± 1.5 78.0 ± 3.0

48 54.5 ± 0.5 * 36.5 ± 4.0 *** 59.0 ± 1.5 * 46.5 ± 1.5 *** 74.0 ± 1.0 74.5 ± 2.5
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Figure 1. MDA−MB468, MDA−MB231 and MCF7 cells response to 48 h hypoxia (O2 1%). (a–c): ROS 
levels (blue: O2 21%; red: O2 1%). Fluorescence intensity was quantitated based on the Median Flu-
orescence Intensity (MFI) and results obtained in 3 independent experiments are reported in the 
graph (*** p < 0.001 and ** p < 0.01 vs. normoxia). (d–f): HIF−1α, E−cadherin and vimentin protein 
levels in MDA−MB468 (d), MDA-MB231 (e), and MCF7 (f) cell lines (representative western blot 
analysis out of 3 independent experiments with similar results). Densitometric analysis (g–i) were 
performed on all western blot experiments (*** p < 0.001 and ** p < 0.01 vs. normoxia). 
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Therefore, only MDA-MB468 cells responded to hypoxic stimuli by increasing ROS 
and HIF-1α levels, as well as by activating EMT, as indicated by the decrease in E-cadherin 
and the increase in vimentin levels, and cell motility, in agreement with previously re-
ported data [32–34]. In MDA-MB468 cells, hypoxia also induced an increase of the two E-
cadherin transcription repressors, Snail and Slug (Figure S1), confirming the switch from 
epithelial to mesenchymal phenotype as reported by other authors [35]. However, the re-
sults obtained in this first part of the study suggest that such responses are highly cell/tu-
mor type-dependent. 

Figure 1. MDA−MB468, MDA−MB231 and MCF7 cells response to 48 h hypoxia (O2 1%).
(a–c): ROS levels (blue: O2 21%; red: O2 1%). Fluorescence intensity was quantitated based on
the Median Fluorescence Intensity (MFI) and results obtained in 3 independent experiments are
reported in the graph (*** p < 0.001 and * p < 0.05 vs. normoxia). (d–f): HIF−1α, E−cadherin and
vimentin protein levels in MDA−MB468 (d), MDA-MB231 (e), and MCF7 (f) cell lines (representative
western blot analysis out of 3 independent experiments with similar results). Densitometric analysis
(g–i) were performed on all western blot experiments (*** p < 0.001 and ** p < 0.01 vs. normoxia).

A different pattern was observed in the other triple-negative breast cancer cell line
characterized, namely MDA-MB231. In this cell line, under hypoxic conditions, migratory
capacity and only a slight increase in ROS levels were observed (Table 1 and Figure 1b,
respectively). However, the same EMT pattern was present both under normoxic and
hypoxic conditions (Figure 1e), thus making MDA-MB231 cells unsuitable for our purposes.
In contrast, MCF7 cells, representing a less aggressive breast cancer subtype (i.e., responsive
to estrogens and progesterone), did not show either migratory activity or significant
alterations in both ROS production and EMT-related protein levels following exposure to
hypoxia (Table 1 and Figure 1c,f, respectively).

Therefore, only MDA-MB468 cells responded to hypoxic stimuli by increasing ROS
and HIF-1α levels, as well as by activating EMT, as indicated by the decrease in E-cadherin
and the increase in vimentin levels, and cell motility, in agreement with previously reported
data [32–34]. In MDA-MB468 cells, hypoxia also induced an increase of the two E-cadherin
transcription repressors, Snail and Slug (Figure S1), confirming the switch from epithelial to
mesenchymal phenotype as reported by other authors [35]. However, the results obtained in
this first part of the study suggest that such responses are highly cell/tumor type-dependent.

Based on these results, MDA-MB468 were chosen for further investigations.
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3.2. Effects of the Inhibition of ROS Production on Hypoxia-Induced Responses

To confirm the role of hypoxia-induced ROS increase in EMT induction, the effects
of the inhibition of ROS generation in hypoxic MDA-MB468 cells were evaluated follow-
ing treatment with antioxidants/ROS-scavengers or inhibitors of the mitochondrial chain
Complex III. In particular, the effects of Mito-Tempo (MitoTP), a mitochondria-specific
antioxidant, were evaluated. Furthermore, the effects of two specific inhibitors of mitochon-
drial chain Complex III, the antibiotic Myxothiazol (Myxo), which targets the mitochondrial
complex III at the Qo site, close to the heme group b566 [20,36] and Terpestacin (Ter), which
inhibits the Mitochondrial Complex III by specifically binding the UQCRB (ubiquinol-
cytochrome c reductase binding protein) subunit [37] were also evaluated.

3.2.1. Decrease of ROS Levels Using MitoTP

MitoTP is a small molecule that acts specifically as a mitochondrial ROS scavenger and
was shown to inhibit cell migration inhibitor [38,39]. In our model, MitoTP significantly re-
duced ROS levels, in a dose-dependent manner (Figure 2A), and induced a parallel decrease
in HIF-1α protein levels in hypoxic MDA-MB468 cells. These effects were associated with a
decrease in vimentin and with an increase in E-cadherin levels (Figure 2B,C). Furthermore,
MitoTP showed the same effect on cell survival in both normoxia and hypoxia (Figure S2).

3.2.2. Decrease of ROS Levels Using Inhibitors of Mitochondrial Complex III

Myxothiazol (Myxo) interacts with the Qo site, blocking electron transfer within com-
plex III, thereby preventing ROS production, and inhibiting HIF-1α stabilization and HIF
transcriptional activity in hypoxia. In agreement with these reports, we observed a signifi-
cant decrease in hypoxia-induced ROS production following 48 h treatment with Myxo,
as shown in Figure 3A. In MDA-MB468 cells Myxo was also able to significantly decrease
hypoxia-induced HIF-1α and vimentin protein levels and increase hypoxia-decreased E-
cadherin levels (Figure 3B,C). Furthermore, Myxo was shown to reduce the increase of Slug,
N-cadherin, and Snail protein levels induced by 48 h incubation of the cells in hypoxia
(Figure S3). A reduction in cell viability was observed following 48 h treatment; however,
the same extent of viability reduction was induced by Myxo also in hypoxia (Figure S4).

In addition, in MDA-MB468 cells Ter significantly reduced the hypoxia-induced ROS
production (Figure 4A). Furthermore, Ter was able to prevent hypoxia-induced HIF-1α stabi-
lization, resulting in the reversion of the mesenchymal phenotype. For this set of experiments,
CK19 was used as an epithelial marker instead of E-cadherin; Ter was found to prevent both
the decrease in CK19 and the increase in vimentin levels induced by hypoxia (Figure 4B,C).
Furthermore, treatment with Ter only produced a modest decrease in viability in normoxic
MDA-MB468 cells, which is also observed under hypoxic conditions (Figure S5).

3.3. Effects of the UQCRB Silencing

Finally, the effects of UQCRB downregulation on ROS production and HIF-1α and EMT
protein levels were evaluated on MDA-MB468/pLVTHM, MDA-MB468/scrambledUQCRB
and MDA-MB468/shUQCRB, obtained by infection of MDA-MB468 cells, as indicated in the
Materials and Methods section, following 48 h incubation in the presence of 21% or 1% O2.
The effects of the UQCRB silencing on cell migration and cell viability were also evaluated.

The results from the western blot analysis of whole cell lysates showed that following the
infection of MDA-MB468 cells with shUQCRB, the UQCRB protein levels were significantly
reduced in both normoxic and hypoxic MDA-MB468/shUQCRB cells, indicating successful
silencing of the protein (Figure 5A,B). As hypothesized, a significant reduction in hypoxia-
induced ROS increase was observed in MDA-MB468/shUQCRB cells, compared to MDA-
MB468/pLVTHM and MDA-MB468/scrambledUQCRB cell lines (Figures 5C and S6).
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21%) or hypoxic (O2 1%) conditions in MDA−MB468 cells: ROS (A) and HIF−1α, E−cadherin and
vimentin (B) levels. The figure shows a representative flow cytometric and Western blot analysis out
of 3 independent experiments with similar results. For flow cytometric analysis of ROS levels (blue
line: normoxic control; red line: hypoxic control; light blue line: hypoxic MitoTP 100 µM treated cells;
orange line: hypoxic MitoTP 200 µM treated cells) fluorescence intensity was quantitated based on the
Median Fluorescence Intensity (MFI) and results obtained in 3 independent experiments are reported
in the graph. Densitometric analysis (C) was performed on all experiments (* p < 0.05, ** p < 0.01 and
*** p < 0.001 vs. normoxic control; ◦ p < 0.05, ◦◦ p < 0.01, ◦◦◦ p < 0.001 vs. hypoxic control).
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21%) or hypoxic (O2 1%) conditions in MDA−MB468 cells: ROS (A) and HIF−1α, E−cadherin and
vimentin (B) levels. The figure shows representative flow cytometric and Western blot analyses
out of 3 independent experiments with similar results. For flow cytometric analysis of ROS levels
(A); blue line: normoxic control; red line: hypoxic control; orange line: hypoxic Myxo treated cells).
The fluorescence intensity was quantitated based on the Median Fluorescence Intensity (MFI) and
results obtained in 3 independent experiments are reported in the graph. Densitometric analysis
(C) was performed on all experiments (*** p < 0.001 and ** p < 0.01 vs. normoxic control; ◦◦◦ p < 0.001,
◦◦ p < 0.01 and ◦ p < 0.05 vs. hypoxic control).
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(O2 21%) or hypoxia (O2 1%): UQCRB protein levels (A) and related densitometric analysis (B), ROS
(C) and HIF-1α, E−cadherin and vimentin levels (D) and related densitometric analysis (E). The
figure shows densitometric analysis of 3 independent western blot experiments. For flow cytometric
analysis of ROS levels (C), fluorescence data are expressed as Median Fluorescence Intensity (MFI,
blue: O2 21%; red: O2 1%). (◦◦◦ p < 0.001, *** p < 0.001 and ** p < 0.01 vs. normoxic control; @ p < 0.01
vs. hypoxic (O2 1%) PLVTHMand scrambled; # p < 0.01 vs. hypoxic pLVTHMand scrambled).

UQCRB silencing abrogated HIF-1α stabilization and reversed both the decrease in
E-cadherin and the increase in vimentin levels induced by hypoxia (Figure 5D,E). Snail
levels were also decreased in hypoxic MDA-MB468/shUQCRB cells, compared to the two
control cell lines (Figure S7).
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The results from the Scratch Wound Healing and viability assays are reported in
Figures 6 and 7, respectively, while representative images of the scratches are reported in
Figure S8. Interestingly, UQCRB silencing results in a significant reduction of the migratory
capability of MDA-MB468 cells mainly under hypoxic conditions, while in normoxia, only
a modest decrease in migration was observed.
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However, the viability of UQCRB-silenced cells was comparable to that of the two con-
trol cell lines, confirming that UQCRB inhibition does not significantly affect cell viability.
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4. Discussion

The role of ROS in the activation of EMT, through HIF1α stabilization, is still unclear,
despite the involvement of ROS and HIF-1α in this process which has been highlighted
by a number of authors [40–42]. This evidence was also supported by data showing that
antioxidants, such as SkQR1, NAC, Mito-CP, and Mito-TEMPO, are able to modulate
EMT [41,43,44].

Recently, it has been demonstrated that hypoxia causes superoxide production by
respiratory chain Complex III; the superoxide anion is then converted to H2O2, which
inhibits PHD enzyme activity by direct attack and/or reduction of Fe (II) availability,
causing HIF1α stabilization [27]. Thus, the hypoxic response, mediated by HIF-1α, modifies
the expression of many target genes linked to EMT, including those encoding for the
transcriptional modulators Snail, Slug, Twist, and Zeb [7–9].

Here, we have confirmed that the inhibition of hypoxia-induced mitochondrial ROS
production through treatment with antioxidants leads to decreased HIF-1α stabilization
and reverts the changes in some hypoxia-induced EMT markers in the TNBC cell line
MDA-MB468. However, the aspecific effects of these antioxidants on both mitochondrial
Complexes I and III also resulted in a cell viability reduction on cell viability. The novelty
of the present work lies in the hypothesis that specific inhibition of hypoxia-induced
mitochondrial ROS at the UQCRB site of the mitochondria Complex III, obtained both
through Ter treatment or UQCRB silencing, results in the reversion of EMT, in addition to
decreased HIF-1α stabilization and without significantly affecting cell viability.

To account for the discrepancies observed between this cell line and the other TNBC
cell line characterized, namely MDA-MB231, it should be emphasized that TBNCs are far
from homogeneous. While cell lines derived from this type of breast cancer are generally
defined as basal-like, a first major distinction can be made based on gene clustering between
the basal A group, displaying epithelial characteristics and often associated with BRCA1
gene signatures, and the Basal B group, displaying mesenchymal and stem/progenitor-like
characteristics. A more refined analysis of gene expression profiles has led to the classifica-
tion of TNBCs into six different subtypes [45]. According to this classification, MDA-MB468
cells belong to the basal-like BL-1 subtype, displaying epithelial characteristics, whereas
MDA-MB231 are assigned to the mesenchymal/stem-like subtype, which may well ac-
count for their more invasive behavior and for their pattern of expression of epithelial and
mesenchymal markers even under normoxic conditions. Important differences have been
detected in the genomic profiles of the two cell lines, including the presence of the activat-
ing KRASG13D mutation in MDA-MB-231 (which per se might confer a more aggressive
behavior) [46]. In addition, this latter cell line has been shown to constitutively express
the urokinase receptor uPAR, and silencing this receptor has been shown to lead to a more
epithelial phenotype; in contrast, MDAMB468 cells express low uPAR levels in normoxia,
but under hypoxic conditions, they upregulate its expression in a HIF-1-dependent fashion,
and uPAR overexpression has been shown to reversibly induce EMT in this cell line [47].
These features may help explain the differences observed between the two cell lines in the
preliminary phase of the present study.

Results obtained with the mitochondrial ROS scavenger MitoTP indicated that in
MDA-MB468 cells reduction of ROS levels lead to the reduction of HIF-1α cellular levels
and consequently to the mesenchymal-epithelial switch (i.e., increase in E-cadherin and
decrease in vimentin protein levels), confirming the interplay between ROS increase, HIF-
1α stabilization, and EMT induction.

Mitochondria are essential to hypoxia-induced ROS increase [10]. Specifically, com-
plexes I and III of the mitochondrial electron transport chain represent the main sites
of ROS production; however, recently Chandel demonstrated, then it was confirmed by
others, that Complex III is the site responsible for the hypoxic production of ROS [15,48].
Using the so-called Q cycle, Complex III transfers electrons from ubiquinol to cytochrome
c and contributes to the generation of an electrochemical proton gradient resulting in the
formation of a ubisemiquinone radical intermediate, which in some conditions is likely to
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give an electron to O2 to form superoxide [16,37]. According to this model, mitochondrial
ROS production is necessary and sufficient to induce HIF-1α stabilization, promoting HIF-
1-regulated processes, including EMT. This finding is very important for cancer therapy
since it identifies the mitochondrial respiratory chain Complex III as a potential target
through which EMT, and therefore metastases formation and resistance to therapies, could
be inhibited. However, not all Complex III inhibitors inhibit ROS production; as a matter of
fact, inhibitors that act at the Qi site are known to increase superoxide anion levels [36,49].

In contrast, and in agreement with other authors [16,37], in our model, the Qo inhibitor
Myxo has been shown to inhibit both hypoxia-induced ROS formation and hypoxia-induced
HIF-1α stabilization, along with EMT. However, Myxo also inhibits mitochondrial respi-
ration [27], which drastically reduces its potential for successful clinical application. As a
matter of fact, the antiproliferative effect observed following Myxo treatment, both in nor-
moxia and hypoxia, could be a confirmation of this last statement. In contrast, Terpestacin
(Ter) was shown to bind the UQCRB subunit of complex III and to suppress hypoxia-
induced mitochondrial ROS generation without inhibiting mitochondrial respiration and
ATP generation [21]. This effect was also confirmed in MDA-MB468 cells.

The effects of UQCRB downregulation on ROS production and HIF-1α and EMT pro-
tein levels, evaluated on MDA-MB468 cells in which UQCRB was silenced, namely MDA-
MB468/shUQCRB, support the hypothesis that the reduction of the hypoxia-induced ROS
increase, through the inhibition of mitochondrial Complex III, can reverse EMT phenotype.

It was perhaps surprising that a comparatively modest, albeit significant, decrease in
ROS generation observed in UQCRB-silenced cells should totally prevent HIF-1α stabiliza-
tion and induce such drastic changes in E-cadherin and vimentin levels as compared to
control/scrambled cells. Actually, both complex I and Complex III have been implicated
as sources of ROS production during hypoxia [36]. UQCRB silencing selectively prevents
ROS generation through Complex III; thus, our observations provide indirect evidence
of the role played by Complex III-derived ROS hypoxia in HIF-α stabilization and EMT.
Indeed, our results confirm and expand observations reported by several groups regarding
the role played by mitochondrial ROS in HIF-1 activation and in the downstream hypoxic
response [50–52]. Interestingly, a recent article on the same cell line used for this study
partially contradicts the role played by HIF-1 in hypoxia-induced changes in some, but not
all, EMT markers [42], a discrepancy that can possibly be explained by shorter exposures to
hypoxia as compared to the present study and to studies by other groups [53–55].

5. Conclusions

In conclusion, our results are in agreement with recent data suggesting that the UQCRB
subunit of Complex III in the mitochondrial respiratory chain plays a pivotal role in hypoxic
signaling, and identifies UQCRB as a potential novel therapeutic target for the development
of drugs able to counteract tumor progression due to the EMT, by blocking mitochondrial
ROS production [21,23,54]. Interestingly, although the migratory capacity of MDA-MB468
cells was significantly decreased by silencing UQCRB, cell survival was not affected.

A number of authors have reported the effect of antioxidants, such as SkQR1, NAC,
Mito-CP, and Mito-TEMPO [41,43,44] on the redox modulation of EMT; however, the
involvement of the mitochondrial Complex III UQCRB site in the EMT reversion, due to the
inhibition of the hypoxia-induced mitochondrial ROS production and the related decrease
in HIF-1α stabilization, represents the novelty of this work and might provide a rationale
for the development of drugs able to counteract tumor progression induced by the EMT by
blocking mitochondrial ROS production at this site.

Finally, the cell line we have used for this study is a particularly interesting model,
being representative of the triple negative adenocarcinoma, an aggressive and untreatable
subset of breast cancer, that does not respond to endocrine therapy or other currently
available targeted agents [56,57]. Novel therapies addressing this tumor subset are urgently
needed, and targeting UQCRB might be an option worth investigating, at least for some
forms of these tumor types.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cimb44110359/s1, Figure S1—Slug and Snail protein levels in
MDA-MB468 cell line, following 48 h hypoxia (O2 1%); Figure S2—Effects of MitoTP (100 and 200 mM)
treatment and 48 h incubation in normoxia (O2 21%) or hypoxia (O2 1%) on MDA-MB468 viability
(mean ± S.E. of 3 independent experiments); Figure S3: N-cadherin, Slug and Snail protein levels in
MDA-MB468 cells, following 48 h treatment with Myxo (1 mM) and incubation in hypoxia (O2 1%);
Figure S4—Effects of Myxo (1 mM) treatment and 48 h incubation in normoxia (O2 21%) or hypoxia
(O2 1%) on MDA-MB468 viability (mean ± S.E. of 3 independent experiments); Figure S5—Effects of
Ter (25 mM) treatment and 48 h incubation in normoxia (O2 21%) or hypoxia (O2 1%) on MDA-MB468
viability (mean ± S.E. of 3 independent experiments); Figure S6: Effects of UQCRB silencing on
ROS levels in MDA-MB468 cells, following 48 h incubation in normoxia (O2 21%) or hypoxia (O2
1%). Blue line: MDA-MB468/pLVTHM O2 21%; red line: MDA-MB468/scrambledUQCRB O2 21%;
purple line: MDA-MB468/shUQCRB O2 21%; light blue line: MDA-MB468/pLVTHM O2 1%; pink
line: MDA-MB468/scrambledUQCRB O2 1%; green line: MDA-MB468/shUQCRB O2 1%; Figure
S7: Snail protein levels in MDA-MB468/pLVTHM, MDA-MB468/scrambledUQCRB and MDA-
MB468/shUQCRB cell lines, following 48 h incubation in normaxia or hypoxia (O2 1%); Figure S8:
representative images of the Scratch Wound Healing assay performed in MDA-MB468/pLVTHM,
MDA-MB468/scrambledUQCRB and MDA-MB468/shUQCRB cell lines, following 48 h incubation
in normoxia (O2 21%) or hypoxia (O2 1%).
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Abstract: Breast cancer is the leading cause of cancer death among women worldwide. Multiple
extrinsic and intrinsic factors are associated with this disease’s development. Various research
groups worldwide have reported the presence of human papillomavirus (HPV) DNA in samples of
malignant breast tumors. Although its role in mammary carcinogenesis is not fully understood, it is
known that the HPV genome, once inserted into host cells, has oncogenic capabilities. The present
study aimed to detect the presence of HPV DNA in 116 breast tissue biopsies and classify them
according to their histology. It was found that 50.9% of the breast biopsies analyzed were malignant
neoplasms, of which 74.6% were histologically classified as infiltrating ductal carcinoma. In biopsies
with non-malignant breast disease, fibroadenoma was the most common benign neoplasm (39.1%).
Detection of HPV DNA was performed through nested PCR using the external primer MY09/11
and the internal primer GP5+/6+. A hybridization assay genotyped HPV. HPV DNA was identified
in 20.3% (12/59) of malignant neoplasms and 35% non-malignant breast disease (16/46). It was
also detected in 27.3% (3/11) of breast tissue biopsies without alteration. However, there are no
statistically significant differences between these groups and the existence of HPV DNA (p = 0.2521).
Its presence was more frequent in non-malignant alterations than in malignant neoplasias. The most
frequent genotypes in the HPV-positive samples were low-risk (LR) HPV-42 followed by high-risk
(HR) HPV-31.

Keywords: HPV DNA in breast; nested PCR; breast cancer

1. Introduction

Breast cancer is the most common and fatal cancer among women in developed and
developing countries. According to data from the World Health Organization, 2,261,419
new breast cancer cases were reported worldwide in 2020, as well as 684,996 deaths [1].

It is known that many factors are involved in the development of breast cancer, such
as the environment, age, hormones, alcohol consumption, fat in the diet, a diet poor in
fruits and vegetables, family history, obesity, tabaquism, alcoholism, number of offspring,
breastfeeding, estrogen levels, estrogen receptors [2,3], among others.

Viruses are considered a controversial etiological risk factor for breast cancer. Vi-
ral DNA from human papillomaviruses (HPV), Epstein–Barr virus (EBV), human cy-
tomegalovirus (HCMV), herpes simplex virus (HSV), and human herpesvirus type 8.
(HHV-8) has been found in healthy and breast cancer samples [4,5]. However, these results
show no pattern, even within the same country, and some are contradictory; moreover,
there is no proof of viral breast carcinogenesis [6].
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Since Bittner, in 1943, identified the mouse mammary tumor virus (MMTV) as the
etiological agent of breast cancer in mice [7], several research groups around the world
have been interested in finding a similar relationship between human breast cancer and a
viral etiologic agent. In 1995, Wang et al. identified the env gene sequence, which codes
for the MMTV envelope protein, in 38% of 314 breast neoplasms [8]. In subsequent years,
the same research group has worked tirelessly to find a relationship between the onset of
breast cancer and infection by the human mammary tumor virus (HMTV). Among other
interesting data, they reported the expression of sequences of several proteins from the
capsid and envelope of the HMTV virus in ten primary cultures of human breast cancer [9].

In 2017, Islam et al. reported a pattern in the presence of HPV in normal and benign
tumors and a markedly increased presence in malignant breast tumors, indicating its
pathological importance in breast cancer. HPV was also associated with poor hygienic
conditions and patient malnutrition, together with ethnicity [10].

Integrating the HPV genome into the host genome may cause chromosomal instability
and trigger carcinogenesis [6,11,12]. Identifying HPV DNA in breast cancer samples
suggests the possible role of HPV as a mutagen that promotes breast oncogenesis. However,
the prevalence of HPV in breast cancer samples reported by several research groups varies
widely, ranging from 0% to 86%. It is often difficult to determine the presence of HPV due
to the low viral load in samples or paraffin-embedded tissue, as well as the diversity of
techniques employed such as hybridization in situ (HIS), Polymerase Chain Reaction (PCR),
Nested PCR, quantitative real-time PCR (RT-qPCR), and Next Generation Sequencing
(NGS), among others. Table 1 summarizes the results of HPV DNA found in breast cancer
samples worldwide.

Table 1. HPV DNA found in breast cancer samples worldwide.

Country Sample Method Control/+HPV Cases/+HPV
Breast

Pathology
Predominant

VPH
Predominant Reference

UK FST PCR (L1, E7), SB NS 80/0 IC NS [13]
USA PET PCR (E6), DB 15/0 28/0 PC NS [14]
India PET PCR (E6, URR), SB NS 30/0 IDC NS [15]

Austria PET PCR (L1), DB NS 20/0 PD NS [16]
Switzerland PET PCR (L1) NS 81/0 IC NS [17]

France PET PCR (L1) NS 50/0 IDC NS [18]

Tunisia PET/FST PCR (L1, E1, E6,
E7), ISH NS 123/0 IDC NS [19]

India FST PCR (L1, E6, E7) NS 228/0 IDC NS [20]
Brazil PET PCR (L1) NS 79/0 IDC NS [21]
China FroST PCR (L1) 77/0 77/0 IDC NS [22]
Spain PET PCR (L1), DEIA 2/0 76/0 IDC NS [23]

Greece FroST MA (E1) NS 201/0 IDC NS [24]
Italy PET PCR (L1,E6), ISH NS 40/12, 12/0 IC 16 [25]

Norway PET PCR (L1,E6) NS 41/19 IC 16 [26]
Brazil PET PCR (E6) 41/0 101/25 IC 16 [27]

Australia PET PCR (L1) NS 11/7 IC 16 [28]

USA PET PCR (L1), SEQ,
ISH NS 29/25 IC 11 [29]

Australia FST PCR (E6), SEQ NS 50/24 IDC 18 [30]

Greece FroST PCR (L1,E6,E4)
RFLP NS 107/17 IDC 16 [31]

Turkey FST PCR (L1, E6,E7) 50/16 50/37 IDC 18 [32]
Syria PET PCR (E1), TMA NS 113/69 IC 33 [33]
Japan PET PCR (E6) 11/0 124/26 IC 16 [34]

Mexico PET PCR, SEQ 40/0 67/3 IDC 16, 18, 31, 33,
6 [35]
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Table 1. Cont.

Country Sample Method Control/+HPV Cases/+HPV
Breast

Pathology
Predominant

VPH
Predominant Reference

Mexico PET PCR (L1), SEQ 43/0 51/15 IDC 16 [36]

Australia PET PCR (L1), SEQ,
ISPCR 17/3 26/8 IDC, 18 [37]

Mexico PET PCR (L1),
RT-qPCR NS 70/17 IDC 16 [38]

Chile PET PCR (L1),
RT-qPCR NS 46/4 IDC 16 [39]

China FroTS PCR (L1), DB, SEQ 46/0 62/4 IC 16 [40]

Australia FroTS PCR (L1), ISH,
SEQ NS 54/27 IDC 18 [41]

Iran PET PCR (L1), SEQ 41/1 58/1 IDC 16, 18 [42]
Mexico PET PCR (L1) NS 20/8 MBC 16 [43]

Argentina FST PCR (L1) NS 61/16 IDC 11 [44]
China FST HCA 37/6 224/48 IC NS [45]
Iraq PET ISH 24/320/0 129/60 IC 31 [46]
Italy PET INNO-LIPPA (L1) 40/0 40/6 IDC 16 [47]
Iran PET INNO-LIPPA (L1) 51/7 55/10 IC 16 [48]

China DS PCR, MS 50/0 100/2 IDC 18 [49]
Iran PET PCR (L1), SEQ 65/0 65/22 IDC 6 [50]

China PET PCR (E7), ISH 83/1 169/25 IDC 58 [51]
Australia FroST PCR (L1) 10/1 80/13 IDC NS [52]

China PET PCR (L1), SEQ 92/0 187/3 IDC 16 [53]
Venezuela FST INNO-LIPPA (L1) NS 24/10 IDC 51 [54]
Australia PET PCR (L1), SEQ 18/3 28/13 IC 18 [55]

Corea PET PCR NS 123/22 IDC 51 [56]
Pakistan PET PCR (L1) NS 46/8 IDC 16 [57]

Iran PET PCR (L1) NS 84/27 IDC 16 [58]
China PET PCR (E6, E7) NS 76/23 IDC 18 [59]
Spain PET PCR (L1) 186/49 251/130 IC 16 [4]

Thailand PET PCR (L1) 350/10 350/15 IDC 16 [60]
India FST PCR (L1) 21/2 313/203 IDC 16 [10]
UK FST PCR (L1) 36/11 74/35 IC 16 [61]

China FST HCA NS 81/14 IDC NS [62]
Pakistan PET PCR (L1) NS 250/45 IDC NS [63]

Brazil PET PCR (L1) 95/15 103/51 NS 6/11 [64]
Iran PET PCR (L1), MA NS 72/4 IDC NS [65]

Morocco FroST TS-MPG 12/1 76/19 IDC 11 [66]
Rwuanda PET PCR (L1) NS 47/22 IDC 16 [67]
Denmark PET PCR (E6, E7), RH 100/3 93/1 IDC 16 [68]

Iran PET RT-qPCR (L1) 40/0 98/8 NS 16,18 [69]
Iran FroST PCR (L1, E7) 31/5 72/35 IDC 18 [70]
Italy PET PCR (L1), ISH, MS NS 273/80 IC 16 [71]
USA PET PCR (L1), MA 27/8 18/8 IP 11 [72]

Egypt FroST RT-qPCR (E6) 15/0 20/4 IDC 16 [73]
Qatar FST TS-MPG 50/4 50/10 IDC 16, 35 [74]
Egypt PET, FST PCR (L1) 30/0 80/33 IDC NS [75]
Sudan PET PCR NS 150/13 NS 16 [76]
Qatar PET PCR (E6,E7) NS 74/48 IDC 52 [77]

Paraffin-embedded tissue: PET; Fresh samples tissue: FST; Frozen samples tissue: FroST; Polymerase Chain
Reaction: PCR; In Situ Hybridization: ISH; Tissue Microarray: TMA; Hybrid Capture Assay: HCA; Type-Specific
Polymerase Chain Reaction bead-based multiplex genotyping assay: TS-MPG; Microarray: MA; Quantitative
Real-Time Polymerase Chain Reaction: RT-qPCR; Sequencing: SEQ; In situ PCR: ISPCR; Dot blot hybridization:
DB; Reverse hybridization: RH; Diverse samples (blood, cancer tissue, axillary lymph nodes, normal tissue): DS;
Mass spectrometry: MS; Intraductal papilloma: IP; Southern blot: SB; Papillary carcinoma: PC; Paget’s disease:
PD; DNA enzyme immunoassay: DEIA; Restriction fragment length polymorphism: RFLP; Upstream Regulatory
Region: URR; Not Specified: NS; Invasive Carcinoma: IC; Invasive ductal carcinoma: IDC; Metaplasia breast
carcinoma: MBC; Human Papillomavirus protein L1: L1.
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Persistent infection with HR-HPV is considered one of the main causative biological
factors in developing cervical cancer (CC). HR-HPV 16 and 18 are responsible for more
than 65–75% of precancerous cervical lesions and CC. Furthermore, HPV is associated with
carcinomas such as head and neck, anal, vulva, oral, vagina, and penile cancer [78].

Cervical cancer is the third most common type of malignant tumor and the fourth
cause of cancer death among women worldwide. It is also one of the deadliest cancers
among women in underdeveloped countries [1]. In Mexico, it is the second-highest cause
of cancer death in women due mainly to poor clinical diagnosis in the early stages of the
disease and the wide distribution of HR-HPV throughout the country. The first cause of
cancer death among women in Mexico and worldwide is breast cancer. For this reason,
finding that HPV is an etiological factor for breast cancer would have a high impact on
public health programs in Mexico and countries with the highest rates of women mortality
from cervical cancer and breast cancer.

However, the oncogenic role of HPV in the development of breast cancer has not yet
been clarified, so this study aimed to determine the prevalence of high- and low-risk HPV
in breast biopsies diagnosed with benign-alteration and malignant-alteration neoplasms
from Mexican women.

2. Materials and Methods
2.1. Sample Collection and Classification

A total of 116 formalin-fixed, paraffin-embedded breast samples from 2009 to 2019
were used for the present study. The remaining tissues were donated to and collected by the
Mexican Social Security Institute in Zacatecas. The diagnosis associated with each sample
was confirmed by histopathological diagnosis using hematoxylin-eosin (HE) staining and
classified according to the World Health Organization (WHO) classification system [1]. The
study was approved by the Institutional Ethics Committee of the Autonomous University
of Zacatecas and the Mexican Social Security Institute, Zacatecas, and carried out following
the guidelines of the Helsinki Declaration.

2.2. Histological Diagnosis

Fresh biopsies were treated with formaldehyde immediately after surgical removal and
processed for inclusion in paraffin. Tissue sections were cut and stained with hematoxylin-
eosin (HE) for observation under an optical microscope. The pathology specialist performed
the analysis and made the histological and clinical diagnoses.

2.3. DNA Extraction and Amplification

DNA purification was performed using a QIAmp® FFPE Tissue kit (QIAGEN, Hilden,
Germany 56404). Ten 5 µm tissue sections of FFPE breast samples were cut, deparaffinized
by incubation with xylene, and washed and rehydrated with ethanol. After complete
deparaffinization, the samples were digested with proteinase K at 56 ◦C for one hour
and inactivated at 90 ◦C. The amount and quality of the DNA were evaluated using a
UV-VIS spectrophotometer Q500 (Quawell®) at 260–280 nm. The integrity of the extracted
DNA and the absence of PCR inhibitors were assessed by polymerase chain reaction (PCR)
amplification of the β-globin gene using 5 µM of primers KM29/PCO4 (Table 2) and 50 ng of
DNA in a total reaction volume of 25 µL containing: 2.5 µL PCR Buffer (10×, 1.5 µL MgCl2
(25 mM), 1 U Taq DNA polymerase (Thermo Fisher Scientific Waltham Massachussetts®

EPO402), 0.5 µL of dNTP (10 mM), and water. The amplification of the β-globin gene was
performed under the following conditions: initial activation of the enzyme at 95 ◦C for
2 min, followed by 40 cycles under the following conditions: 95 ◦C for 30 s, 55.4 ◦C for
30 s, and 72 ◦C for 30 s, with a final elongation step at 72 ◦C for 5 min. The amplicon
was visualized in agarose gel (1.5%) stained with ethidium bromide. The images were
digitally processed using the Electrophoresis Documentation and Analysis System 120
(Kodak Digital Science).
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Table 2. Primers used to amplify ß globin fragment and L1 VPH fragment.

Primer Sequence 5′-3′ Gene Fragment Size (pb)

KM29 GGTTGGCCAATCTACTCCCAGG β-globin 205
PCO4 CAACTTCATCCACGTTACCC β-globin 205

MY09 * CGTCCMARRGGAWACTGATC L1 VPH 450
MY11 * GCMCAGGGWCATAAYAATGG L1 VPH 450
GP5+ TTTGTTACTGTGGTAGATACTAC L1 VPH 140–150
GP6+ GAAAAATAAACTGTAAATCATATTC L1 VPH 140–150

* M = A + C, W = A + T, Y = C + T, R = A + G.

2.4. Detection and Genotyping of HPV

The detection of HPV DNA was first carried out by screening all the samples by
end-point PCR using the primers GP5+/6+, which generated a 150 pb fragment. Sub-
sequently, a nested PCR was performed on the samples that tested negative for HPV to
increase sensitivity.

Genomic DNA samples from the cervical cancer cell lines SiHa and Caski were used
as positive controls for MY09/11 and GP5+/6+ amplification. A paraffin block without
tissue and a PCR mix without DNA were negative controls. The primers used are reported
in Table 2.

2.4.1. Nested PCR Conditions

For the nested PCR, MY09/11 primers were used to obtain the first amplicon of 450 bp.
Subsequently, GP5+/GP6+ primers were used on the first amplicon. The first PCR reaction
was carried out with 100 ng of DNA in a total reaction volume of 25 µL containing 2.5 µL of
buffer (10×), 1.5 µL of MgCl2 (25 mM), 0.5 µL of each MY09/MY11 primer (10 µM) (Table 2),
0.5 µL of dNTPs (10 mM), 0.25 µL of Taq polymerase (5U/µL) (Thermo®, EPO402), and
water. The amplification was performed under the following conditions: initial activation
of the enzyme at 95 ◦C for 3 min, followed by 39 cycles under the following conditions:
95 ◦C for 30 s, 57 ◦C for 30 s, and 72 ◦C for 45 s with a final elongation step at 72 ◦C for
5 min. The second PCR reaction was performed with 5 µL of the first amplicon and the
GP5+/6+ primers. The initial activation of the enzyme was performed at 95 ◦C for 3 min,
followed by 39 cycles under the following conditions: 95 ◦C for 30 s, 48 ◦C for 30 s, and
72 ◦C for 30 s with an elongation step at 72 ◦C for 5 min. The amplicon products were
visualized in agarose gel (2%) stained with ethidium bromide.

2.4.2. qPCR Conditions

Quantitative PCR was performed when the samples had a DNA concentration lower
than 10 ng/ul. The first amplicon was amplified using primers MY09/11 followed by
qPCR. The qPCR was carried out in a 7500 Fast Real-Time PCR System (Applied Biosystems
Foster City, California™) in a total reaction volume of 25 µL containing 5 µL of the first
amplicon, Platinum SYBR Green qPCR SuperMix-VGD (platinum Taq DNA polymerase,
SYBR Green I dye, Tris-HCl, KCl, 6 mM MgCl2, 400 µM dNTPs, UDG), 0.5 µL of each the
GP5+/6+ primers (10 µM), 0.1 ul of ROX Reference Dye Solution (25 µM), and water. The
amplification was performed under the following conditions: 50 ◦C for 120 s, 95 ◦C for
120 s, followed by 40 cycles under the following conditions: 95 ◦C for 15 s, 48.4 ◦C for 30 s,
60 ◦C for 30 s. The data were analyzed using Applied Biosystems 7500 Software v2.0.6,
Foster City, California.

2.4.3. HPV Genotyping

Samples positive for amplified HPV L1 gene DNA were subjected to genotyping using
the LCD-Array HPV-Type 3.5 kit (Chipron GmbH, Berlin, Germany), which allows for the
identification of 32 low-, intermediate-, and high-risk HPV types (6, 11, 16, 18, 31, 33, 35, 39,
42, 44, 45, 51, 52, 53, 54, 56, 58, 59, 61, 62, 66, 67, 68, 70, 72, 73, 81, 82, 83, 84, 91, and 91).
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The amplicons generated previously from the biotinylated primers were used for
hybridization on the chip: (1) MY09/MY11, which generated a fragment of approximately
450 bp. (2) “125” primers, an internal sequence of the 450 bp fragment (the kit’s own). Both
amplicons were combined before hybridization. The PCR was performed according to the
manufacturer’s protocol. The reaction mixture was prepared using 2.5 µL buffer (10×),
2 µL MgCl2 (25 mM), 1 µL primer mix MY09/MY11 or 2 µL primer mix 125, 1 µL dNTPs
(10 mM), 0.3 µL of Taq polymerase (5 U/µL) (Thermo®, EPO402), 100 ng of template,
and water. Genomic DNA from the CaSki cell line was used as a positive control. The
run was conducted as follows: 3 min at 95 ◦C, followed by 41 cycles of 1 min at 94 ◦C in
denaturation, 1.5 min at 45 ◦C in alignment, and 1.5 min at 72 ◦C in extension, and a final
extension of 3 min at 72 ◦C.

Hybridization was carried out according to the manufacturer’s protocol. Biotin-labeled
PCR products were hybridized with HPV subtype-specific capture probes immobilized
on the surface of the LCD chip. After washing, each field was incubated with a secondary
solution (enzyme conjugate). The PCR fragments were then hybridized with capture probes,
and the place where they joined was revealed with an enzyme substrate that generated a
blue precipitate. Data reading was performed using the LCD SlideReader V9 software.

2.5. Statistical Analysis

The breast samples were grouped according to the histological diagnosis. The group
measured the presence/absence distribution of HPV DNA by simple counting. Chi-squared
tests and Fisher’s exact test were used to compare the presence/absence of HPV DNA
between histological diagnosis, sex of patients, tumor size (TMN), and clinical stage. SBR
scales were compared using Mann–Whitney tests. The age of patients and tumor size (in
cm) between HPV-positive and -negative samples were compared using t-student and
Mann–Whitney tests, respectively. All statistical tests were performed in GraphPad Prism
version 6. Differences were considered significant when the p-value was less than 0.05.

3. Results
3.1. Histopathological Diagnosis

The histopathological diagnosis results from 116 breast samples were classified as
shown in Figure 1 and Table 3.

Table 3. Histopathological classification according to World Health Organization.

Classification n HPV+ HPV− % HPV+

Normal mammary tissue 11 3 8 27.3
Normal breast tissue 10 2 8 20

Normal mammary lymph node 1 1 0 100

Malignant neoplasm 59 12 47 20.3
Infiltrating ductal carcinoma 44 8 36 18.2
Infiltrating lobular carcinoma 8 2 6 25

Mucinous carcinom 1 1 0 100
Ductal carcinoma in situ 5 0 5 0
Metaplastic carcinoma 1 1 0 100

Non-cancerous breast disease 46 16 30 34.8
Phyllodes tumors 1 0 1 0
Fibroadenoma 18 7 11 38.9

Adenomyoepithelioma 1 0 1 0
Intraductal papilloma 1 0 1 0

Hyperplasia 4 0 4 0
Mastitis 6 3 3 50

Fibrocystic mastopathy 15 6 9 40

Total 116 31 85 26.7%
% HPV+ per classification; number of samples: n.
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Figure 1. Malignant breast neoplasms. (A) Infiltrating ductal carcinoma (solid pattern) separated by
connective tissue septa. (B) Infiltrating lobular carcinoma. This is characterized by the invasion of
the stroma in the form of fine cell cords, called Indian row cords. (C) Mucinous carcinoma. Tumor
cells are seen within lakes of mucin. (D) Metaplastic carcinoma. (E) Fibroadenoma. The proliferation
of cells can be observed, creating well-defined borders concerning the surrounding normal tissue.
(F) Mastopathy with hyperplasia. A duct with apocrine metaplasia and foci of hyperplasia can be
observed. Hematoxylin and eosin staining. Optical microscopy magnification 20×.

Of all the samples analyzed, 50.9% (59/116) were malignant neoplasms, 4.3% (5/116)
were in situ neoplasms, 0.9% (1/116) were borderline neoplasms, and 17.2% (20/116)
were benign neoplasms. Benign or non-neoplastic alterations of the mammary gland were
also diagnosed, 21.6% (25/116) of the analyzed tissue samples. Breast tissue samples
and axillary lymph nodes without alterations were also found, 9.5% (10/116 and 1/116,
respectively) of the total.

The distribution of the types of malignant neoplasms diagnosed was as follows: 74.6%
(44/59) infiltrating ductal carcinoma, 13.6% (8/59) infiltrating lobular carcinoma, 1.7%
(1/59) mucinous carcinoma, and 1.7% (1/59) metaplastic carcinoma. The distribution of
benign neoplasms was as follows: 90% (18/20) fibroadenoma, 5% (1/20) adenomyoep-
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ithelioma, and 5% (1/20) intraductal papilloma. Regarding non-neoplastic alterations,
60% (15/25) of the samples were diagnosed with cystic fibrous mastopathy, 24% (6/25)
corresponded to mastitis, and 16% (4/25) with hyperplasia.

3.2. HPV Presence in Breast Samples

HPV DNA was identified in 20.3% (12/59) of malignant neoplasms and 35% of benign
neoplasms (16/46). It was also detected in 27.3% (3/11) of breast tissue biopsies without
alteration. It was not detected in in situ neoplasms or borderline neoplasms. Regarding
malignant neoplasms, HPV was detected in 18.2% (8/44) of the diagnosed biopsies as
infiltrating ductal carcinoma, in 25% (2/8) of the biopsies of infiltrating lobular carcinoma,
and was in the only sample diagnosed as mucinous and metaplastic carcinoma. Among
benign neoplasms, HPV DNA was only identified in 38.9% (7/18) of the fibroadenoma
samples. Regarding benign alterations, HPV was detected in 40% (6/15) of the biopsies
with cystic fibrous mastopathy and 50% (3/6) of the biopsies of mastitis (Table 3). No
relationship was found between the characteristics of the tumor and the presence of HPV
in the sample (Table 4).

Table 4. Relationship between HPV and clinicopathological parameters of breast biopsies.

VPH p Value

Positive Negative
n (%) n (%) n (%)

Number of samples 116 (100) 31 (26.7) 85 (73.3)

Sex
0.4648 aMale 2 (100) 1 (50) 1 (50)

Female 114 (100) 30 (26.3) 84 (73.7)

Age (years) 48.9 ± 13.1 46.9 ± 14.4 49.8 ± 12.6
0.4044 cCI 95% (45.8–52.1) (40.4–53.5) (46.2–53.4)

Range (17–76) (17–74) (18–76)

Malignant neoplasm 59 (100) 12 (20.3) 47 (79.7)
0.2521 bNon-cancerous breast disease 46 (100) 16 (34.8) 30 (65.2)

Normal breast 11 (100) 3 (27.3) 8 (72.7)

Tumor size (cm) 3.5 (16.0–1.0) 3.5 (8.0–1.2) 3.7 (16.0–1.0)
0.6788 d

CI 95% (3.0–4.0) (2.0–7.8) (3.0–4.0)

Tumor size (TNM)

0.4422 b
T1 (≤2 cm) 11 (100) 3 (27.3) (72.7)

T2 (>2 cm–5 cm) 28 (100) 6 (21.4) 22 (78.6)
T3 (>5 cm) 6 (100) 2 (33.3) 4 (66.7)

Not available 9 1 8

Clinique stage

0.6242 aEII 39 (100) 9 (23.1) 30 (76.9)
EIII 6 (100) 2 (33.3) 4 (66.7)

Not available 9 1 8

Scale SBR 8 (9–4) 8 (9–4) 8 (9–6)
0.2470 d

CI 95% (8–9) 6–9 8–9

SBR
3–5: Stage I (well differentiated) 2 (100) 2 (100) 0 U

6–7: Stage II (moderately differentiated) 11 (100) 2 (18.2) 9 (81.8) U
8–9: Stage III (poorly differentiated) 41 (100) 8 (19.5) 33 (80.5) U

The Scarff–Bloom–Richardson grade: SBR; Primary Tumor, Regional Lymph Nodes, Distant Metastasis: TNM;
number of samples: n; centimeter: cm; Confidence Interval: CI; Probability value: p; Not significant p-value > 0.05;
Significant p-value < 0.05; p = probability value p < 0.05; a Fisher test; b Pearson test; c Unpaired Student’s t test;
d Mann–Whitney U test; undeterminated: U.
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The most frequent HPV genotype in the samples was LR-HPV 42, which was identified
in 19% (6/31) of the analyzed samples, followed by HR-HPV 31 (4/31, 13%) and HR-HPV
59 (3/31, 10%). LR-HPV 44 and HR-HPV 58 were identified in only 6% (2/31) of samples,
and HR-HPV 51 in 3% (1/31). Ten percent (3/31) of all HPV-positive samples had mono-
infection, while 16% (5/31) had co-infections. Two samples were positive for two virus
genotypes, HPV 58/51 (1/31) and HPV 31/42 (1/31) (Table 5). Three samples were positive
for more than two genotypes; the most frequent combinations were HPV 31/59/42 (2/31),
followed by HPV 42/31/59/44/58 (1/31). The most frequent co-infection was HPV 42/31
(4/31), regardless of the number of genotypes detected per sample.

Table 5. Genotyping of VHP in FFPE breast samples.

Histological Type HPV Genotypes Detected

Single genotype
n = 3 (10%)

Mucinous carcinoma 44
Fibroadenoma 42

Mastitis 42

Multiple genotype
n = 5 (16%)

Fibroadenoma 58 + 51
Fibroadenoma 31 + 42 + 59

Cystic fibrous mastopathy 31 + 59 + 42
Cystic fibrous mastopathy 31 + 42

Mastitis 42 + 31 + 59 + 44 + 58
number of samples: n.

4. Discussion

Breast and cervical cancer are the leading cause of death for women worldwide,
mainly in developing countries [1]. HPV is estimated to be associated with more than 5%
of all types of carcinomas in humans. High-risk HPV infection has been recognized as
an essential factor in developing cervical cancer. It has also been associated with 99.7%
of cases of cervical cancer, 50% of head and neck squamous cell carcinomas, and 25% of
oropharyngeal cancer [78]. Integration of HPV DNA into the host cell genome is critical
in HPV-mediated carcinogenesis, leading to abnormal cell proliferation and malignant
progression [10].

In breast cancer, HPV has been proposed in several studies as a probable causative
agent of breast cancer carcinogenesis [4,6].

A controversial fact is that HPV DNA has been reported in healthy breast samples.
It would be very interesting to make a follow-up study on samples donated by women
with healthy breast tissue but positive for HPV DNA to observe if, over the years, they
developed some mammary carcinoma, which would support the hypothesis that HPV is
an oncogenic factor in breast cancer (Table 1).

The role of HPV in breast cancer carcinogenesis remains controversial due to inconsis-
tent data on the presence of HPV DNA in tumor samples from patients with breast cancer
and a lack of clarity regarding the route of HPV transmission from one organ to the other.

The variability of the reported results within the same country could be explained by
the quantity and quality of the samples analyzed, considering that breast cancer samples
have a lower viral load, making HPV challenging to detect. Other factors that may introduce
noise in the study of this subject include the preprocessing of the examined samples, the
HPV DNA detection method, and the distribution of HPV among women in each country.

Our results show the presence of HPV DNA in 26.7% (31/116) of the samples, which
is in accordance with the findings of other authors in different Latin American countries,
whose detection rate ranges from 0 to 49% and the average frequency is 25% [21,27,39,44,54,64]
(Table 1). There is a wide range of distribution of genotypes in breast tissue depend-
ing on the geographical region. Previous studies in Mexico identified HPV-16, 18, and
33 [35,36,38,43]. Regarding Table 1, it was determined that the five most common genotypes
in breast tissue in decreasing order of prevalence are HPV-16, 33, 11, 18, and 6. Similar to
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the present work, studies conducted in Venezuela and Brazil identified high-risk genotypes
HPV-31 and 51 (54,64).

Classified according to their oncogenic characteristics, the prevalence of high-risk
HPV types was higher than those with low risk. However, none of these genotypes were
identified in this study, and the prevalence of low-risk genotypes was higher than high-risk
genotypes. Table 6.

Table 6. Comparative table of HPV reported in breast tissue samples in Latin America.

Country Sample Method Cases/+HPV (%) HPV Genotype Reference

Venezuela FST PCR (L1), RH 24/10 (41.7) 51 18 33 6 11 [54]
Brazil PET PCR (L1), TS-MPG, SEQ 103/51 (49.5) 6 11 18 31 33 52 [64]
Brazil PET PCR (E6) 101/25 (24.8) 16 18 [27]
Brazil PET PCR (L1) 79/0 (0) [21]

Argentina FST PCR (L1), RT-qPCR, SEQ 61/16 (26.2) 11 16 [44]
Chile PET PCR (L1), RT-qPCR 46/4 (8.7) 16 [39]

Mexico PET PCR (E1), SEQ 67/3 (4.5) 16 18 33 [35]
Mexico PET PCR (L1), SEQ 51/15 (29.4) 16 18 [36]
Mexico PET PCR (L1), RT-qPCR 70/17 (24.3) 16 33 [38]
Mexico PET PCR (L1), RT-qPCR 20/8 (40) 16 18 [43]

Mexico PET PCR (L1), MA 116/31 (26.7) 42 31 59 58 44 51 Present
study

Paraffin-embedded tissue: PET; Fresh samples tissue: FST; Polymerase Chain Reaction: PCR; Type-Specific
Polymerase Chain Reaction bead-based multiplex genotyping assay: TS-MPG; Microarray: MA; Quantitative Real-
Time Polymerase Chain Reaction: RT-qPCR; Sequencing: SEQ; Reverse hybridization: RH; Human Papillomavirus
protein L1: L1.

Methodological diversity may partly explain the differences in HPV positivity between
studies. However, more importantly, it has been suggested that the viral load of HPV in
breast cancer is low [79]. Once cell transformation occurs, viral replication stops, and
integration of the viral genome into the host occurs [80]. Under these circumstances, the
number of HPV copies decreases sharply. It has been shown that after genome integration,
HPV replication decreases; therefore, the choice of detection method and its sensitivity are
essential factors to consider since they influence the HPV detection rate [81].

The low prevalence of HPV reported by some studies results from low sensitivity.
Therefore, the present study used two variants of the PCR technique to increase the sensi-
tivity and reduce the risk of false negatives. HPV-specific amplicons were detected in 13.8%
(16/116) of samples when analyzed by one-step PCR, while the real-time PCR approach
increased the positivity rate to 26.7% (31/116).

The differences in HPV prevalence between studies can also be explained by false-
positive results, in which contamination is a crucial factor. The present study followed a
strict quality control procedure, and the results showed no signs of cross-contamination.

The use of broad-spectrum primers versus specific primers is somewhat controversial
since broad-range primers target the HPV L1 gene sequence that could be lost during the
integration of the virus into the host genome [27].

It has been suggested that HPV virions present in paraffin-embedded tissue samples
may be destroyed during fixation and sample processing. Therefore, HPV may be difficult
to detect in tissues preserved for long periods of storage [82]. Some authors suggest
fresh tissues may be associated with a higher HPV detection rate compared to samples
embedded in paraffin. However, some studies indicate that the low viral load is not
a result of tissue samples’ fixation and paraffin inclusion since higher viral loads have
been found in formalin-fixed, paraffin-embedded samples than in fresh-frozen cervical
cancer tissue samples [83]. Several studies confirm that the type of high-risk HPV and the
stage at which the cervical intraepithelial lesion is diagnosed could be triggering factors
in the development of breast cancer. According to Table 1, HPV16 is the most common
genotype detected in both benign and breast cancer tumors. Among the different types of
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carcinomas, invasive ductal carcinoma is the breast carcinoma in which HPV DNA is most
commonly found.

In 1999, Henning et al. reported that 46% of women with a history of HPV-16-positive
high-grade cervical intraepithelial neoplasia (CIN III) lesions were correlated with both
ductal and lobular breast carcinomas [26]. Widschwendter et al. and Damin et al. found
that the presence of HPV-16 DNA in breast cancer is more frequent in women with a history
of cervical cancer [27,28].

Yasmeen et al. made an important observation about breast cancer behavior and HPV.
They reported that HPV16 is frequently present in invasive and metastatic breast cancer
and less frequently in in situ breast cancer [84].

In a retrospective study, Atique et al. (2017) reported that the incidence of breast
cancer was higher among 800,000 HPV-infected patients than among the non-HPV-infected
population [85].

The mechanism by which HPV can infect mammary gland cells is still unknown.
However, two main hypotheses have been proposed; they are summarized in Figure 2. The
first one explains that HPV arrives in mammary glands via the lymphatic or blood system
through HPV-carrying mononuclear cells present in women with cervical intraepithelial
lesions [86]. Other authors conclude that because the HPV life cycle occurs in the epithelial
layers, HPV viremia is impossible [43]. The second hypothesis suggests that the mammary
gland can be infected with HPV through the skin of the nipple, as demonstrated in the
work of Villiers et al. [29], who proposed a retrograde ductal pattern of viral propagation.
The exposure of the mammary ducts to the external environment increases the risk of HPV
infection since the mammary ducts are open ducts and could serve as an entry point for
viral infection. Furthermore, most mammary neoplasms originate from the epithelium
of these structures [81]. Sexual transmission is the generally accepted transmission route,
although it does not seem to be the only one. Some studies suggest that transmission can
occur through hand-mediated contact between the female perineum and the mammary
gland, which could occur during sexual activity, or through contact of bodily fluids with
nipple fissures, which could serve as an entry point for HPV [4].

Once they have managed to approach the mammary gland cells, the next question
is how do HPV viruses penetrate the cells? One hypothesis explains that oncogenic HPV
types of the alpha genus use a complex network of proteins for endocytosis and cellular
transport, the latter organized by a specific subset of tetraspanins, annexins, and associated
proteins such as integrins and EGFRs [87]. Integrins are the extracellular matrix’s central
receptors and participate in cell–cell interactions [88]. The α6 integrin has been proposed
as the main receptor for HPV-16 in cervical cells [43,89]. In breast tissue, α6 integrins are
essential molecules that regulate the growth and differentiation of epithelial cells. Their
ability to promote cell anchoring, proliferation, survival, migration, and the activation
of extracellular matrix-degrading enzymes suggests that they play an essential role in
normal mammary morphogenesis and indicates their potential as HPV receptors and
tumor progression promoters [43,88]. Another hypothesis is based on the activity of the
extracellular vesicles, including exosomes (Exos), microvesicles (MV), and apoptotic bodies
(AB), that are released into biofluids by virtually all live cells (Figure 3).

In 2019, de Carolis et al. detected the same HPV genotype in the same patient’s extra-
cellular vesicles from serum, breast, and cervical tissue. Therefore, the authors suggested
that HPV DNA was associated with mammary malignancies and was transferred to the
stromal cells of the gland by extracellular vesicles [71].
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Figure 2. Transmission route of HPV to breast tissue. There are mainly two possible mechanisms:
(A) Through the blood or lymphatic fluids from the primary site of infection. It is suggested that
malignant transformation results from transfection of cells from a primary tumor by plasma flow or
that HPV virions can be transported from the site of initial infection to other organs. (B) Through the
skin of the nipple, by direct contact between the genitals and the breast. The mammary ducts are
open ducts and could represent an entry point for virus infection. Transmission can occur through
hand contact with the genitals and the mammary gland, which could happen during sexual activity,
or through contact of bodily fluids with the fissures of the nipple, which can serve as an entry point
for HPV. Created by Biorender.

In an in vitro study, the MCF-10A cell line was transfected with HPV-18 to deter-
mine whether HPV may be the starting point of carcinogenesis in breast cancer through
APOBEC3B (A3B) overexpression. Their results demonstrated that HPV infection induces
upregulation of A3B mRNA and that infected cells exhibited a more malignant phenotype
than parental cells since A3B overexpression caused γH2AX foci formation and DNA break-
age. The expression of these malignant phenotypes was restricted by shRNA to HPV E6, E7,
and A3B. These results suggest an active involvement of HPV in the early stage of breast
cancer carcinogenesis through the induction of A3B [90]. A3B expression levels have been
reported to be low in most healthy tissues; however, Vieira et al. [91] demonstrated that the
E6 protein induces upregulation of A3B RNA in high-risk HPV. It was later observed that
in samples from patients with head and neck cancer, there was an overexpression of A3B in
HPV-positive tumors.
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Figure 3. Possible mechanisms of HPV infection in the mammary gland. (A) Transfer of HPV to
mammary cells through receptor interaction. The HPV-16 capsid interacts with the entry receptor
complex composed of growth factor receptors, integrins, and proteoglycans, among others. After HPV
binds to this complex, an endocytic process begins. Internalized viruses reside in vesicles directed to
acidified multivesicular bodies for capsid disassembly. Viral genomes are transported to the TGN, ER,
or core. (B) DNA HPV is transferred to breast cells by extracellular vesicles. Transfer of HPV DNA
to cells lacking the HPV receptor could be carried out by extracellular vesicles (EVs), microvesicles
(EVs), exosomes (Exos), or apoptotic bodies (ABs), which serve as vehicles for cell communication.
Cell-to-cell, from a primary site of infection through the transfer of bioactive molecules (proteins,
lipids, and nucleic acids). Extracellular vesicles produced from a secretory cell may be internalized
by fusion, endocytosis, or phagocytosis, or interact with target cell membrane proteins. Created
by Biorender.

5. Conclusions

The presence of HPV in breast tissue is an important finding, but it is not a sufficient
condition to establish an etiological role for this virus in developing breast cancer or any
other breast pathology. However, the results suggest a possible role of HPV in breast
pathologies as a co-participant in molecular pathogenesis processes that differ from other
HPV-associated neoplasms.

According to the results reported in this work, it was possible to detect HPV in breast
tissue with malignant neoplasms but also normal tissue. The possible mechanisms by
which HPV is present in the breast tissue that would respond have been proposed for its
presence in healthy tissue. However, still, there is a pending question. Is it possible that
persistent HPV infections in the mammary gland could achieve carcinogenic processes as
in the case of cervical cancer?

Since 1992, HPV infection has been proposed as a possible risk factor for the devel-
opment of breast cancer. Several authors have suggested that the increased incidence of
HPV infection may be linked to environmental factors. These observations support the
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hypothesis of a possible infectious etiology in the development of sporadic breast cancer
based on studies that report the presence of sequences of different types of high-risk HPV
(oncogenic) in breast carcinoma tissues. However, to date, the results have been controver-
sial and inconclusive. Further studies are required to demonstrate an association between
HPV and breast cancer.
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Abstract: The aim of the study was to determine the metabolic characteristics of saliva depending on
the molecular biological subtype of breast cancer, as well as depending on the expression levels of
HER2, estrogen receptors (ER), and progesterone receptors (PR). The study included 487 patients with
morphologically verified breast cancer and 298 volunteers without breast pathologies. Saliva samples
were obtained from all patients strictly before the start of treatment and the values of 42 biochemical
indicators were determined. It has been established that the saliva of healthy volunteers and patients
with various molecular biological subtypes of breast cancer differs in 12 biochemical indicators:
concentrations of protein, urea, nitric oxide, malondialdehyde, total amino acid content, and activity
of lactate dehydrogenase, alkaline phosphatase, gamma-glutamyltransferase, catalase, amylase,
superoxide dismutase, and peroxidases. The saliva composition of patients with basal-like breast
cancer differs from other subtypes in terms of the maximum number of indicators. Changes in
biochemical indicators indicated an increase in the processes of lipid peroxidation and endogenous
intoxication and a weakening of antioxidant protection, which correlates with the severity of the
disease and the least favorable prognosis for this subtype of breast cancer. An analysis was made of
the individual contribution of the expression level of HER2, estrogen, and progesterone receptors to
changes in the biochemical composition of saliva. The HER2 (−)/HER2 (+) group, which should be
considered as a single group, as well as ER-positive breast cancer, differ statistically significantly from
the control group. For ER/PR-positive breast cancer, a more favorable ratio of saliva biochemical
indicators was also noted compared to ER/PR-negative breast cancer.

Keywords: salivaomics; breast cancer; biomarkers; saliva; molecular biological subtype; HER2 status;
estrogen receptors; progesterone receptors

1. Introduction

Breast cancer is the most common female cancer worldwide [1–4]. Despite the im-
provement in early diagnosis and the active use of adjuvant drug treatment, only 59% of
patients in Russia survive the 5-year follow-up period [5], and mortality from breast cancer
in Russia does not decrease due to late detection of the disease [6,7]. The proportion of early
breast cancer (cancer in situ and stage I) is critically small: the proportion of non-invasive
breast cancer was less than 1%, and stage I breast cancer was only 18.3%, which focuses
attention on the existing problem of early diagnosis of the disease [8]. Nevertheless, the
current level of knowledge about the molecular mechanisms of the onset and development
of breast cancer, its sensitivity or resistance to various drugs, allows the transition from
averaged standard therapy regimens to the so-called “personalized medicine” [9,10], i.e.,
the appointment treatment in accordance with the individual characteristics of the patient
and the biological characteristics of the tumor. Breast cancer is a heterogeneous disease [11].
This heterogeneity, which has been characterized at the histological level for decades, is
now being assessed at the molecular genetic level, so that each type of tumor is an indepen-
dent disease. The high heterogeneity of breast cancer makes its molecular characterization
fundamentally important, based not only on the determination of gene mutations and gene
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expression profile, but also on biological markers [12]. Examples of such markers include:
expression of estrogen receptors (ER) and progesterone receptors (PR), expression of the
proliferation marker Ki-67 in the active phase of the cell cycle (G1, S, G2, and mitosis) and
its absence in resting cells (G0), and the expression of the type 2 human epidermal growth
factor receptor (HER2) are also isolated [13–15]. Determination of these characteristics is
possible only after surgical treatment or tumor biopsy, and the results can be significantly
distorted after preoperative chemotherapy and radiotherapy. For some patients, data on the
molecular characteristics of the tumor cannot be obtained for a number of reasons. In this
regard, it is necessary to search for alternative non-invasive markers that can characterize
individual types of tumors and act as diagnostic and prognostic signs [16].

Recently, evidence has been accumulating demonstrating the diagnostic and prognos-
tic value of saliva as a promising alternative to liquid biopsy [17–23]. Saliva is a complex
body fluid that contains a wide range of proteins, as well as DNA, mRNA, microRNA
(miRNA/miR), metabolites, and microbiota [24]. As a diagnostic approach, saliva has
many biochemical advantages over blood and tissues, such as non-invasiveness, ease
of storage, cost-effectiveness of collection, and dynamic availability for monitoring with
less discomfort for the patient [25]. Continuous progress in saliva research has allowed
the scientific community to coin the term “salivaomics” [26,27]. Changes in the genome,
microbiome, epigenome, transcriptome, proteome, and metabolome of saliva can be used
for diagnosis, assessment of individual risk, prognosis, and disease monitoring [27].

The literature provides data on the study of the composition of saliva in breast can-
cer [28–44]. Saliva biomarkers have been shown to achieve a sensitivity of 73% (72–74)
and a specificity of 74% (72–76) in the diagnosis of breast cancer [45]. However, only one
study showed the relationship between the saliva metabolome and the molecular biological
subtype of breast cancer [46]. Previously, we have shown that there are changes in the
metabolic profile of saliva in breast cancer [47]. It has been shown that concentration of
total protein, urea, uric acid (UA), the total content of α-amino acids and lipid peroxidation
products, and the activity of metabolic and antioxidant enzymes (in particular catalase) of
saliva changed significantly in breast cancer. This study is one of the largest to date and
includes patients with early stages of breast cancer (226/487). The metabolic features of the
composition of the saliva of patients depending on the prevalence of the process and the
histological type of breast cancer are considered [47]. In this work, we analyze the changes
in 42 biochemical indicators of saliva depending on the molecular biological subtype of
breast cancer, as well as depending on the expression levels of HER2, estrogen receptors
(ER), and progesterone receptors (PR).

2. Materials and Methods
2.1. Study Design and Group Description

The study included 487 patients of the Clinical Oncological Dispensary in Omsk. The
sample size of this study was the number we could recruit within the study periods (Jan-
uary 2015–May 2017). All patients had histologically diagnosed with breast cancer. None
had received any prior treatment, including hormone therapy, chemotherapy, molecularly
targeted therapy, radiotherapy, surgery, etc. The inclusion criteria that were considered
include: the age of patients 30–70 years, the absence of any treatment at the time of the
study, the absence of signs of active infection (including purulent processes), and good
oral hygiene. The volunteers included in the study did not reveal any clinically signifi-
cant concomitant diseases other than cancer pathology (in particular, diabetes mellitus,
cardiovascular pathologies, etc.) that could affect the results of the study. Exclusion criteria
included lack of histological verification of the diagnosis. The control group consisted of
298 healthy patients, in whom no breast pathology was detected during routine clinical
examination. A detailed description of the study group is given in Table 1.
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Table 1. The structure of the study group.

Feature Breast Cancer, n = 487 Control Group, n = 298

Age, years 54.5 [47.0; 56.0] 49.3 [43.8; 56.1]

Histological type

Ductal 227 (46.6%) -

Lobular 86 (17.7%) -

Mixed (Ductal + Lobular) 12 (2.5%) -

Rare forms 58 (11.9%) -

Unknown 104 (21.3%) -

Clinical Stage

Stage I 119 (24.4%) -

Stage IIa 123 (25.3%) -

Stage IIb 88 (18.1%) -

Stage IIIa 55 (11.3%) -

Stage IIIb 47 (9.6%) -

Stage IV 55 (11.3%) -

Subtype

Luminal A-like 64 (13.1%) -

Luminal B-like (HER2+) 230 (47.4%) -

Luminal B-like (HER2−) 63 (12.9%) -

Non-Luminal (HER2+) 38 (7.8%) -

Basal-like (Triple-negative) 28 (5.7%) -

Unknown 64 (13.1%) -

HER2-status

HER2-negative HER2 (−) 156 (36.1%) -

HER2-positive 276 (63.9%) -

HER2 (+) 124 (44.9%) -

HER2 (++) 83 (30.1%) -

HER2 (+++) 69 (25.0%) -

ER-status

ER-negative ER (−) 77 (17.7%) -

ER-positive 359 (82.3%) -

ER (+) 60 (16.7%) -

ER (++) 77 (21.4%) -

ER (+++) 222 (61.9%) -

PR-status

PR-negative PR (−) 125 (28.7%) -

PR-positive 310 (71.3%) -

PR (+) 64 (20.6%) -

PR (++) 79 (25.5%) -

PR (+++) 167 (53.9%) -
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2.2. Determination of the Expression of the Receptors for Estrogen, Progesterone and HER2

The Allred Scoring Guideline was used to assess the expression level of estrogen
receptors (ER) and progesterone (PR) (Table 1) [48]. The calculated integrative indicator
allows us to define the case under study in one of four main groups: a group with an
expression level of 0 points (complete absence of stained nuclei, indicated by “−”), a group
with a weak color level (index from 2 to 4 points, indicated by “+”), a group with an
average level of expression (index from 5 to 6 points, indicated by “++”), and a group
with a high level of expression (index is from 7 to 8 points, indicated by “+++”). When
determining one of the four categories of the receptors for estrogen, progesterone, and HER2
expression levels (−, +, ++, +++), the recommendations of ASCO/CAP were followed [49].
Determination of HER2 expression was carried out with immunohistochemical method,
with an indeterminate result (++) used to confirm the HER2 status. Following this, a study
was carried out with in situ hybridization (FISH). HER2-status assessed as “−” and “+”
was considered negative, assessed as “+++” was considered positive, and assessed as
“++” was assigned to an undefined level. Additionally, breast cancer sub-classification
differentiates these tumors into five groups: basal-like (BL, Triple-negative), luminal A-like,
luminal B-like (HER2-negative), luminal B-like (HER2-positive), and non-luminal (Table 1).
The determination of the molecular biological subtype was carried out as standard with a
combination of the status of HER2, estrogen, and progesterone receptors and the level of
Ki67. [7].

2.3. Saliva Collection and Analysis

Saliva (5 mL) was collected from all participants prior to treatment. Collection of
saliva samples was carried out on an empty stomach after rinsing the mouth with water
in the interval of 8–10 am by spitting into sterile polypropylene tubes; the salivation rate
(mL/min) was calculated. We did not find significant differences in the salivary flow rate
in the studied groups, so they were not shown in the tables below. Saliva samples were
centrifuged (10,000× g for 10 min) (CLb-16, Moscow, Russia), and the supernatant fraction
was used for subsequent analysis. Biochemical analysis was immediately performed
without storage and freezing using the StatFax 3300 semi-automatic biochemical analyzer
(Awareness Technology, Palm City, FL, USA) [50]. A full cycle of studies was performed
within 3–4 h from the moment of collection. Protease inhibitors were not used.

The pH, mineral composition (calcium, phosphorus, sodium, potassium, magnesium,
chlorides), the content of urea, total protein, albumin, uric acid, α-amino acids, imidazole
compounds, seromucoids, nitric oxide—NO, lactic, pyruvic, and sialic acids, as well as the
activity of enzymes (aminotransferases—ALT, AST; alkaline phosphatase—ALP; lactate
dehydrogenase—LDH; gamma-glutamyl transpeptidase—GGT; α-amylase), were deter-
mined in all samples. The content of substrates for lipid peroxidation processes (diene
conjugates—DC, triene conjugates—TC, Schiff bases—SB, malondialdehyde—MDA) and
indicators of endogenous intoxication (MM—middle molecules) were determined. We
determined the MM at wavelengths of 254 and 280 nm; they are designated MM 254 and
MM 280, respectively [51]. Additionally, we assessed the activity of antioxidant enzymes
(catalase—CAT, superoxide dismutase—SOD, antioxidant activity, peroxidase). The poten-
tial value of calculating a number of ratios has been previously shown, for example, Na/K,
Ca/P, AST/ALT, SOD/Catalase, SOD/Peroxidase, SB/(DC+TC), SB/TC, and MM 280/254.
In addition to the direct evaluation of 34 biochemical salivary indicators, we additionally
evaluated the values of 8 ratios, so the total number of indicators was 42.

2.4. Statistical Analysis

Statistical analysis was performed using Statistica 13.3 EN software (StatSoft, Tulsa,
OK, USA); R version 3.6.3; RStudio Version 1.2.5033; FactoMineR version 2.3. (RStudio,
version 3.2.3, Boston, MA, USA) with a nonparametric method using the Mann–Whitney U-
test and the Kruskal–Wallis H-test. The description of the sample was made by calculating
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the median (Me) and the interquartile range as the 25th and 75th percentiles [LQ; UQ].
Differences were considered statistically significant at p > 0.05.

A principal component analysis (PCA) was performed using the PCA program in R.
The choice of variables for the PCA method was carried out according to the results of
comparison of biochemical indicators in the studied groups. When comparing two groups,
we used the Mann–Whitney test; when comparing three groups or more, we used the
Kruskal–Wallis test. Next, we selected indicators for which the differences between all
groups are significant at the p < 0.10 level. PCA results were presented in the form of factor
planes and corresponding correlation circles. In each case, the figures show only the first
two principal components (PC1 and PC2). The color of the arrows on the correlation circle
changed from blue (weak correlation) to red (strong correlation) as shown on the color bar.
The orientation of the arrows characterized positive and negative correlations (for the first
principal component, we analyzed the location of the arrows relative to the vertical axis;
for the second principal component, relative to the horizontal axis). The significance of the
correlation was determined by the correlation coefficient (r): strong-r = ± 0.700 to ± 1.00,
medium-r = ± 0.300 to ± 0.699, weak-r = 0.00 to ± 0.299.

3. Results
3.1. Changes in the Biochemical Composition of the Saliva of Patients with Breast Cancer,
Depending on Its Molecular Biological Subtype

At the first stage of the study, it was shown that the biochemical composition of saliva
in different molecular biological subtypes of breast cancer had differences (Supplementary
Tables S1 and S2). The values of biochemical indicators of saliva in the control group, as well
as in various molecular biological subtypes of breast cancer, are given in Supplementary
Tables S1 and S2. Table 2 below shows the deviation values of the average content of each
indicator of saliva from the corresponding values for the control group. We have identified
12 biochemical indicators for which the differences between the groups are statistically
significant (Table 2). Selected biochemical indicators were used to compare groups by PCA
analysis (Figure 1).

Table 2. Changes in biochemical indicators of saliva compared with the control group, %.

No. Indicators Lum A Lum B (+) Lum B (−) BL Non-Lum Kruskal–Wallis Test (H, p)

1 pH 0.6 −0.1 −0.2 1.1 −1.3 4.125; 0.5316
2 Calcium, mmol/L 8.7 −4.2 −1.2 −11.5 −9.7 6.424; 0.2671
3 Phosphorus, mmol/L 0.7 7.5 8.7 9.7 −5.4 7.439; 0.1900
4 Ca/P-ratio, c.u. 0.5 −8.4 −12.4 −20.2 −6.0 8.226; 0.1442
5 Sodium, mmol/L −21.4 −12.5 7.9 5.0 −15.2 6.519; 0.2589
6 Potassium, mmol/L −1.3 2.1 21.6 23.0 5.3 7.879; 0.1631
7 Na/K-ratio, c.u. −15.5 −14.0 −13.4 −17.0 3.3 5.517; 0.3560
8 Chlorides, mmol/L −3.9 −2.0 6.6 12.8 −2.1 7.662; 0.1759
9 Magnesium, mmol/L −6.5 −0.7 0.1 −7.4 −1.4 1.992; 0.8503
10 NO, µmol/L 22.4 21.6 40.7 19.0 49.3 16.02; 0.0068 *
11 Protein, mg/mL −24.5 −21.4 −12.8 −5.7 −10.7 70.13; 0.0000 *
12 Urea, mmol/L 33.0 42.6 46.5 41.0 36.0 66.45; 0.0000 *
13 Uric acid, µmol/L −28.8 −34.0 −21.9 2.6 −9.2 7.819; 0.1665
14 Lactic acid, mmol/L 10.4 −3.0 −6.4 −1.5 −4.9 4.204; 0.5205
15 Pyruvic acid, µmol/L −1.8 1.8 10.7 8.9 5.4 4.440; 0.4879
16 Albumin, mg/mL 14.7 8.8 40.1 0.5 29.5 6.786; 0.2371
17 α-Aminoacids, mmol/L 3.8 4.8 9.1 6.5 5.2 29.84; 0.0000 *
18 Imidazole compounds, mmol/L −7.9 −3.9 13.2 3.9 −2.6 6.158; 0.2912
19 Sialic acids, mmol/L 0.0 13.8 13.8 37.9 −5.2 7.038; 0.2179
20 Seromucoids, c.u. 8.8 6.6 8.2 8.8 2.7 6.123; 0.2944
21 ALT, U/L 2.0 10.0 6.0 10.0 16.0 0.9695; 0.9650
22 AST, U/L 16.4 10.4 16.4 26.9 10.4 9.703; 0.0841
23 AST/ALT-ratio, c.u. 16.7 1.4 19.0 26.0 11.8 8.854; 0.1150
24 LDH, U/L 43.1 31.8 4.6 21.3 65.3 18.78; 0.0021 *
25 ALP, U/L 13.8 6.9 44.8 34.7 24.1 21.68; 0.0006 *
26 GGT, U/L 8.7 12.3 17.3 13.2 2.4 40.03; 0.0000 *
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Table 2. Cont.

No. Indicators Lum A Lum B (+) Lum B (−) BL Non-Lum Kruskal–Wallis Test (H, p)

27 Catalase, nkat/mL −14.9 −22.5 7.7 -18.2 −10.8 15.24; 0.0094 *
28 Superoxide dismutase, c.u. 2.3 31.8 45.5 27.3 15.9 10.79; 0.0557
29 α-Amylase, U/L 60.7 65.1 141.0 60.5 20.6 17.41; 0.0038 *
30 Antioxidant activity, mmol/L −14.1 −0.8 4.9 2.4 −11.0 2.688; 0.7479
31 Peroxidase, c.u. −9.6 9.6 16.4 20.5 86.3 7.194; 0.2066
32 SOD/Catalase-ratio, c.u. 3.2 53.6 53.3 80.3 36.9 12.12; 0.0332 *
33 SOD/Peroxidase-ratio, c.u. −9.6 12.4 88.9 51.8 −35.0 13.97; 0.0158 *
34 Diene conjugates, c.u. −3.1 −0.3 −2.8 1.7 0.7 8.617; 0.1254
35 Triene conjugates, c.u. 6.6 −0.7 −0.9 1.1 2.0 3.988; 0.5511
36 Schiff bases, c.u. 10.2 0.6 −3.2 −3.3 3.1 7.175; 0.2079
37 MDA, µmol/L 1.3 6.4 9.6 35.9 4.5 22.95; 0.0003 *
38 SB/(DC+TC)-ratio, c.u. 5.9 −0.4 −2.2 −0.7 −0.2 9.043; 0.1074
39 SB/TC-ratio, c.u. 7.2 1.6 −1.1 3.0 7.2 10.05; 0.0739
40 MM 254, c.u. −18.8 −5.4 5.4 24.1 1.7 7.962; 0.1583
41 MM 280, c.u. −16.7 −8.0 −10.3 22.0 −5.9 6.170; 0.2901
42 MM 280/254 2.8 0.9 3.1 4.5 1.0 4.729; 0.4498

Note. *—differences with the control group are statistically significant at p < 0.05.

It was shown by PCA analysis that there was no complete separation of all the studied
groups (Figure 1). The first principal component (PC1) separated the control group (to
the left of the vertical axis) and all groups of patients with breast cancer (to the right of
the vertical axis) (Figure 1A). The maximum contribution to the separation was made by
protein (r = 0.6587), the total content of α-amino acids (r = 0.5804) and urea (r = 0.5088),
as well as the activities of catalase (r = 0.5933), GGT (r = 0.5756), ALP (r =0.5732), LDH
(r = 0.5451), and α-amylase (r = 0.4008). The separation by the first principal component was
statistically significant (p = 0.0052). The division of groups relative to the horizontal axis
was due to the contribution of lipid peroxidation indicators, high correlation coefficients
were determined for the SB/TC-ratio and SB/(DC+TC)-ratio and amounted to 0.8241 and
0.7935, respectively (Figure 1B). At the same time, the groups of luminal A and non-luminal
breast cancer, as well as both subgroups of luminal B breast cancer, turned out to be close
to each other (Figure 1A). If we compare only breast cancer patients with each other, then
the trend persisted (Figure 1C). Subgroups of luminal A and non-luminal breast cancer
were distinguished on the diagram by a single field (Figure 1C). The vertical axis made it
possible to distinguish groups of luminal B (−) and basal-like breast cancer (to the right of
the axis) from the rest (Figure 1D). The contribution to the separation was made by the same
parameters as when taking into account the control group (Figure 1D); however, in this case,
the separation was not statistically significant. The horizontal axis also divided luminal
A and B breast cancers (Figure 1C). The division was characterized by lipid peroxidation
indices and was statistically significant (p = 0.0083).

The values of biochemical indicators, which significantly change in the studied groups,
are shown in Figure 2.

It was shown that the total protein content decreased in all groups, however, it was
statistically significant only for the luminal subtypes. Against the background of a decrease
in protein content, the content of α-amino acids and urea increased. The activity of enzymes
changed ambiguously, so the subgroups of luminal A and B (+) breast cancer are similar
in the nature of changes in the activity of enzymes (Figure 2). These subgroups were
characterized by a slight increase in the activity of ALP, an increase in the activity of LDH
and GGT, as well as a sharp decrease in the activity of catalase. For luminal B (−) breast
cancer, ALP and GGT activities reached maximum values, while LDH and catalase activities
remained practically unchanged. For all luminal subtypes of breast cancer, a statistically
significant increase in α-amylase activity was shown. For all subgroups except for non-
luminal breast cancer, an increase in the SOD/Catalase-ratio was shown, while for the
non-luminal subgroup, a decrease in the SOD/Peroxidase-ratio was statistically significant
(Figure 2). For basal-like cancer, the highest content of toxic products of lipid peroxidation,
in particular MDA, was noted against the background of minimal catalase activity.
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ase, CAT—catalase, ALP—alkali phosphatase, AST—aspartate aminotransferase, MDA—
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TC—triene conjugates, DC—diene conjugates, SOD—superoxide dismutase. 

The values of biochemical indicators, which significantly change in the studied 
groups, are shown in Figure 2. 

Figure 1. Individuals factor map (PCA) with control group (A) and without control group
(C); variables factor map with control group (B) and without control group (D). LDH—lactate
dehydrogenase, CAT—catalase, ALP—alkali phosphatase, AST—aspartate aminotransferase,
MDA—malondialdehyde, GGT—gamma glutamyltransferase, α-AA—α-Amino acids, SB—Schiff
Bases, TC—triene conjugates, DC—diene conjugates, SOD—superoxide dismutase.

79



Curr. Issues Mol. Biol. 2022, 44Curr. Issues Mol. Biol. 2022, 2, FOR PEER REVIEW 8 
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Figure 2. Biochemical composition of saliva depending on the molecular biological subtype of breast
cancer. Differences between groups were calculated using the Wilcoxon matched pairs test with the
Bonferoni correction at p < 0.05; *—differences with the control group are statistically significant,
**—differences with BL are statistically significant. C—concentration, A—activity.
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3.2. Changes in the Salivary Biochemical Composition of Breast Cancer Patients Depending on the
HER2 Status

At the next stage, we tried to figure out which parameter determined the differences
between the identified molecular biological subtypes of breast cancer. Table 3 shows the
values of the Kruskal–Wallis criterion when separating groups according to the level of
expression of HER2, estrogen, and progesterone receptors. We identified biochemical
indicators whose differences between subgroups were significant at the level of 0.05 and
0.10 (Table 3). These parameters were subsequently used to compare groups with PCA
analysis. A complete list of salivary biochemical indicator values for each of the subgroups
is given in Supplementary Tables S3–S8.

Figure 3A shows that significant differences were observed only between the control
group and HER2-negative breast cancer (p = 0.0178). The separation was due to the
contribution of albumin (r = 0.7412), total protein (r = 0.6717), catalase (r = 0.6123), GGT
(r = 0.6058), ALP (r = 0.5767), LDH (r = 0.5409), α-amino acids (r = 0.5314), and urea
(r = 0.4334) (Figure 3B). The horizontal axis separated HER2-positive and HER2-negative
breast cancer; however, the differences between the groups were not statistically significant
(Figure 3A). In this case, positive correlations were noted for AST/ALT-ratio (r = 0.7608)
and AST (r = 0.7048), while negative correlations were noted for uric acid (r = −0.3065) and
α-amylase (r = −0.3076) (Figure 3B). If we consider the division without a control group
(Figure 3C), then the vertical axis allowed the formation of two subgroups: HER2 (−) and
HER2 (+), as well as HER2 (++) and HER2 (+++) (p = 0.0189). The horizontal axis divided
the HER2 (++) and HER2 (+++) groups. In this case, α-amylase (r = 0.4028) was added to
the list of parameters by which separation occurs for PC1, as was catalase (r = −0.3205) for
PC2. Meanwhile, the effect of uric acid increased (r = −0.4758) (Figure 3D).

Figure 4 shows the relative change in each of the 42 biochemical indicators in the
HER2-positive and HER2-negative breast cancer groups (Supplementary Table S3). We
found that most of the indicators change in the same direction. The exception was calcium,
chlorides, diene conjugates, and MM 254 nm (Figure 4). Statistically significant differences
between HER2-positive and HER2-negative breast cancer were observed in AST/ALT-
ratio and activity of ALP and α-amylase, as well as the SOD/Peroxidase-ratio. In general,
deviations from the control group were more pronounced for HER2-positive breast cancer
(Figure 4). The only indicator that statistically significantly differed between subgroups
with different HER2 expression was albumin (Supplementary Table S4).

Table 3. Values of the Kruskal–Wallis test when comparing subgroups by the level of expression of
HER2, estrogen receptors and progesterone, taking into account the control group.

No. Indicators
Kruskal–Wallis Test (H, p) + Control Group

HER2 ER PR

1 pH 2.858; 0.5818 3.467; 0.4829 0.7895; 0.9399
2 Calcium, mmol/L 5.365; 0.2518 8.055; 0.0896 ** 7.971; 0.0926 **
3 Phosphorus, mmol/L 6.013; 0.1982 9.168; 0.0570 ** 3.688; 0.4498
4 Ca/P-ratio, c.u. 6.397; 0.1714 5.822; 0.2128 6.498; 0.1649
5 Sodium, mmol/L 3.038; 0.5515 4.154; 0.3856 3.286; 0.5112
6 Potassium, mmol/L 5.475; 0.2419 1.370; 0.8494 1.119; 0.8913
7 Na/K-ratio, c.u. 5.651; 0.2268 3.911; 0.4182 6.548; 0.1618
8 Chlorides, mmol/L 4.632; 0.3272 5.517; 0.2382 5.454; 0.2483
9 Magnesium, mmol/L 0.6162; 0.9612 1.312; 0.8593 0.6850; 0.9532
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Table 3. Cont.

No. Indicators
Kruskal–Wallis Test (H, p) + Control Group

HER2 ER PR
10 NO, µmol/L 16.04; 0.0030 * 17.23; 0.0017 * 20.47; 0.0004 *
11 Protein, mg/mL 75.09; 0.0000 * 89.55; 0.0000 * 79.20; 0.0000 *
12 Urea, mmol/L 65.41; 0.0000 * 66.16; 0.0000 * 65.78; 0.0000 *
13 Uric acid, µmol/L 8.990; 0.0614 ** 11.65; 0.0202 * 9.063; 0.0596 **
14 Lactic acid, mmol/L 4.819; 0.3064 2.271; 0.6860 4.215; 0.3776
15 Pyruvic acid, µmol/L 5.060; 0.2812 2.375; 0.6672 4.344; 0.3614
16 Albumin, mg/mL 8.648; 0.0705 ** 7.980; 0.0923 ** 12.68; 0.0130 *
17 α-Aminoacids, mmol/L 24.58; 0.0001 * 25.68; 0.0000 * 26.72; 0.0000 *
18 Imidazole compounds, mmol/L 4.478; 0.3452 4.757; 0.3132 4.123; 0.3896
19 Sialic acids, mmol/L 0.7944; 0.9392 2.169; 0.7047 1.640; 0.8017
20 Seromucoids, c.u. 6.399; 0.1713 7.597; 0.1075 10.70; 0.0302 *
21 ALT, U/L 3.192; 0.5263 0.7748; 0.9418 3.865; 0.4245
22 AST, U/L 9.008; 0.0609 ** 3.668; 0.4528 5.101; 0.2771
23 AST/ALT-ratio, c.u. 9.652; 0.0467 * 3.293; 0.5101 9.622; 0.0473 *
24 LDH, U/L 13.83; 0.0078 * 14.50; 0.0059 * 12.35; 0.0149 *
25 ALP, U/L 14.46; 0.0060 * 26.72; 0.0000 * 18.83; 0.0008 *
26 GGT, U/L 39.01; 0.0000 * 36.20; 0.0000 * 42.78; 0.0000 *
27 α-Amylase, U/L 17.76; 0.0014 * 16.05; 0.0030 * 19.30; 0.0007 *
28 Catalase, nkat/mL 14.51; 0.0058 * 16.04; 0.0030 * 19.41; 0.0007 *
29 Superoxide dismutase, c.u. 6.113; 0.1908 5.349; 0.2533 6.311; 0.1771
30 Antioxidant activity, mmol/L 1.095; 0.8950 1.206; 0.8772 2.973; 0.5623
31 Peroxidase, c.u. 3.604; 0.4622 5.628; 0.2287 6.264; 0.1803
32 SOD/Catalase-ratio, c.u. 7.923; 0.0944 ** 5.605; 0.2307 10.07; 0.0393 *
33 SOD/Peroxidase-ratio, c.u. 5.470; 0.2424 6.314; 0.1769 11.47; 0.0217 *
34 Diene conjugates, c.u. 7.459; 0.1135 9.019; 0.0606 ** 2.224; 0.6946
35 Triene conjugates, c.u. 2.874; 0.5791 5.884; 0.2080 2.649; 0.6181
36 Schiff bases, c.u. 2.215; 0.6962 3.841; 0.4280 4.934; 0.2942
37 MDA, µmol/L 16.40; 0.0025 * 19.98; 0.0005 * 19.17; 0.0007 *
38 SB/(DC+TC)-ratio, c.u. 2.115; 0.7146 8.384; 0.0785 ** 4.159; 0.3849
39 SB/TC-ratio, c.u. 2.369; 0.6682 5.409; 0.2478 3.029; 0.5529
40 MM 254, c.u. 5.346; 0.2536 8.585; 0.0724 ** 6.688; 0.1533
41 MM 280, c.u. 4.588; 0.3323 6.409; 0.1706 5.865; 0.2095
42 MM 280/254 4.545; 0.3372 5.853; 0.2104 4.260; 0.3720

Note. *—differences are statistically significant at p < 0.05; **—differences are statistically significant at p < 0.10.
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Figure 3. Individual factor map (PCA) with control group (A) and without control group (C);
variables factor map with control group (B) and without control group (D). UA—uric acid, LDH—
lactate dehydrogenase, CAT—catalase, ALP—alkali phosphatase, ALT—alanine aminotransferase,
AST—aspartate aminotransferase, MDA—malondialdehyde, GGT—gamma glutamyltransferase,
α-AA—α-Amino acids, SOD—superoxide dismutase.
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the control group remained for all ER-positive subgroups, but the ER (+++) subgroup 
stood out separately (p = 0.0192, Figure 5C). 

Figure 4. Relative change in biochemical indicators of saliva depending on the status of HER2
receptors. The interval of variation is given in comparison with the control group. The numbers of
biochemical indicators correspond to the serial number in Tables 2 and 3. *—differences between
groups with HER2-positive and HER2-negative status are statistically significant, p < 0.05.

3.3. Changes in the Salivary Biochemical Composition of Breast Cancer Patients Depending on the
ER Status

According to PCA, the first principal component made it possible to distinguish the
control group (to the left of the vertical axis), while the horizontal axis made it possible
to distinguish ER-positive patients with breast cancer (Figure 5A). For PC1, albumin
(r = 0.7436), protein (r = 0.6780), phosphorus (r = 0.6458), MM 254 (r = 0.6380), GGT
(r = 0.5587), α-amino acids (r = 0.5548), catalase (r = 0.5503), ALP (r = 0.5385), LDH
(r = 0.5070), urea (r = 0.4554), and calcium (r = 0.4274) contributed to the separation
(Figure 5B). Separation by PC2 was determined by uric acid (r = 0.5374), diene conjugates
(r = 0.5273), catalase (r = 0.4276), α-amino acids (r = −0.4394), and urea (r = −0.5883).
When taking into account the degree of expression of estrogen receptors, it was shown that
significant differences with the control group remained for all ER-positive subgroups, but
the ER (+++) subgroup stood out separately (p = 0.0192, Figure 5C).
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Figure 5. Individuals factor map (PCA) with control group (A) and without control group (C); 
variables factor map with control group (B) and without control group (D). UA—uric acid, LDH—
lactate dehydrogenase, CAT—catalase, ALP—alkali phosphatase, MDA—malondialdehyde, SB—
Schiff Bases, TC—triene conjugates, GGT—gamma glutamyltransferase, α-AA—α-Amino acids, 
P—phosphorus, MM—middle molecules. 

For ER-positive and ER-negative breast cancer, the SOD/Peroxidase ratio and the 
content of diene conjugates and MM 254 and 280 changed in different directions (Figure 
6, Supplementary Table S5). Also statistically significant was an increase in the activity of 
ALP and salivary peroxidase, the level of diene conjugates, and MDA for ER-negative 
breast cancer. At the same time, α-amylase activity and the SOD/Peroxidase-ratio were 
higher for the subgroup of ER-positive breast cancer (Figure 6). When comparing 
subgroups with different expression of estrogen receptors, it was shown that the ER (+) 
and ER (+++) groups differed in the content of total protein (−31.3%, p = 0.0002), triene 
conjugates (−5.7%, p = 0.0192), and SB/(DC+TC)-ratio (−3.5%, p = 0.0161). No differences 
were found between the ER (+) and ER (++) groups (Supplementary Table S6). 

Figure 5. Individuals factor map (PCA) with control group (A) and without control group (C);
variables factor map with control group (B) and without control group (D). UA—uric acid,
LDH—lactate dehydrogenase, CAT—catalase, ALP—alkali phosphatase, MDA—malondialdehyde,
SB—Schiff Bases, TC—triene conjugates, GGT—gamma glutamyltransferase, α-AA—α-Amino acids,
P—phosphorus, MM—middle molecules.

For ER-positive and ER-negative breast cancer, the SOD/Peroxidase ratio and the
content of diene conjugates and MM 254 and 280 changed in different directions (Figure 6,
Supplementary Table S5). Also statistically significant was an increase in the activity of ALP
and salivary peroxidase, the level of diene conjugates, and MDA for ER-negative breast
cancer. At the same time, α-amylase activity and the SOD/Peroxidase-ratio were higher
for the subgroup of ER-positive breast cancer (Figure 6). When comparing subgroups
with different expression of estrogen receptors, it was shown that the ER (+) and ER (+++)
groups differed in the content of total protein (−31.3%, p = 0.0002), triene conjugates (−5.7%,
p = 0.0192), and SB/(DC+TC)-ratio (−3.5%, p = 0.0161). No differences were found between
the ER (+) and ER (++) groups (Supplementary Table S6).
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The interval of variation is given in comparison with the control group. The numbers of biochemical
indicators correspond to the serial number in Tables 2 and 3. *—differences between groups with
ER-positive and ER-negative status are statistically significant, p < 0.05.

3.4. Changes in the Salivary Biochemical Composition of Breast Cancer Patients Depending on the
PR Status

When taking into account the expression of progesterone receptors, it was shown
that PR-positive and PR-negative subgroups practically did not differ from each other, but
significantly differed from the control group (p < 0.0001, Figure 7A). Albumin (r = 0.7587),
total protein (r = 0.6834), seromucoids (r = 0.6816), catalase (r = 0.6092), GGT (r = 0.5642),
ALP (r= 0.5552), LDH (r = 0.5456), α-amino acids (r = 0.5192), urea (r = 0.4215), and α-
amylase (r = 0.4009) made the main contributions to the separation by PC1. Separation
by PC2 was due to the contribution of urea (r = 0.5290), SOD/Catalase-ratio (r = 0.4955),
α-amino acids (r = 0.4829), and catalase (r = -0.4482) (Figure 7B). When taking into account

86



Curr. Issues Mol. Biol. 2022, 44

the degree of expression of progesterone receptors, it was shown that the vertical axis
separated the PR (−), PR (+), and PR (++) groups from the PR (+++) group and the control
group (p = 0.0048, Figure 7C). The horizontal axis separated patients with breast cancer
from controls (p<0.0001). The contribution of biochemical indicators to the division of
subgroups practically did not change (Figure 7B vs. Figure 7D).
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Differences between PR-positive and PR-negative breast cancer were statistically 
significant for calcium, uric acid, and α-amylase (Figure 8, Supplementary Table S7). The 
content of sodium, chlorides, AOA, Schiff bases, and MM 254 and 280 nm changed in 
different directions compared to the control group (Figure 8). 

Figure 7. Individuals factor map (PCA) with control group (A) and without control group (C);
variables factor map with control group (B) and without control group (D). UA—uric acid, LDH—
lactate dehydrogenase, CAT—catalase, ALP—alkali phosphatase, ALT—alanine aminotransferase,
AST—aspartate aminotransferase, MDA—malondialdehyde, GGT—gamma glutamyltransferase,
α-AA—α-Amino acids, SOD—superoxide dismutase, SM—seromucoids.
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Differences between PR-positive and PR-negative breast cancer were statistically
significant for calcium, uric acid, and α-amylase (Figure 8, Supplementary Table S7). The
content of sodium, chlorides, AOA, Schiff bases, and MM 254 and 280 nm changed in
different directions compared to the control group (Figure 8).
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Differences between PR (+) and PR (++) were significant in terms of ALP activity
(−17.9%, p = 0.0353), catalase (−29.1%, p = 0.0125), and seromucoids level (−18.6%,
p = 0.0196) (Supplementary Table S8). The same parameters determined the difference be-
tween the PR (+) and PR (+++) groups; however, the content of protein, albumin, AST/ALT-
ratio, GGT, and α-amylase were also added. All of the listed indicators showed a decrease
in values for the PR (+) and PR (+++) groups.

Simultaneous consideration of the positive and negative status of estrogen and pro-
gesterone receptors gave similar results with division by molecular biological subtypes of
breast cancer (Supplementary Table S9). Thus, the ER/PR-negative subgroup united the
subgroups of basal-like and non-luminal breast cancer, while the ER/PR-positive subgroup
united the luminal subtypes of breast cancer (Supplementary Tables S1 and S2). Differences
between ER/PR-negative and ER/PR-positive breast cancer were identified in the content
of calcium (−10.0 and 0.0%), sodium (−2.2 and −11.4%), and MDA (+25, 6 and +6.4%),
as well as the activity of ALP (+31.0% and +13.8%) and peroxidase (+57.5 and +17.8%
for ER/PR-negative and ER/PR-positive breast cancer respectively. Changes are shown
compared to the control group).

4. Discussion

Most studies on the analysis of saliva in breast cancer were aimed at identifying
biomarkers that can differentiate patients with breast cancer from healthy controls [28–44].
Previously, we identified 11 metabolites that allow us to do this with a sensitivity of up
to 91% [47]. These indicators included urea, total protein, total content of α-amino acids,
MDA, NO, Na/K-ratio, SB/TC-ratio, as well as ALP and GGT activity. When taking
into account the molecular biological subtype of breast cancer, Na/K-ratio and SB/TC-
ratio do not contribute to the division of subgroups; however, α-amylase, LDH, catalase,
SOD/Catalase-ratio, and SOD/Peroxidase-ratio become significant (Table 3). Within the
breast cancer group, we showed the maximum differences for basal-like cancer in terms of
increased levels of endogenous toxins (MM 254 and 280) and lipid peroxidation products
(DC, MDA), as well as SOD/Catalase. Complex metabolic disorders and nonspecific clinical
manifestations that accompany the development of malignant neoplasms are characterized
as endogenous intoxication syndrome [52–54]. An increase in the ratio of MM 280/254 nm
is indirect evidence of the excessive generation of active oxygen metabolites, superoxide
radicals, and hydrogen peroxide [55]. Hydroxyl radicals are capable of damaging the
phosphoglyceride membrane structures of cell membranes and their organoids. The object
of exposure to active oxygen metabolites is arachidonic acid containing four double bonds
separated by CH2 groups. When exposed to hydroxyl radicals, double bonds become con-
jugated and diene conjugates are formed, which later turn into lipid hydroperoxides [51,56].
This situation reflects the fact that the accumulation of endogenous toxins and lipid per-
oxides occurs at a faster rate than their inactivation by the antioxidant defense system.
It is significant that such a picture was observed for the BC subtype, which has the least
favorable prognosis [57]. Differences in the largest number of indicators were found for
basal-like and luminal A subtypes of breast cancer. For other subtypes of breast cancer,
significant differences were found only in comparison with the control group.

Based on data reported in a study [46], the levels of five metabolites differed sig-
nificantly between the luminal A-like and B-like subtypes (cadaverine, 5-aminovalerate,
gamma-butyrobetaine, 2-hydroxy-4-methylpentanoate, alanine), while N-acetylneuraminate
was only significantly differentiating between the luminal A-like and triple negative sub-
types. For other metabolites, no differences were found between breast cancer subtypes [46].
The only indirect intersection in the list of determined parameters refers to alanine, since
this amino acid is included in the indicator of the total content of α-amino acids determined
by us. Nevertheless, both studies confirm that there are metabolic features of saliva de-
pending on the molecular biological subtype of breast cancer, which shows the promise of
research in this direction. The need for research is confirmed by the fact that it is not always
possible to determine the molecular biological subtype of a tumor. Thus, in our sample,
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13.1% of patients with breast cancer lack the results of immunohistochemistry of the tumor,
which imposes certain restrictions on the choice of treatment tactics and determining the
prognosis of the disease.

We tried to analyze the influence of each factor that determines the assignment to
one or another subtype of breast cancer separately. The results obtained have not been
described previously in the literature. Thus, it is considered that patients whose samples
were assessed as HER2 (+++) have a positive HER2 status, and HER2 (−)/(+) have a
negative status. HER2 (++) samples are considered indeterminate and should be retested
by in situ hybridization. According to our data, samples with HER2 (−) and HER2 (+)
status had no differences (Figure 3A,C) and were singled out on the factor diagram by
one field, which once again confirms the legitimacy of considering these subgroups as one
HER2-negative groups. Differences with the control group in this case were expressed as
much as possible. The most important biochemical indicators that determine the division
into HER2-positive and HER2-negative subgroups were the metabolic enzymes ALT and
AST, as well as uric acid and the SOD/catalase-ratio.

Changes in the biochemical composition of saliva at different levels of estrogen and
progesterone receptors were more pronounced. For ER-positive breast cancer, the salivary
composition was significantly different from the control, but the differences between ER-
positive and ER-negative BC were noticeable. Significant differences were found in terms
of lipid peroxidation (DC, MDA), peroxidase activity, SOD/Peroxidase-ratio, ALP, and
LDH. It is known that salivary peroxidase plays a dual role: it is responsible for the
breakdown of cytotoxic hydrogen peroxide and has bactericidal activity against the oral
microbiota [58]. Salivary peroxidase is the only antioxidant synthesized exclusively in
the salivary glands [59]. Thus, salivary peroxidase activity reflects the effectiveness of the
salivary glands in preventing oxidative stress. An increase in peroxidase activity in the
saliva of patients with breast cancer indicates an increase in the enzymatic antioxidant
defense that protects the salivary glands and the entire oral cavity from oxidative damage.
An increase in peroxidase activity occurred against the background of an increase in the
level of lipid peroxidation products and was characteristic of ER-negative breast cancer,
which has the least favorable prognosis. It is known that ER-regulated overexpression of
the HER2 protein is combined with increased activity in the tumor of the muscle isoform
of LDH, one of the key enzymes of the glycolytic pathway of glucose oxidation, while
LDH activity was higher in the blood of patients with ER-negative tumors [60]. Previously,
we showed the existence of a correlation between the activity of LDH in saliva and blood
plasma [61]. For PR receptors, no differences between PR-positive and PR-negative breast
cancer in saliva were found. When considering combinations of the level of ER and PR
receptors, it was shown that for ER/PR-positive breast cancer in saliva, the activity of
metabolic enzymes (ALP, LDH) was statistically lower, the level of lipid peroxides (DC,
MDA) was lower, as was the content of uric acid, catalase, and peroxidases. This indicates
a less pronounced intensity of lipid peroxidation processes and a balanced work of the
antioxidant defense system (both its enzymatic and non-enzymatic links). Since only about
10% of all breast cancers have the status of ER (+)/PR (−) and about 5% of ER (−)/PR (+),
we did not consider such combinations due to the small number of patients in each [62].
There are data in the literature on the direct determination of HER2 in saliva [63–65].
Current research suggests that soluble fragments of the HER2 oncogene may be released
from the cell surface and found in patients with breast carcinoma. The salivary HER2
protein assay has been shown to be reliable and may have potential applications in the
initial detection and subsequent screening of recurrent breast cancer [63]. HER2 has been
found in the saliva of women with benign breast lesions and women diagnosed with breast
cancer. HER2 levels in cancer patients were significantly higher than those in saliva of
healthy controls and patients with benign tumors [64,65]. Nevertheless, there are a number
of unanswered questions, including how the level of HER2 in saliva correlates with its
content in the tumor tissue and whether the level of HER2 allows the tumor to be assigned
to a specific molecular biological subtype, which determines the choice of treatment tactics.
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It should be noted that the correlation between salivary hormonal status and tumor receptor
status has also not been proven; therefore, tumor biopsy is still a necessary step in diagnosis
and treatment. However, for treatment progression and recurrence monitoring, the choice
of indirect salivary indicators associated with a particular tumor type may be important.

The limitations of the study were related to the fact that we initially chose metabolites
that can be determined using a biochemical analyzer. At this stage, we have shown potential
directions for research; in particular, the important role of the total content of α-amino acids
shows the need to determine the amino acid profile. In continuation of the research, we
plan to analyze the ALP and LDH isoenzymes. The limitations included the fact that we
did not conduct a parallel determination of HER2 in saliva and did not assess the hormonal
status of saliva. In this work, we did not determine the prognostic significance of the
selected saliva biochemical indicators and did not evaluate their change during treatment.

5. Conclusions

Our study showed that various molecular biological subtypes of breast cancer are
characterized by changes in the metabolic profile of saliva. It was shown that the composi-
tion of the saliva of patients with basal-like breast cancer differed from the control group as
much as possible. The biochemical composition of saliva varies more depending on the
HER2 status and the status of estrogen receptors and, to a lesser extent, on the status of
progesterone receptors. It was found that the HER2 (−)/HER2 (+) group, which should
be considered as a single group, as well as ER-positive breast cancer, differed statistically
significantly from the control group. For ER/PR-positive breast cancer, a more favorable
ratio of biochemical indicators of saliva was also noted. Thus, the composition of saliva
reacts very subtly to changes in the human body, including the ability to assess metabolic
changes in different molecular biological subtypes of breast cancer. All this emphasizes the
prospects for continuing research in this direction.
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Abstract: Parkin is a well-established synergistic mediator of mitophagy in dysfunctional mito-
chondria. Mitochondria are the main target of arsenic trioxide (ATO) cytotoxicity, and the effect of
mitophagy on ATO action remains unclear. In this study, we used stable Parkin-expressing (YFP-
Parkin) and Parkin loss-of-function mutant (Parkin C431S) HeLa cell models to ascertain whether
Parkin-mediated mitophagy participates in ATO-induced apoptosis/cell death. Our data showed
that the overexpression of Parkin significantly sensitized HeLa cells to ATO-initiated proliferation
inhibition and apoptosis; however, the mutation of Parkin C431S significantly weakened this Parkin-
mediated responsiveness. Our further investigation found that ATO significantly downregulated
two fusion proteins (Mfn1/2) and upregulated fission-related protein (Drp1). Autophagy was also
activated as evidenced by the formation of autophagic vacuoles and mitophagosomes, increased
expression of PINK1, and recruitment of Parkin to impaired mitochondria followed by their degra-
dation, accompanied by the increased transformation of LC3-I to LC3-II, increased expression of
Beclin1 and decreased expression of P62 in YFP-Parkin HeLa cells. Enhanced mitochondrial fragmen-
tation and autophagy indicated that mitophagy was activated. Furthermore, during the process of
mitophagy, the overproduction of ROS implied that ROS might represent a key factor that initiates
mitophagy following Parkin recruitment to mitochondria. In conclusion, our findings indicate that
Parkin is critically involved in ATO-triggered mitophagy and functions as a potential antiproliferative
target in cancer cells.

Keywords: arsenic trioxide; Parkin; HeLa; apoptosis; autophagy

1. Introduction

Parkin is an E3 ubiquitin ligase involved in the elimination of damaged mitochon-
dria [1–3]. Parkin is normally localized to the cytosol and translocated to depolarized
mitochondria in a PTEN-induced kinase (PINK1)-dependent manner [4–6]. Damaged mito-
chondria accumulate PINK1 on their outer membrane, and after phosphorylation, recruit
and activate Parkin to induce mitophagy [7,8]. Mitophagy is a specific autophagic process
for the removal of damaged or depolarized mitochondria through the selective targeting
of such mitochondria to the autophagic pathway [9]. It remains controversial whether
mitophagy is pro-survival or pro-death during cancer therapies. Carroll et al. showed that
wild-type Parkin was greatly sensitized toward apoptosis induced by mitochondrial depo-
larization but not by proapoptotic stimuli that failed to activate Parkin [10,11]. Johnson et al.
provided evidence of a specific ubiquitin E3 ligase that might inactive Bax to promote cell
survival [12–14]. Furthermore, the mechanism by which Parkin influences cell death
remains to be elucidated.

Arsenic trioxide (ATO) is an effective agent for treating acute promyelocytic leukemia.
Its anticancer activity has been supported by numerous studies [15–17]. Our previous
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studies demonstrated that ATO leads to cancer cell death through different molecular
mechanisms, including apoptosis, cell cycle arrest, autophagy, and excessive reactive
oxygen species (ROS) [18–20]. Moreover, other studies found sufficient evidence for ATO-
induced glutathione (GSH) level changes, DNA methyltransferase (DNMT) inhibition,
nuclear factor kappa B (NF-κB) signaling pathway alterations, and so on [21]. Mechanistic
studies of ATO in cancer cells are challenging, probably because of the complexity of the
processes mediating its anticancer effects.

Mitochondria are one of the primary targets of ATO cytotoxicity [16,17]. Niu et al.
indicated that ATO inhibited the proliferation of HepG2 cells by initiating mitophagy [22].
Watanabe et al. demonstrated that ATO induces the mitochondrial translocation of Parkin
and ubiquitination of the voltage-dependent anion channel 1 (VDAC1) in HL-1 cardiomy-
ocytes [23]. It has been shown that both mitophagy and the essential role of Parkin in
mitochondrial quality control are critically involved in ATO-induced toxicity. Based on
these reports, the present study was conducted to examine the role of Parkin in ATO-
induced HeLa cell injury by observing its effects on mitophagy, mitochondrial function and
apoptosis.

2. Materials and Methods
2.1. Cell Culture

Hela cells were obtained from the Experimental Center of School of Basic Medical,
Lanzhou University. YFP-Parkin HeLa cells were retrieved from Hanming Shen’s labora-
tory, and were originally provided as a gift from Dr. Richard Youle. Cells were cultured in
Dulbecco‘s Modified Eagle Medium (DMEM) with 10% fetal calf serum and maintained in
culture flasks at 37 ◦C in a humidified chamber containing 5% CO2.

2.2. Plasmid Constructs

Parkin mutant (C431S) complementary DNAs (cDNAs) were generated by PCR using
pEGFP-Parkin C431S (Addgene, 45877) as templates and inserted into pLVX-AcGFP1-N1
Vector (TaKaRa, 632154) with a C-terminal AcGFP1 protein (AcGFP1-Parkin C431S).

2.3. Establishment of the AcGFP1-Parkin Mutant (C431S) HeLa Stable Cell Lines

The three plasmids, AcGFP1-Parkin C431S, pMD2.G (Addgene, 12259) and psPAX2
(Addgene, 12260), were co-transfected into the virus packaging cell line 293T using Lipo2000.
After 48 h and 72 h, the supernatant was harvested and concentrated. Then, HeLa cells
were infected with the lentiviral supernatant expressing AcGFP1-Parkin C431S. After 48 h
of infection, selection reagent puromycin (4µg/mL) was added to the cells in fresh medium.
After 3 days, the cells were reseeded at a low density with selection reagent (puromycin,
1 µg/mL) and incubated for 10 days. Lastly, single clones were expanded in a new dish
with fresh medium.

2.4. Reagents and Antibodies

ATO (GB673-77) was purchased from Beijing Chemical (Beijing, China). DMEM and
fetal bovine serum (FBS) were purchased from Hyclone (South Logan, UT, USA). The
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2,5-tetrazolium bromide (MTT, M8180), dimethyl
sulfoxide (DMSO, D8731), carbonyl cyanide m-chlorophenylhydrazone (CCCP, C6700)
and Propidium Iodide (PI, C0080) were purchased from Solabio. Acetylcysteine (NAC,
S1623) was purchased from Selleck. Annexin V-PE/7-AAD Apoptosis Detection Kit
(40310ES20), MitoTracher®Red CMXRos (40741ES50) and 4′,6-diamidino-2-phenylindole
(DAPI, 40728ES03) were from Yeasen. Fluorometric intracellular ROS Kit (MAK145)
was from Sigma. Thr primary antibodies we used were Bcl-2 (Cell Signaling Technol-
ogy,15071, 1:500 dilution), Bax (Cell Signaling Technology, 2772, 1:1000 dilution), GAPDH
(Immunoway, YM3215, 1:5000 dilution), COX4 (GeneTex, GTX114330, 1:1000 dilution),
Caspase-3 (Cell Signaling Technology, 9661, 1:500 dilution), Caspase-9 (Cell Signaling Tech-
nology, 9505, 1:500 dilution), Beclin 1 (Cell Signaling Technology, 3738, 1:1000 dilution),
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P62 (GeneTex, GTX00955, 1:1000 dilution), LC3 (GeneTex, GTX100240, 1:1000 dilution),
Parkin (Sigma, P5748, 1:1000 dilution), PINK1 (GeneTex, GTX107851, 1:1000 dilution), Drp1
(CST, CST5391, 1:1000 dilution), Mfn1 (CST, CST147395, 1:1000 dilution) and Mfn2 (CST,
CST11925, 1:1000 dilution). Secondary antibodies were all from Immunoway and included
anti-mouse-HRP (RS0001, 1:5000 dilution) and anti-rabbit-HRP (RS0002, 1:5000 dilution).

2.5. Cytotoxicity Assay

The MTT assay was carried out to evaluate the cytotoxicity of ATO. Briefly, cells
(5 × 103) were seeded in a 96-well plate and allowed to adhere overnight. Then, the cells
were treated with different concentrations of ATO for 24 h and 48 h. A total of 10 µL of the
MTT reagent (5 mg/mL) was added to each well. After an additional incubation for 4 h,
100 µL 10% SDS was added to dissolve formazan crystals. Absorbance values of 570 nm
were recorded with a microplate reader (Bio-Tek, Winooski, VT, USA). All assays were
repeated three times and data were presented as mean ± SD.

2.6. Colony Formation Assays

Cells were plated in 12-well plates (1 × 103 cells per well) and treated with the
indicated concentrations of ATO for 14 days. Then, cells were washed in PBS, fixed with
10% formaldehyde for 15 min and stained withed 1% crystal for 5 min before counting the
number of colonies.

2.7. Analysis of Cell Cycle and Apoptosis

The distribution of the cell cycle was explored by staining DNA with Propidium Iodide
(PI). After treatment, 1 × 106 cells were collected and fixed with 70% ethanol overnight.
Cells were again washed with PBS and incubated at 37 ◦C for 30 min with RNase A
(0.1 mg/mL) and PI (5 mg/mL). Then, cells’ suspension was analyzed using flow cytometry
(Beckman Coulter, Miami, FL, USA). The Annexin V-PE/7-AAD Apoptosis Detection Kit
was used to determine whether ATO induced apoptosis in Hela cells. Similarly, after
treatment, 1 × 106 cells were collected and suspended in binding buffer and stained with
Annexin V/PE (5 µL) and 7-AAD (10 µL) at room temperature in the dark for 15 min. Cells
undergoing apoptosis were analysed by flow cytometry. The apoptotic rate was determined
for each condition as follows: Apoptotic rate = (early apoptotic rate +late apoptotic rate)
× 100%.

2.8. Transmission Electron Microscopy

As described previously [24], cells (treated with ATO at 2.5 µmol/L or 5 µmol/L
for 48 h) were fixed with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 mol/L
phosphate buffer, followed by 1% osmium tetroxide. After dehydration, thin sections were
stained with uranyl acetate and lead citrate for observation. The ultrastructure of the cells
was examined with a JEMI1230 transmission electron microscope (JEOL, Tokyo, Japan).

2.9. Mitochondrial Staining

Cells were grown on coverslips in six-well plates and cultured overnight. After treat-
ment, the cells were washed with PBS thrice and added to 3.7% paraformaldehyde to stand
for 10 min. Cells were then washed with PBS and stained with MitoTracher®Red CMXRos
(100 nM) for 30 min or DAPI (5 µg/mL) for 15 min in the dark, at room temperature.
Co-stained cells were washed and immediately observed using a fluorescence microscope
(Olympus, Japan) equipped with a 20-objective lens. The area of red and green fluorescence
was measured using software Image-Pro Plus 6.0.

2.10. Reactive Oxygen Species Detection

After treatment, the cells were rinsed with PBS and the reactive oxygen species (ROS)
level was measured with the Fluorometric intracellular ROS Kit. The fluorescence mi-
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croscope was used to observe the changes in ROS. Fluorescence intensity was analyzed
quantitatively using Image-Pro Plus 6.0.

2.11. Western Blot Analysis

After treatment, cells were collected in a 70 µL RIPA buffer containing 1 mM PMSF
(Beyotime, Haimen, China). The protein concentration was determined using the BCA
kit (Solarbio, Bejing, China). Protein extracts (30 µg) were separated by 8–12% SDS-PAGE
and electrophoretically transferred onto polyacrylamide difluoride membranes. After
blocking with 5% non-fat milk in PBST for 1 h, the membranes were incubated with
primary antibodies and secondary antibodies and visualized using ECL with film or CLINX
Hemiscope (QinXiang, China). The relative signal intensity of bands was determined with
Image J software. Protein expression levels were standardized by normalizing to GAPDH.

2.12. Statistical Analysis

Statistical analyses were performed using the SPSS16.0 software. All of the experiments
were repeated three times in duplicate. The results were expressed as the mean ± SD.
One-way ANOVA followed by Tukey’s least significant difference post hoc test was used
to analyze statistical differences between groups under different conditions. Statistical
significance was set at p < 0.05.

3. Result
3.1. Parkin Aggravates the Proliferation Inhibition of HeLa Cells by ATO Treatment

To examine the function of Parkin in modulating cell proliferation, we used a HeLa
cell line stably expressing YFP-Parkin to investigate the effects of Parkin on the viability of
HeLa cells treated with ATO. The viability of the cells following treatment with various
concentrations of ATO (0, 1, 2, 4, 6, and 8 µmol/L) for 24 h and 48 h was examined with
MTT assays. As shown in Figure 1A, cell viability was markedly decreased in a dose- and
time-dependent manner in both ATO-treated HeLa cells and YFP-Parkin HeLa cells, and
the IC50 value of ATO in YFP-Parkin HeLa cells was much lower than that in HeLa cells
(Figure 1B). The examination of the colony formation ability of the cells revealed, in the
same way, that the overexpression of YFP-Parkin significantly decreased the colony number
of YFP-Parkin HeLa cells compared to that of control HeLa cells after ATO administration
(Figure 1C,D).

To further explore whether Parkin participates in the ATO-induced proliferation
suppression of HeLa cells, we constructed a HeLa cell line with a loss-of-function muta-
tion in Parkin (Parkin C431S). The mutation of Parkin C431S significantly weakened the
proliferation-inhibitory effects of ATO on the YFP-Parkin HeLa cells, which were restored
to close to the level of the control HeLa cells, as shown by MTT colorimetry and colony
formation assays (Figure 1E–G). These findings indicate that the overexpression of Parkin
could promote, in part, the sensitivity of HeLa cells to ATO.

3.2. Parkin Promotes ATO-Induced Apoptosis of HeLa Cells

To examine whether Parkin is a regulator of apoptosis in response to ATO treatment,
the cells were double-stained with Annexin V-PE/7-AAD and PI. As shown in Figure 2A,B,
ATO showed a much stronger apoptosis-inducing effect in YFP-Parkin HeLa cells than in
HeLa cells, and the mutation of Parkin to Parkin C431S markedly impaired the apoptosis of
ATO-treated YFP-Parkin HeLa cells. As an example, after treatment with 5 µmol/L ATO for
24 h, the apoptosis rates of HeLa cells, YFP-Parkin HeLa cells and Parkin C431S cells were
13.15 ± 1.67%, 27.48 ± 1.9% and 21.01 ± 3.1%, respectively. In addition, the analysis of the
cell cycle distribution in ATO-treated HeLa cells showed that the overexpression of YFP-
Parkin had no significant effects on the ATO-induced cell cycle changes that manifested
as G2/M arrest (Figure 2C). As shown in Figure 2D, the expression of apoptosis-related
proteins revealed that ATO produced a dose- and time-dependent increase in Cleaved-
Caspase-9, Cleaved-Caspase-3 and Bax and a decrease in Bcl-2 proteins in both HeLa
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and YFP-Parkin HeLa cells, and the latter was much more pronounced. All of the above
evidence indicated that Parkin expression greatly improved the sensitivity of HeLa cells to
ATO-stimulated apoptosis.
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Figure 1. ATO modulates proliferation of HeLa cells. (A) MTT assays revealed that overexpression of
YFP-Parkin significantly decreased the growth rate of the indicated cells. (B) The percentage of IC50.
(C) YFP-Parkin decreased the mean colony number in the colony formation assay. (D) Quantification
of C. (E) MTT assays revealed that Parkin C431S rescued the growth rate after ATO treatment for 24 h.
(F) Parkin C431S rescued the mean colony number in the colony formation assay. (G) Quantification
of F. The histograms represent the mean ± SD of triplicate experiments. * p < 0.05 vs. 0 µmol/L
group, ** p < 0.01 vs. 0 µmol/L group; # p <0.05 vs. without Parkin group, ## p <0.01 vs. without
Parkin group.
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Figure 2. ATO induces the apoptosis of HeLa cells. (A) The apoptotic rate. (B) Parkin C431S
rescued the apoptosis rate after ATO treatment for 24 h. (C) The percentage of cells in each phase
of the cell cycle was analyzed after ATO treatment for 24 h by flow cytometry. (D) Western blot
analysis of Cleaved-Caspase-3, Cleaved-Caspase-9, Bax, and Bcl-2 expression. (E) Quantification of D.
(F) Morphology of apoptosis and autophagy was observed under a transmission electron microscope
after ATO treatment for 24 h (a, b and c 5000×; d 15,000×). The arrowhead (↓) indicates the chromatin
condensation, apoptotic bodies, autophagic vacuoles and mitophagosomes in apoptotic cells. The
histograms represent the mean ± SD of triplicate experiments. * p < 0.05 vs. 0 µmol/L group,
** p < 0.01 vs. 0 µmol/L group, # p <0.05 vs. without Parkin group; ## p <0.01 vs. without Parkin
group; GAPDH served as an internal control.

Transmission electron microscopy revealed that, as shown in Figure 2F, after exposure
to ATO, both HeLa cells and YFP-Parkin HeLa cells exhibited morphological changes
typical of apoptosis features, such as shrinkage and apoptotic bodies, which were more
obvious in YFP-Parkin HeLa cells. At the same time, we also observed a large number of
autophagic vacuoles and mitophagosomes in the cytoplasm of ATO-exposed YFP-Parkin
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HeLa cells. These phenomena mean that Parkin strengthened ATO-triggered apoptosis in
HeLa cells, which was likely achieved via the induction of autophagy or mitophagy.

3.3. PINK1/Parkin Pathway Was Involved in the ATO-Induced Mitochondrial Damage
and Mitophagy

To ascertain whether the PINK1/Parkin pathway mediated mitophagy in the apop-
tosis of ATO-treated HeLa cells, we investigated the effects of Parkin on ATO-induced
mitochondrial dysfunction in YFP-Parkin HeLa cells. To assess whether ATO exposure
disturbed mitochondrial fission and fusion, we detected the expressions of fission and
fusion-related proteins in both HeLa and YFP-Parkin HeLa cells. Our results showed that
the expression of Drp1 increased, and the expression of Mfn1/2 decreased in the ATO-
treated cells compared to the control cells (Figure 3A–D). We also observed the decreased
expression of COX IV, a common mitochondrial marker (Figure 3E,F), and reduced Mito-
Tracker fluorescence of mitochondria (Figure 4A–D) in ATO-treated HeLa and YFP-Parkin
HeLa cells, which suggested that ATO might cause mitochondrial damage.
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Figure 3. Effects of ATO exposure on mitochondrial dynamics in HeLa cells. (A) Western blot analysis
of Drp1, Mfn1 and Mfn2 expression. (B–D) Quantification of A. (E) Western blot analysis of COX IV
expression in the indicated cells. (F) Quantification of E. The histograms represent the mean ± SD of
triplicate experiments. * p < 0.05 vs. 0 µmol/L group, ** p < 0.01 vs. 0 µmol/L group, # p <0.05 vs.
without Parkin group, ## p <0.01 vs. without Parkin group; GAPDH served as an internal control.
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Figure 4. Regulation of PINK1/Parkin-mediated mitophagy by ATO. (A) HeLa cells were fixed and
immunostained for nuclei (blue) and mitochondria (red) after ATO treatment for 24 h. The red fluores-
cence indicated the normal mitochondrial membrane potential. The samples were analyzed using a
fluorescence microscopy. Scale bar, 10 µm. (B) shows the quantification of the red fluorescence, which
was performed using Image J software. (C) YFP-Parkin HeLa cells were fixed and immunostained for
nuclei (blue) and mitochondria (red) after ATO treatment for 24 h. The red fluorescence indicated the
normal mitochondrial membrane potential. The green fluorescence was the marker for YFP-Parkin
proteins. The level of mitophagy was evaluated by the number of green puncta. The samples were
analyzed using a fluorescence microscopy. Scale bar, 10 µm. (D) Quantification of the red fluorescence,
which was performed using Image J software. (E) Quantification of the green fluorescence, which was
performed using Image J software. (F) Quantification of green puncta, which was performed using
Image J software. (G) Western blot analysis of Parkin, PINK1, LC3, Beclin 1 and P62 expression in
the indicated cells. (H–L) Quantification of G. The histograms represent the mean ± SD of triplicate
experiments. * p < 0.05 vs. 0 µmol/L group, ** p < 0.01 vs. 0 µmol/L group, # p <0.05 vs. without
Parkin group; ## p <0.01 vs. without Parkin group; GAPDH served as an internal control.
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Usually, Parkin is recruited by PINK 1 to damaged mitochondria and then they
are degraded via the activation of mitophagy. To test whether mitochondria labeled by
Parkin display decreased membrane potential, we pulsed the cells with MitoTracker red, a
potentiometric mitochondrial dye, before fixation. YFP-Parkin selectively accumulated on
those mitochondria with MitoTracker staining (Figure 4C–F). These results also indicated
that ATO resulted in mitochondrial damage and that Parkin might be recruited to impaired
mitochondria to trigger their degradation by PINK1/Parkin-mediated mitophagy. To
confirm this possibility, we assessed the expression of PINK1 and Parkin, as well as the
autophagy-related proteins LC3, Beclin1 and P62, in ATO-exposed YFP-Parkin HeLa cells.
The results of the Western blotting examination showed that after treatment with 2.5
and 5 µmol/L ATO for 24 h and 48 h, the increased expression of PINK1 and decreased
expression of Parkin were accompanied by the increased transformation of LC3-I to LC3-II,
increased expression of Beclin1 and decreased expression of P62 in YFP-Parkin HeLa cells
compared to control HeLa cells (Figure 4G–L). These findings provide extremely strong
evidence that Parkin is critically involved in the mitophagy of HeLa cells in response
to ATO.

3.4. ROS Activate the PINK1/Parkin Pathway to Mediate Mitophagy and Mitophagic Death in
ATO-Exposed HeLa Cells

Intracellular ROS production is one of the antitumoral mechanisms of ATO. To inves-
tigate the effect of the overexpression of Parkin on ATO-simulated ROS generation and
whether ROS initiate the Parkin-mediated mitophagic death of HeLa cells by ATO, we
incubated YFP-Parkin HeLa cells with 2.5 µmol/L ATO for 6 h. As shown in Figure 5,
intracellular ROS overproduction (Figure 5A,B) occurred, accompanied by mitochondrial
damage (Figure 5D–G), Parkin degradation and enhanced apoptosis (Figure 5C), and all of
these effects could be reversed by the ROS scavenger acetylcysteine (NAC) (Figure 5D–I).
These data suggested that the generation of ROS gave rise to mitochondrial dysfunction
and activated the PINK1/Parkin pathway to trigger mitophagy and mediate mitophagic
apoptosis in ATO-treated HeLa cells.
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Figure 5. Potentiating effect of ATO on ROS production. (A) Red fluorescence indicates the production
of ROS after cell treatment for 6 h, and the images were analyzed using a fluorescence microscopy.
Scale bar, 10 µm. (B) shows the quantification of the red fluorescence, which was performed using
Image J software. (C) YFP-Parkin HeLa cells were treated with the indicated concentrations of ATO
for 24 h before detection of cell apoptosis by flow cytometry. (D) Western blot analysis of COX IV
expression rescued after ATO treatment for 24 h in YFP-Parkin HeLa cells. (E) Quantification of D.
(F) YFP-Parkin HeLa cells were fixed and immunostained for nuclei (blue) and mitochondria (red)
after ATO treatment for 24 h. The red fluorescence indicated the normal mitochondrial membrane
potential. The green fluorescence was the marker of YFP-Parkin proteins. The level of mitophagy
was evaluated by the number of green puncta. The samples were analyzed using a fluorescence
microscopy. Scale bar, 10 µm. (G) Quantification of the red fluorescence, which was performed
using Image J software. (H) Quantification of the green fluorescence, which was performed using
Image J software. (I) Quantification of green puncta, which was performed using Image J software.
The histograms represent the mean ± S.D. of triplicate experiments. * p < 0.05 vs. 0 µmol/L group,
** p < 0.01 vs. 0 µmol/L group, # p < 0.05 vs. without Parkin group. Without NAC group; GAPDH
served as an internal control.

4. Discussion

Parkin plays an essential role in mitochondrial quality control and mitochondria
are one of the primary targets of ATO cytotoxicity [17,25,26]. To date, few studies have
directly investigated the changes in Parkin in response to ATO cytotoxicity. In this study,
we investigated the possible role of Parkin in promoting mitophagy in YFP-Parkin HeLa
cells in response to ATO. Our data showed that the overexpression of Parkin significantly
inhibited cell viability and induced mitochondrial damage as well as apoptosis in HeLa
cells. During this process, ATO induced PINK1/Parkin-mediated mitophagy. Furthermore,
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we demonstrated that ROS may represent a key factor that promotes mitophagy following
Parkin recruitment to mitochondria.

The molecular mechanism of ATO-induced apoptosis in tumor cells has been widely
reported [16,17,21]. ATO activates different signaling pathways in different tumor cells.
In this study, ATO caused mitochondrial impairment, including cytochrome c release
and subsequent caspase-3 and -9 activation. ATO induced apoptosis via a mitochondria-
dependent pathway in HeLa cells. The typical morphological characteristics of apoptosis
were observed by electron microscopy after treatment with ATO. We generated HeLa
cells stably expressing YFP-Parkin and found that Parkin overexpression can significantly
increase the apoptosis of HeLa cells and inhibit cell proliferation. A large number of
autophagic vacuoles and mitophagosomes appeared in the cytoplasm in YFP-Parkin HeLa
cells exposed to ATO. These results suggested that ATO-induced mitochondrial damage
activated PINK1/Parkin-mediated mitophagy. Furthermore, the mutation of the Parkin
C431S alleviated ATO-induced cell apoptosis and proliferation. These findings showed
that Parkin plays an important role in the activation of mitophagy under ATO treatment.

Previous studies indicated that the PINK1/Parkin pathway was widely accepted as
the chief mechanism of mitophagy, closely related to the regulation of mitochondrial mem-
brane potential, mitochondrial fusion/fission and mitochondrial function [27]. Narendra
et al. demonstrated that Parkin is selectively recruited to dysfunctional mitochondria in
mammalian cells and that after recruitment, Parkin mediates the engulfment of mitochon-
dria by autophagosomes and their subsequent degradation [7]. Okatsu et al. showed
that the mitophagy mechanism is controlled by PINK1/Parkin [28]. We hypothesized
that ATO increased the clearance of impaired mitochondria by activating Parkin-mediated
mitophagy. The Western blot results showed a significant reduction in Mfn1/2 in cells.
The immunofluorescence assays showed that the intensity of the red fluorescence clearly
decreased by the ATO treatment of the two cell lines. In YFP-Parkin HeLa cells, the inten-
sity of the red fluorescence was much lower than that in HeLa cells. We next determined
whether Parkin was recruited to mitochondria. As shown in Figure 4C, we found that
YFP-Parkin colocalized with mitochondria with lower MitoTracker staining. These data
indicate that the completion of mitophagy requires the recruitment of Parkin to damaged
mitochondria post-ATO treatment, which is consistent with a previous study. PINK1 is
upstream of Parkin and functions to recruit Parkin to mitochondria to trigger the process
of mitophagy. The Western blot analysis also showed that the level of PINK1 was markedly
increased in YFP-Parkin HeLa cells after treatment with ATO compared with HeLa control
cells. These results suggested that the PINK1/Parkin pathway was activated in YFP-Parkin
HeLa cells by ATO.

Subsequent experiments revealed that the ROS content was increased in ATO-induced
cells. Xu et al. demonstrated that ROS functions as an upstream signal in the PINK1/Parkin
pathway to mediate mitophagy progression [29]. Xiao et al. confirmed that ROS promotes
mitophagy following Parkin translocation to mitochondria [30]. Our results are similar
to those conclusions. ROS was clearly observed as early as 6 h post-ATO treatment. A
marked overlay of Parkin and mitochondria could be observed 24 h after adding ATO
in our study. Considering that ROS is upstream activators of Parkin, we determined
whether ROS is involved in Parkin regulation under ATO. As shown in Figure 4D, after
pretreatment with NAC for 1 h, exposure to ATO not only enhanced the green (Parkin) and
red (mitochondria) fluorescence but also increased the visible colocalization of Parkin and
mitochondria. It is speculated that the execution of mitophagy may be mainly propelled
by ROS. Consistent with this, the protein expression of COX IV and the apoptosis ratio
were markedly rescued by NAC compared with cells treated with ATO alone. Our data
indicate that ROS acts downstream of Parkin recruitment to impaired mitochondria to
drive mitophagy forward, while the activation of the PINK1/Parkin signaling pathway
may contribute to the completion of mitophagy.
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5. Conclusions

In conclusion, we found that cell viability decreased, the apoptotic rate increased,
and PINK1/Parkin-mediated mitophagy was activated in YFP-Parkin-overexpressing cells
treated with ATO. Further investigation indicated that ROS might represent a key factor
that promotes mitophagy following Parkin recruitment to mitochondria. Our findings
indicate that Parkin is critically involved in ATO-triggered mitophagy and it functions as a
potential antiproliferative target in cancer cells.
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Abstract: Clear cell renal cell carcinoma (KIRC) is the most common and highly malignant pathologi-
cal type of kidney cancer, characterized by a profound metabolism dysregulation. As part of aspartate
biosynthesis, mitochondrial GOT2 (glutamic-oxaloacetic transaminase 2) is essential for regulating
cellular energy production and biosynthesis, linking multiple pathways. Nevertheless, the expression
profile and prognostic significance of GOT2 in KIRC remain unclear. This study comprehensively
analyzed the transcriptional levels, epigenetic regulation, correlation with immune infiltration, and
prognosis of GOT2 in KIRC using rigorous bioinformatics analysis. We discovered that the expression
levels of both mRNA and protein of GOT2 were remarkably decreased in KIRC tissues in comparison
with normal tissues and were also significantly related to the clinical features and prognosis of KIRC.
Remarkably, low GOT2 expression was positively associated with poorer overall survival (OS) and
disease-free survival (DFS). Further analysis revealed that GOT2 downregulation is driven by DNA
methylation in the promoter-related CpG islands. Finally, we also shed light on the influence of GOT2
expression in immune cell infiltration, suggesting that GOT2 may be a potential prognostic marker
and therapeutic target for KIRC patients.

Keywords: KIRC; GOT2; multi-omics; epigenetics; immune cell infiltration

1. Introduction

Renal cell carcinoma (RCC) is one of the most common malignancies of the genitouri-
nary system, representing 3% of all malignancies in adults [1]. In the subtypes of kidney
cancer, kidney renal clear cell carcinoma (KIRC) accounts for about 75% of all RCC [2–4].
Indeed, due to the evident complexity from both morphological and molecular points
of view [5–9], KIRC patients have heterogeneous clinical outcomes [10,11]. Most KIRC
tumors are radiotherapy and chemotherapy-resistant, and ~30% of patients eventually
develop metastases [3,12,13]. Thus, it is critical to identify new sensitive tumor biomarkers
to advance the prognosis of KIRC.

Current shreds of evidence have demonstrated that KIRC is a metabolic disease [13–18].
This metabolic reprogramming is mainly related to loss-of-function mutation (or, less com-
monly, hypermethylation) in the von Hippel–Lindau (VHL) gene. VLH inactivation results
in constitutive activation of hypoxia-inducible factors (HIF-1α and HIF-2α), thereby alter-
ing many genes involved in angiogenesis, metabolism, chromatin remodeling, extracellular
matrix (ECM) and DNA repair [9,15,19–21]. Accordingly, mutations in several other genes
(e.g., PBRM1, SETD2, BAP1, KDM5C, and MTOR) have been continuously identified to
contribute to the pathogenesis (used to classify tumors into subgroups) and metabolic
remodeling process of KIRC [22,23].

109



Curr. Issues Mol. Biol. 2022, 44

The metabolic shift in KIRC tumors covers different pathways and specific interme-
diates (e.g., amino acids, aerobic glycolysis, and fatty acid metabolism) [16,24], allowing
cancer cells to rapidly proliferate, and survive during nutrient depletion and hypoxia, and
evade the immune system [14]. Supporting this notion, aberrant tumor growth is promoted
by an enhanced supply of specific metabolites, and some of them, such as aspartate (Asp),
are limiting in some tumors [25–27]. Asp is usually synthesized in the mitochondrial matrix
through the sequential actions of MDH2 and glutamic-oxaloacetic transaminase 2 (GOT2)
and then transported to the cytosol for use by GOT1 and other enzymes [28].

GOT2, situated on chromosome 16q21, is a crucial enzyme for cancer cell metabolism,
(i) mediating the reversible interconversion of oxaloacetate and glutamate into aspartate and
α-ketoglutarate, providing energy for tumor cells (Krebs cycle) [29]; (ii) being a key trans-
fer enzyme in the malate-aspartate NADH shuttle activity and oxidative protection [30],
maintaining glycolysis, and (iii) participating in the amino acid metabolism of tumor
cells [31]. Increasing evidence has shown that dysregulation of GOT2 expression signifi-
cantly influences tumor growth and the prognosis of several human neoplasms [30,32–38].
However, the role of GOT2 in the development and prognosis of KIRC has not been re-
ported. To address these issues, this study aims to evaluate the expression levels of GOT2
in KIRC and determine its epigenetic modulation, prognostic value, and correlation with
tumor-infiltrating immune cells in KIRC patients through multiple databases.

2. Materials and Methods
2.1. Differential Expression of GOT2 mRNA and Protein

Initially, pan-cancer analysis of GOT2 transcription levels was performed via the
TIMER2.0 database (Tumor Immune Estimation Resource, http://timer.cistrome.org/,
accessed on 1 December 2021) [39], using the differential expression module across all
TCGA tumors. The statistical significance computed by the Wilcoxon test was annotated
by the number of stars (* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001).

To keep the focus of our analyses on KIRC tumors, the GEPIA2 database (Gene Expres-
sion Profiling Interactive Analysis 2) (http://gepia.cancer-pku.cn/index.html, accessed on
1 December 2021) [40] was used to confirm the differential expression found in the TIMER
analysis by comparing the TCGA-KIRC (523 samples) with normal kidney samples from
GTEx (Genotype-Tissue Expression project, http://www.gtexportal.org/home/index.html,
accessed on 1 December 2021) (100 samples). The differential threshold of log2FC was 1
and the value cutoff of 0.05.

At the protein level, we used the UALCAN platform (http://ualcan.path.uab.edu/
index.html, accessed on 1 December 2021) [41,42] to mine GOT2 expression in the high-
throughput mass spectrometry data, obtained from the Clinical Proteomic Tumor Anal-
ysis Consortium (CPTAC) of normal kidney tissues (n = 84) and primary KIRC tumors
(N = 110) [43]. Integration and analysis of these data were described elsewhere [44,45].
Briefly, protein expression values (Log2 Spectral count ratio values) from CPTAC were first
normalized within each sample profile, then normalized across samples. Then Z-values
for each sample for GOT2 protein were calculated as standard deviations from the median
across samples.

In this study, we checked the expression of GOT2 in the protein expression module
of the HPA database (Human Protein Atlas, https://www.proteinatlas.org/, accessed on
1 December 2021) [46–48], and we analyzed the immunohistochemical results of GOT2 in
tumor tissue (ID: 2176) and normal tissue (ID: 2067). The antibody used in both samples
was HPA018139. All images of tissues stained by immunohistochemistry were manually
annotated by a specialist, followed by verification by a second specialist. Protein expression
score was based on immunohistochemical data manually scored concerning staining inten-
sity (negative, weak, moderate, or strong) and the fraction of stained cells (<25%, 25–75%
or >75%). Each combination of intensity and fractions was automatically converted into
an protein expression level score as follows: negative—not detected; weak <25%—not de-
tected; weak combined with either 25–75% or 75%—low; moderate <25%—low; moderate
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combined with either 25–75% or 75%—medium; strong <25%—medium, strong combined
with either 25–75% or 75%—high (For more details, see https://www.proteinatlas.org/
about/assays+annotation#ihk, accessed on 1 December 2021).

2.2. Clinical Correlations & Survival Analysis

Associations between clinicopathological parameters and mRNA expression of GOT2
were analyzed using the UALCAN (http://ualcan.path.uab.edu/analysis.html, accessed
on 5 December 2021) [41]. For these analyses, we included the following clinical features:
cancer stage (stages 1, 2, 3, and 4), gender, tumor grade (1, 2, 3 and 4), KIRC subtypes
(good risk: ccA; poor risk: ccB) [49], nodal metastasis status (N0: no regional lymph node
metastasis; N1: metastases in 1 to 3 axillary lymph nodes).

The prognosis analysis was estimated by Kaplan–Meier (KM) survival curves gen-
erated by the Kaplan Meier (KM) Plotter (http://kmplot.com/analysis/, accessed on
5 December 2021) [50], GEPIA2 (http://gepia.cancer-pku.cn/index.html, accessed on
1 December 2021) [40] and HPA database (http://www.proteinatlas.org/, accessed on
5 December 2021) [46–48]. In this study, KIRC patients were split into high and low expres-
sion groups based on the median expression levels of GOT2, and then these two groups
were compared in terms of relapse-free survival. Moreover, the hazard ratio (HR) with a
95% confidence interval (CI) and the p-value of the log-rank test were obtained. For all
survival analyses, p < 0.05 was considered statistically significant.

2.3. GOT2 Methylation Analysis

To explore the DNA methylation level of all CpG islands located in GOT2 of KIRC-
TCGA samples, we used the MethSurv database (https://biit.cs.ut.ee/methsurv/, accessed
on 10 December 2021) [51]. Next, Shiny Methylation Analysis Resource Tool (SMART)
(http://www.bioinfo-zs.com/smartapp/, accessed on 10 December 2021) [52] was used for
differential methylation analysis of each GOT2 probe and Spearman’s correlation between
methylation level (β-values, 450 k array) and mRNA level (Log2-scaled, TPM+1). CpG-
aggregated methylation values were determined by mean (β-values).

2.4. Analysis of Immune Cell Infiltration

We calculated and compared the GOT2 gene expression contributed by different
immune cell types in kidney samples (TCGA tumor/normal and GTEx normal) by the
GEPIA2021 (http://gepia2021.cancer-pku.cn/, accessed on 1 December 2021) [53]. For
each GTEx/KIRC-TCGA sample, we run the CIBERSORT algorithm (absolute mode) with
the default parameters to obtain the absolute proportions of 22 immune cell subtypes. The
22 immune cells included: memory B cells, naïve B cells, activated memory CD4+ T cells,
resting memory CD4+ T cells, naïve CD4+ T cells, CD8+ T cells, follicular helper T cells
(Tfh), regulatory T cells (Tregs), and gamma/delta T cells, activated dendritic cells (DC),
resting dendritic cells, eosinophils, macrophages (M0–M2), activated mast cells, resting
mast cells, monocytes, resting NK cells, activated NK cells, neutrophils, and plasma cells.
ANOVA (analysis of variance) was used for quantitative comparison. Sidak’s multiple
comparisons test was used for the post-test, and p < 0.05 was considered significant.

2.5. Association between GOT2 and Tumor Microenvironment Exploration

The Tumor Immune Single-cell Hub (TISCH, http://tisch.comp-genomics.org/home/,
accessed on 1 April 2022) is an online single-cell RNA-seq database focused on the tumor mi-
croenvironment (TME) [54]. In our analyses, two human KIRC scRNA-seq datasets [55,56]
were used to obtain the GOT2 average expression at the single-cell level. The expression of
GOT2 was collapsed by the mean value. The gene expression level displayed using UMAP
and violin plots was quantified by the normalized values.
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3. Results
3.1. Expression Level of GOT2 mRNA in Pan-Cancer

To determine whether GOT2 expression correlates with cancer, we surveyed GOT2 ex-
pression in multiple cancer types and adjacent normal tissues through the TIMER database.
As shown in Figure 1, compared with normal tissues, GOT2 expression was higher in
BLCA (Bladder Urothelial Carcinoma), CESC (Cervical squamous cell carcinoma and
endocervical adenocarcinoma), COAD (Colon adenocarcinoma), KICH (Kidney Chro-
mophobe), ESCA (Esophageal carcinoma), LUAD (Lung adenocarcinoma), LUSC (Lung
squamous cell carcinoma), STAD (Stomach adenocarcinoma) and UCEC (Uterine Corpus
Endometrial Carcinoma). Conversely, GOT2 had markedly lower expression in CHOL
(Cholangiocarcinoma), GBM (Glioblastoma), KIRC (Kidney renal clear cell carcinoma),
LIHC (Liver hepatocellular carcinoma), PRAD (Prostate adenocarcinoma) and THCA (Thy-
roid carcinoma). All these data indicated that the dysregulation of this glutamic-oxaloacetic
transaminase was common across several tumors, including KIRC.

Figure 1. GOT2 expression levels in pan-cancer (TCGA dataset). The box plot comparing specific
GOT2 expression in tumor samples (red plot) and paired normal tissues (blue plot) was derived from
the TIMER database (* p < 0.05, ** p < 0.01, *** p < 0.001). TPM: transcripts per million.

3.2. GOT2 mRNA and Protein Are Downregulated and Correlated with Clinicopathological
Parameters in KIRC

Next, to focus our analysis on KIRC, we investigated the transcription levels of GOT2
performing a single-gene differential analysis using RNA-seq data from the TCGA database
(KIRC-TCGA), compared with non-tumor tissues from the GTEx database by GEPIA2. Our
results showed that the mRNA expression levels of GOT2 in KIRC tissues (n = 523) were
significantly lower than in adjacent normal tissues (n = 100) (Figure 2A). Correspondingly,
in the CPTAC KIRC cohort, there was a significant downregulation of GOT2 in the tumors
(Figure 2B), consistent with the immunohistochemical (IHC) staining images from the
Human Protein Atlas (HPA) (Figure 2C). This further confirmed that the expression of
GOT2 in tumor tissues was significantly lower than that in normal tissues.
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Figure 2. Expression of GOT2 in KIRC and normal patients. (A) Differential expression of GOT2
between KIRC samples from TCGA database (Red, n = 523 samples) and normal human kidney
samples from GTEx database (Blue, n = 100 samples). (* p < 0.05, *** p < 0.001) (B) Significant
downregulation of GOT2 protein level in the CPTAC KIRC cohort, analyzed by UALCAN. KIRC:
n = 110; Normal samples: n = 84. Z-values represent standard deviations from the median across
samples. (C) Representative images of immunohistochemical (IHC) staining of GOT2 protein in
normal kidney tissue (Patient ID: 2067; Staining: medium; Intensity: moderate; Quantity: 75–25%;
Location: cytoplasmic/membranous) and KIRC tissue (Patient ID: 2176; Staining: low; Intensity:
weak; Quantity: >75%; Location: cytoplasmic/membranous) from the HPA database. Scale bars: left,
100 µm; right, 25 µm. Antibody used in both samples: HPA018139.

3.3. Relationship between GOT2 Expression and Clinical Pathological Parameters of Patients
with KIRC

We next investigated the correlation between clinical parameters and the GOT2 expres-
sion in KIRC. Data showed that GOT2 expression levels were significantly associated with
stage, gender, grade, KIRC subtypes, and nodal metastasis status (Figure 3A–G). Lastly,
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concerning the most commonly mutated genes in KIRC, patients harboring VHL, PBRM1,
and SETD2 mutations under-expressed GOT2 (Figure 3H–J). Thus, it is likely that GOT2
expression may serve as a potential diagnostic biomarker for KIRC patients.

Figure 3. Association between GOT2 expression and the clinicopathological features of KIRC patients.
Box plots of GOT2 mRNA expression according to: (A) KIRC stages (Stages 1, 2, 3 and 4). (B) gender
(male, female). (C) KIRC grades (1, 2, 3 and 4). (D) clear cell renal cell carcinoma (ccRCC) good risk
(ccA) and poor risk (ccB) subtype classification. (E) nodal metastasis status. GOT2 protein expression
was differentially expressed in (F) clinical stages and (G) tumor grade ** p < 0.01, *** p < 0.001. GOT2
expression in the KIRC cohort (TCGA) according to (H) VHL mutation status, (I) PBRM1 mutation
status and (J) SETD2 mutation status, ** p < 0.01, *** p < 0.001.

3.4. Low Expression of GOT2 Is Associated with Poor Outcome in KIRC Patients

Initially, to explore the influence of GOT2 expression on KIRC outcomes, we conducted
a Kaplan–Meier test and Cox regression analysis to delve into the associations with overall
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survival (OS) and disease-free survival (DFS). As shown in Figure 4A,B, the OS and DFS
of KIRC patients with low expression of GOT2 were significantly shorter than those with
high expression. At the same time, we also noticed that the low level of GOT2 protein was
significantly related to the worse OS (p = 0.023) (Figure 4C). Additionally, we investigated
the relationship between GOT2 expression and clinicopathological features of KIRC patients
in the Kaplan–Meier plotter database. Surprisingly, low GOT2 mRNA expression was
correlated with worse OS in KIRC patients with stage 4 (HR = 0.56, p = 3.50 × 10−2), grade
3 (HR = 0.53, p = 7.90 × 10−3), and low mutation burden (HR = 2.28, p = 3.49 × 10−2)
(Table 1). Here, the differences in the clinical characteristics suggest that the use of GOT2 as
an indicator gene should be carefully combined with the patient’s condition.

Figure 4. Kaplan–Meier survival analysis demonstrating the relationship between GOT2 expression
and prognosis in KIRC patients. Overexpression of GOT2 mRNA prolonged (A) OS (n = 258) and
(B) DFS (Disease-Free Survival; n = 258) of KIRC patients. (C) High expression of GOT2 protein
prolonged OS of KIRC patients (n = 528) (p = 0.023). HR, hazard ratio; OS, overall survival; GOT2,
Glutamic-Oxaloacetic Transaminase 2; KIRC, Kidney Renal Clear Cell Carcinoma.
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Table 1. Correlation of GOT2 mRNA expression and clinical outcomes in KIRC from TCGA database.

Clinicopathological Characteristics n Hazard Ratio
(95% CI) Logrank p

Stage

1 265 1.67 (0.92–3.03) 8.94 × 10−2

2 57 0.29 (0.06–1.31) 8.56 × 10−2

3 123 0.35 (0.74–2.39) 3.47 × 10−1

4 82 0.56 (0.32–0.97) 3.50× 10−2

Gender

Female 186 0.62 (0.36–1.05) 7.45 × 10−2

Male 344 0.71 (0.47–1.06) 9.56 × 10−2

Grade

1 14 - -
2 227 1.51 (0.8–2.84) 2.04 × 10−1

3 206 0.53 (0.33–0.85) 7.90 ×10−3

4 75 0.64 (0.35–1.19) 1.60 × 10−1

Mutation burden

High 168 1.34 (0.77–2.34) 2.94 × 10−1

Low 164 2.28 (1.04–4.99) 3.49× 10−2

Race

White 459 0.72 (0.5–1.02) 6.17× 10−2

Asian 8 - -
Black/African American 56 0.39 (0.12–1.29) 1.10 × 10−1

Hemoglobin result

Elevated 5 1.73
(0.1076–27.8905) 6.98 × 10−1

Normal 184 0.70 (0.3784–1.3129) 2.70 × 10−1

Low 261 1.22 (0.8484–1.7628) 2.81 × 10−1

Laterality

Right 280 1.12 (0.7181–1.7561) 6.11 × 10−1

Left 248 0.71 (0.4721–1.0682) 1.00 × 10−1

Bilateral 4 - -

Serum calcium result

Elevated 10 0.65 (0.1599–2.6446) 5.48 × 10−1

Low 203 0.79 (0.5749–1.5257) 7.92 × 10−1

Normal 150 0.62 (0.376–1.0547) 7.88 × 10−2

Bold numbers indicate a statistically significant correlation with a p-value less than 0.05. Abbreviations:
CI = confidence interval.

3.5. Hypermethylation of DNA in the Promoter Region Leads to Low Expression of GOT2 in KIRC

To further explore the epigenetic mechanism underlying GOT2 underexpression, we
analyzed the methylation level of seventeen probes covering the island (promoter region),
N Shelf, S Shore, and Open Sea regions of GOT2, chosen through the UCSC Genome
Browser (Table 2; Figure 5). Notably, the results showed that lower methylation levels for
GOT2 lay on probes at the promoter (island). At the same time, most hypermethylated
sites fell in the open sea, N Shelf, and S Shore regions (Figure 6). Given that methylation
of CpG sites within the gene promoter is a common mechanism in gene silencing, we
next compared the methylation level of the probes that covered the GOT2 promoter be-
tween normal vs. KIRC-TCGA samples (Figure 5). Interestingly, we found that the average
methylation of all CpG sites (probes) near the TSS (transcription start site) of GOT2 was sig-
nificantly higher in tumor tissues than in the normal counterpart (Aggregation, p = 0.00022)
(Figure 7A). Further analysis revealed a negative correlation between the methylation level

116



Curr. Issues Mol. Biol. 2022, 44

and the mRNA of GOT2 (Aggregation: R = −0.3, p = 0.0071) (Figure 7B), thus indicating
that upregulation of DNA methylation level of CpGs island-associated promoter region
may contribute to the downregulation of GOT2 in KIRC patients.

Table 2. List of the 17 probes analyzed. CGI: CpG islands.

Probe Chromosome Start End CGI Position

cg04793118 chr16 58707974 58707975 Open Sea
cg06070269 chr16 58718235 58718236 Open Sea
cg06624121 chr16 58718247 58718248 Open Sea
cg04471375 chr16 58718261 58718262 Open Sea
cg06302295 chr16 58730982 58730983 N Shelf
cg08348831 chr16 58733959 58733960 Island
cg13626907 chr16 58733963 58733964 Island
cg14863484 chr16 58734106 58734107 Island
cg09082840 chr16 58734264 58734265 Island
cg16406345 chr16 58734350 58734351 Island
cg08578141 chr16 58734361 58734362 Island
cg10055227 chr16 58734416 58734417 Island
cg08950929 chr16 58734423 58734424 Island
cg00028829 chr16 58734507 58734508 S Shore
cg10140957 chr16 58734573 58734574 S Shore
cg13883681 chr16 58734661 58734662 S Shore
cg08987251 chr16 58735200 58735201 S Shore

Figure 5. Chromosomal distribution of the methylation probes associated with GOT2. Upper panel:
Circos plot depicting the genomic information of GOT2 (16q21) and the probes used in this study.
Lower panel: Segment plot showing the detailed information of genomic locations of each probe
of GOT2, highlighting CpG island, N shelf, S Shore and Open Sea. The coverage of the promoter
region is displayed as the red region (red box), which includes eight probes (cg08348831, cg13626907,
cg14863484, cg09082840, cg16406345, cg08578141, cg10055227 and cg08950929). Numbers below
represent the genomic length scale (1 kb).

117



Curr. Issues Mol. Biol. 2022, 44

Figure 6. Dynamics of DNA methylation across all probes of GOT2 in KIRC. Heat map showing the
methylation levels of GOT2 among different CpGs sites (probes) integrating ethnicity, race, age, vital
status, and genomic regions of CpG sites (UCSC) from KIRC. Red to blue scale indicates high to low
methylation levels.

3.6. GOT2 Expression Correlates with Immune Cell Infiltration in KIRC

Tumor-infiltrating immune cells are essential for immune response and prognosis in
KIRC patients [57,58]. To determine whether GOT2 could potentially impact immune cell
infiltration in KIRC, we first examined the differences in GOT2 expression across the six
immune subtypes proposed by Thorsson et al. [59]. We observed that GOT2 expression
was highest in patients harboring the C5 subtype (immunologically quiet) and lowest in
patients exhibiting the C2 subtype (IFN-gamma dominant), indicating that GOT2 can be
used as a marker for immunophenotyping of patients with clear-cell renal cell carcinoma
(Figure 8A).
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Figure 7. Hypermethylation of GOT2 leads to downregulated expression in KIRC. (A) Differen-
tial methylation level of eighth GOT2 probes (cg08348831, cg13626907, cg14863484, cg09082840,
cg16406345, cg08578141, cg10055227 and cg08950929) between KIRC patients (n = 313) and normal
samples (n = 157) from TCGA. (B) Spearman’s correlation between methylation level (β-values, 450 k
array) and mRNA level (Log2-scaled, TPM + 1) of GOT2 in KIRC samples from TCGA.

To better understand the role of GOT2 in the infiltration of immune cells in KIRC,
we used the CIBERSORT deconvolution analysis [53] for rough correlation analysis. The
immune-related signatures revealed that GOT2 was higher in CD8+ T cells, follicular
helper CD4+ T (Tfh) cells, M1 and M2 Macrophages in KIRC-TCGA tumors than in normal
tissues (Figure 8B). To further expand and strengthen these results, the analysis of two
independent single-cell RNA sequencing (scRNA-seq) datasets [55,56] showed that GOT2
was mainly expressed within endothelial cells, followed by proliferative T cells (Tprolif),
plasmacytoid dendritic cells (pDCs), exhausted CD8+ T Cells (CD8Tex), Treg cells and
conventional dendritic cells 2 (cDC2) (Figure 9A,B). These results imply that GOT2 may
play an essential role in the tumor microenvironment of the clear-cell renal cell carcinoma,
affecting both stroma and immune cells. Interestingly, GOT2 was broadly expressed
within some clusters of immune cells (e.g., CD8ex and Tprolif) that also co-expressed some
immune checkpoint inhibitors (e.g., CTLA4, TIGIT, TOX, EOMES, LAG3, PDCD1, HAVCR2,
and CD96) (Figure 10), thus strongly suggesting that GOT2 is involved in the dynamic
regulation of immune homeostasis and is particularly relevant to T cell functionality.
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Figure 8. Association of GOT2 expression, with immune subtypes and immune cell infiltration.
(A) GOT2 mRNA levels in TCGA-KIRC immune subtypes. C1: wound healing subtype (n = 7),
C2: INF-γ dominant (n = 20), C3: inflammatory (n = 445), C4: lymphocyte depleted (n = 27), C5: im-
munologically quiet (n = 3), C6: TGF-β dominant (n = 16). One-way ANOVA p-value = 1.2 × 10−4.
(B) GOT2 expression in different immune cells types in KIRC samples from TCGA and normal
samples from TCGA and GTEx.
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Figure 10. The expression source of the signature genes was revealed by single-cell analysis
(GSE111360 dataset). The signature was composed of GOT2, LAG3, CTLA4, EOMES, LGALS9,
CD96, HAVCR2, PDCD1, TIGIT, and TOX.

4. Discussion

KIRC is characterized by profound metabolic reprogramming that involves multi-
ple pathways [14,15]. Current evidence suggests that changes in the supply of specific
metabolites, such as aspartate, which is essential for nucleotide and protein synthesis in
proliferating cells and maintains the reducing potential [28,60,61], can function as oppor-
tunistic fuel sources for high proliferation and tumor growth [25,27,62]. As part of the
malate–aspartate shuttle, mitochondrial GOT2 generates aspartate from oxaloacetate and
glutamate [63]. Additionally, this enzyme is involved in energy transduction, specifically
amino acid metabolism and the urea and TCA cycles. Thus far, there is no available
information about the detailed roles of GOT2 in KIRC. Herein, we elucidated the most
comprehensive insights into understanding the epigenetic regulation and the potential
association of GOT2 with the clinical and immunity of KIRC.
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Based on a pan-cancer perspective, we initially demonstrated that GOT2 is differen-
tially expressed in 18 tumor types, thus potentially being a therapeutic target. Further
interrogating KIRC, we showed that the GOT2 mRNA and protein levels were markedly
decreased in KIRC patients than in normal tissues. Besides, we observed that this transam-
inase was markedly lower as the pathological stage increased and was also strongly im-
pacted by other clinicopathological characteristics, which conferred a worse outcome. Our
findings are consistent with Zhao et al. [64], who also reported the decreased expression
and prognostic value of GOT2 in hepatocellular carcinoma (HCC). The results from a recent
study support a scenario in which in VHL-deficient KIRC, but not in non-clear renal cell car-
cinomas (NCRCC), the simultaneous suppression of GOT1 and GOT2 is HIF1α-dependent,
which impairs oxidative and reductive aspartate biogenesis [61]. Hence, to compensate for
the low levels of aspartate seen in the KIRC [65], glutamine metabolism has a dominant
role in sustaining KIRC growth [66]. This conceivably explains the down-expression of
GOT2 in KIRC patients harboring VHL, PBRM1, and SETD2 mutations seen in our study,
thus suggesting that GOT2 repression represents a specific metabolic feature of KIRC.

DNA methylation of specific CpG sites in the promoter region is tightly linked with
transcription repression. In the last few years, its role in carcinogenesis has been of con-
siderable interest [67–69]. It is currently well known that KIRC is characterized by many
epigenome aberrations [70,71]. Furthermore, many studies have pointed out the occurrence
of a pattern known as CpG island methylator phenotype (CIMP) in 20% of KIRC [71,72].
However, no study has previously been carried out to analyze the role of DNA methyla-
tion in GOT2 expression in KIRC. Here, for the first time, we provided evidence that the
methylation of the GOT2 promoter was increased in KIRC patients compared to normal
samples. Additionally, the correlation analysis results revealed that promoter methylation
was negatively correlated with the regulation of gene expression. According to these results,
it can be speculated that the DNA hypermethylation in the promoter-associated CpG is-
lands may be one of the mechanisms leading to GOT2 down-expression in KIRC. However,
additional efforts are necessary to determine the potential impact of additional events,
such as chromatin structural modifications, miRNAs, and the influence of metabolites on
patients exhibiting GOT2 promoter hypermethylation.

In addition, another innovative aspect of this study clarified the significant correlations
between GOT2 expression and various tumor-infiltrating immune cells in KIRC. Previous
studies have found that T cells and macrophages represented the dominant populations in
most KIRC cases [73,74], consistent with our findings, which indicates that GOT2 expression
was more likely to affect the tumor infiltration of subtypes of T cells, especially CD8+ T
cells and follicular helper CD4+ T (Tfh) cells, and M1 and M2 macrophages compared to
normal renal tissue. Our deep-dissection of individual cell subsets from scRNA-seq data
revealed that GOT2 was broadly expressed within exhausted CD8+ T Cells (CD8Tex) and
in the proliferative T cells (Tprolif). Unlike all solid tumors, high tumor-infiltrating CD8+

T-cells predicted poor overall survival and inferior therapeutic responsiveness in patients
with KIRC [75–77]. However, a comprehensive characterization of immune cells from KIRC
patients using scRNA-seq along with T-cell-receptor (TCR) sequencing revealed that CD8+

T-cells exhibited four distinct groups that may represent transcriptional states upon tumor
infiltration with distinct prognostic significance: two of them were associated with a PD-1+

TIM-3+ exhausted subcluster, one with a proliferative subcluster, and a fourth with the
higher levels of cytokine signaling [73]. Moreover, a correlation observed between increased
clusters with the signature CD8_6 (CD8+T-cells) and TAM_3 (macrophages) showed a
better prognosis. In another study, a first-in-class CAR T-cell therapy co-expressing GOT2
enhanced T-cell metabolic function for treating GPC3-positive solid tumors, supporting
the progress of a future first-in-human trial in subjects with GPC3-positive tumors [78].
Considering this context, we argue that GOT2 is likely to play distinct roles at different
stages of T-cell exhaustion and might potentially be modulated by the spectrum of changes
in TME conditions of KIRC patients, including tumor metabolism, hypoxia, nutrient
restriction, and exhaustion driven by chronic stimulation, thus strengthening the potential
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application of synergic modulation of the GOT2 and T cell exhaustion markers in non-
responsive KIRC patients to boost antitumor and immune responses.

In conclusion, using a series of rigorous bioinformatics analyses, we showed that
the mRNA and the expression levels of the GOT2 protein were significantly decreased in
KIRC patients compared to normal ones. This low expression was positively associated
with clinicopathological features, culminating in poor clinical outcomes for KIRC patients.
Notably, we provide the first mechanism insights into the epigenetic-mediated regulation
of GOT2, which is driven by the DNA methylation in the promoter-related CpG islands.
Finally, we also shed light on the influence of GOT2 expression in immune cell infiltration,
suggesting that GOT2 may be a potential prognostic marker and therapeutic target for
KIRC patients.
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Abstract: This study investigated the effects of a long noncoding RNA, nuclear paraspeckle assembly
transcript 1 (NEAT1) variant 1 (NEAT1v1) on drug resistance in liver cancer cell lines. NEAT1
knockdown activated mitogen-activated protein kinase (MAPK) signaling pathways, including
MAPK kinase (MEK)/extracellular signal-regulated kinase (ERK), but suppressed AKT. Moreover,
NEAT1 knockdown sensitized liver cancer cells to sorafenib and lenvatinib, both clinically used
for treating hepatocellular carcinoma, whereas it conferred resistance to an AKT-targeted drug,
capivasertib. NEAT1v1 overexpression suppressed MEK/ERK and activated AKT, resulting in
resistance to sorafenib and lenvatinib and sensitization to capivasertib. Superoxide dismutase 2
(SOD2) knockdown reverted the effects of NEAT1v1 overexpression on the sensitivity to the molecular-
targeted drugs. Although NEAT1 or SOD2 knockdown enhanced endoplasmic reticulum (ER) stress,
concomitant with the suppression of AKT, taurodeoxycholate, an ER stress suppressor, did not restore
AKT activity. Although further in vivo and clinical studies are needed, these results suggested that
NEAT1v1 switches the growth modality of liver cancer cell lines from MEK/ERK-dependent to AKT-
dependent mode via SOD2 and regulates sensitivity to the molecular-targeted drugs independent of
ER stress.

Keywords: NEAT1; liver cancer cell line; drug resistance; SOD2; MAPK; AKT

1. Introduction

Liver cancer is one of the malignant tumors with high mortality, making it the third
leading cause of cancer-related deaths worldwide [1]. Hepatocellular carcinoma (HCC) is
the most prevalent subtype of liver cancer. HCC in the early to middle stages can be treated
with surgical resection or locoregional therapies, including radiofrequency ablation and
transarterial chemoembolization [2]. In contrast, systemic chemotherapy is indicated for
patients with advanced HCC who are not eligible for surgery or locoregional therapies [2].

Sorafenib and lenvatinib are multityrosine kinase inhibitors clinically used to treat
HCC, although their preferential targets differ. The primary target kinases of sorafenib
are vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor
receptor (PDGFR), FMS-like tyrosine kinase 3 (FLT3), c-KIT, RAF1, and B-RAF, thereby sup-
pressing mainly the mitogen-activated protein kinase (MAPK) cascade, including MAPK
kinase (MEK) and extracellular signal-regulated kinase (ERK) [3,4]. Lenvatinib preferen-
tially inhibits the tyrosine kinase activities of VEGFR, PDGFR, RET, c-KIT, and fibroblast
growth factor receptor (FGFR), leading to the suppression of their downstream signal-
ing pathways, including the MEK/ERK and phosphatidylinositol 3-kinase (PI3K)/AKT
pathways [4–6]. By virtue of their inhibitory properties, both suppress tumor cell prolifera-
tion and neoangiogenesis and eventually prolong the survival of patients with advanced
HCC [2]. However, the efficacy is limited in part by drug resistance [7].
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It was demonstrated that alternative activation of P38MAPK supported RAF-independent
activation of the MEK/ERK pathway in the presence of sorafenib and was required to
acquire sorafenib resistance in the mouse HCC model [8]. AKT activation also induced
sorafenib resistance in HCC by suppressing sorafenib-induced autophagic cell death [9,10]
or by inducing forkhead box M1 expression via a transcription factor, activator protein
1 [11]. AKT-targeted drugs, MK2206 and ipatasertib, reversed sorafenib resistance in HCC
cells [9,12]. Hepatocyte growth factor activated AKT through c-MET and concomitantly
attenuated the antitumor effects of lenvatinib in HCC cells highly expressing c-MET [13].
Likewise, the suppression of phosphatase and tensin homologs by proprotein convertase
subtilisin/kexin type 9 activated AKT, leading to the acquisition of sorafenib resistance in
HCC [14].

A long noncoding RNA, nuclear paraspeckle assembly transcript 1 (NEAT1), is re-
quired for the formation of paraspeckle [15]. The NEAT1 gene is expressed as two variant
isoforms: NEAT1v1 (3.8 kb in length in humans) and NEAT1v2 (22.7 kb). Both of these are
transcribed from the same nucleotide position but have different sites of transcriptional
termination [15]. NEAT1v2 is required for the formation of paraspeckle, which is a nuclear
substructure found in most cultured cells. NEAT1v1 is also incorporated into paraspeckles,
but it also exists in “microspeckle”, outside of paraspeckles [16], suggesting that NEAT1v1
has intrinsic functions independent of NEAT1v2. We have previously demonstrated that
NEAT1v1, but not NEAT1v2, is involved in the maintenance of liver cancer stem cells
and confers radioresistance to liver cancer cell lines [17,18]. It confers radioresistance to
liver cancer cell lines by inducing mitophagy via superoxide dismutase 2 (SOD2) and
γ-aminobutyric acid A receptor-associated protein (GABARAP) [19]. Moreover, NEAT1
induced sorafenib resistance in HCC cells by activating the c-MET/AKT pathway via
microRNA (miR)-335 [20] or promoting autophagy via the miR-204/autophagy-related 3
axis [21]. However, the relationship between NEAT1 and lenvatinib has not been investi-
gated.

This study investigated the effects of NEAT1v1 on the sensitivity of liver cancer cell
lines to sorafenib and lenvatinib and found that NEAT1v1 confers resistance to these drugs
by activating AKT via superoxide dismutase 2 (SOD2) on the one hand, and NEAT1v1
concomitantly sensitizes cells to an AKT-targeted drug, capivasertib, on the other hand. In
agreement with these findings, NEAT1v1 activates AKT while suppressing MAPK signaling
molecules, including MEK/ERK, P38MAPK, and c-Jun N-terminal kinase (JNK). Although
NEAT1 or SOD2 knockdown increased ER stress, concomitant with AKT suppression, tau-
rodeoxycholate (TUDC), an ER stress suppressor, did not restore AKT activity. These results
suggested that the NEAT1v1–SOD2 axis promotes AKT-dependent growth independent of
ER stress. Moreover, AKT-targeted drugs are promising as another therapeutic option for
treating advanced HCC.

2. Materials and Methods

All resources used in the present study are summarized in Table S1.

2.1. Cell Culture

Human liver cancer cell lines HLE and HuH6 were purchased from the Japanese
Collection of Research Bioresources Cell Bank (Osaka, Japan) and maintained in Dulbecco’s
Modified Eagle’s Medium (Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10%
inactivated fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA). HLF and HuH6 cells
overexpressing human NEAT1v1 were reported previously [16,17]. In brief, HLF and HuH6
cells were stably transfected with pcDNA6-hNEAT1v1-AcGFP [18]. Following blasticidin
(Kaken Pharmaceutical, Tokyo, Japan) selection, AcGFP-positive cells were sorted by flow
cytometry.
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2.2. Adenovirus Construction

The construction of adenovirus vectors was previously reported [17–19]. In brief,
shNT, shNEAT1a/b, or shSOD2a/b were ligated into BsaI-digested pENTR/U6-AmCyan1
with Ligation High version 2 (Toyobo, Osaka, Japan). These oligo DNAs are shown in Table
S1. The shRNA and AmCyan1-expressing cassettes were transferred by the LR reaction to
pAd/BLOCK-iT-DEST (Thermo Fisher Scientific, Waltham, MA, USA). Adenovirus vectors
were constructed by transfecting adenovirus plasmid DNA with Lipofec-tAMINE2000
into 293A cells (Thermo Fisher Scientific) according to the manufacturer’s protocol. Aden-
ovirus titer was determined by the infectious genome titration protocol [22]. Adenovirus
transduction was performed at 200 multiplicities of infection 24 h after seeding.

2.3. Drug Treatment and WST Assay

Cells were treated with sorafenib (Adipogen Life Sciences, San Diego, CA, USA),
lenvatinib (Toronto Research Chemicals, Toronto, ON, Canada), and capivasertib (Adooq
Bioscience, Irvine, CA, USA) at the concentrations indicated in the figures, or DMSO as the
control for 48 h in a 96-well plate. In the knockdown experiments, adenovirus vectors were
transduced 48 h before drug treatment. After treatment, the WST assay was performed
with Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the manufacturer’s
protocol.

2.4. TUDC Treatment

Cells were seeded in a 3.5 cm dish for 24 h. TUDC (Nacalai Tesque, Kyoto, Japan) was
added to cells at a concentration of 200 mM. The adenovirus vectors were transduced at the
same time as the TUDC treatment. After 48 h incubation, mRNA or protein was recovered
from cells.

2.5. Reverse Transcription-Quantitative PCR (RT-qPCR) and Western Blot Analysis

RT-qPCR and Western blot analysis were performed as reported previously [17–19].
mRNA and protein samples were prepared 48 h after seeding, drug treatment, or ade-
novirus transduction. The primers used for RT-qPCR are summarized in Table S2. An
amount of 0.2–1 µg of total RNA was used for the RT reaction, while an amount of 20–100
µg of protein was used for Western blot analysis. β-Actin was used as an internal control
for calculating the relative mRNA expression levels. The antibodies for Western blot analy-
sis were as follows: AKT (#9272), P-AKT (S473; #9271), P-AMP-activated protein kinase
α (AMPKα) (T172; D79.5E; #4188), P-eukaryotic translation initiation factor 2α (EIF2α)
(S51; #9721), P-ERK1/2 (Y202/204; #9101), inositol-requiring enzyme 1α (IRE1α) (14C10;
#3294), JNK (#9252), P-JNK (T183/Y185; #9251), P-MEK1/2 (Ser217/221; 41G9;#9154), P-
mammalian target of rapamycin (mTOR) (S2448; #2971), P38 (#9212), and P-P38 (T180/Y182;
#9211) from Cell Signaling Technology (Danvers, MA, USA); AMPKα1/2 (D-6; sc-74461),
activating transcription factor 4 (ATF4) (B-3; sc-390063), ATF6α (F-7; sc-166659), EIF2α
(D-3; sc-133132), ERK1/2 (C-9; sc-514302), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (G-9; sc-365062), MEK1/2 (9G3; sc-81504), PRKR-like ER kinase (PERK) (B-5;
sc-377400), β-tubulin (βTUB) (G-8; sc-55529), and X-box binding protein 1 (XBP1) (F-4;
sc-8015) from Santa Cruz Biotechnology (Santa Cruz, CA, USA); and P-IRE1(S724; EPR5253;
ab124945) from Abcam (Cambridge, MA, USA). After transferring proteins to polyvinyli-
dene difluoride membranes, the membranes were horizontally cut and probed with the
antibodies. GAPDH and βTUB (for total and unphosphorylated proteins) and total proteins
(for corresponding phosphorylated proteins) were used for internal control.

2.6. Statistical Analysis

Three or more independent samples for each experiment were analyzed, and all
experimental values were expressed as the mean ± standard deviation. The differences
between the two groups were assessed by Student’s t-test. Multiple comparisons were
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made by Dunnett’s or Tukey’s tests as indicated. p < 0.05 was considered statistically
significant.

3. Results
3.1. NEAT1 Knockdown Sensitizes Liver Cancer Cells to Sorafenib and Lenvatinib

Two NEAT1-specific short hairpin RNAs (shRNAs; shNEAT1a and shNEAT1b) previ-
ously constructed [17,18] were used in this study. Both shRNAs activated MEK and ERK
in liver cancer cell lines (HLF and HuH6; Figure 1A). Moreover, NEAT1 knockdown also
activated P38MAPK and JNK (Figure S1A). After treatment with sorafenib and lenvatinib,
the viability of cells knocked down for NEAT1 decreased significantly more than that
of cells transduced with nontargeting shRNA (shNT; Figure 1B), suggesting that NEAT1
knockdown sensitized cells to these drugs. Although the activation of MEK and ERK by
NEAT1 knockdown was higher in HuH6 cells than in HLF cells, the sensitization was
similar between the cell lines.
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Figure 1. NEAT1 knockdown induces sorafenib and lenvatinib resistance. (A) Representative Western
blot images for the indicated proteins. GAPDH is shown as an internal control. HLF and HuH6 cell
lines were transduced with adenoviruses expressing nontargeting shRNA [shNT (N)] or NEAT1-
specific shRNAs [shNEAT1a (Na) and shNEAT1b (Nb)] for 48 h. (B) Viabilities of HLF and HuH6
cells treated with sorafenib or lenvatinib at the concentrations indicated in the figure for 48 h relative
to cells treated with dimethyl sulfoxide (DMSO; 100%). Cells were transduced with adenoviruses
expressing shNT, shNEAT1a, and shNEAT1b 48 h before drug treatment. * p < 0.05 vs. shNT vs.
shNEAT1a; # p < 0.05 shNT vs. shNEAT1b (Dunnett’s test; n = 4).
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3.2. NEAT1 Knockdown Confers Resistance against an AKT-Targeted Drug, Capivasertib

It is suggested that AKT activation is one of the mechanisms underlying sorafenib
resistance in HCC [9,10]. Thus, this study investigated whether AKT activity was affected
by NEAT1 knockdown. AKT phosphorylation decreased in liver cancer cell lines knocked
down for NEAT1 (Figure 2A). In contrast to MEK and ERK, the activation of AKT by
NEAT1 knockdown was similar between HLF and HuH6 cell lines. Representative targets
of AKT, mTOR, and AMPK were also examined, but their phosphorylation statuses were
not changed (Figure S1A). In contrast to sorafenib and lenvatinib, cells showed resistance
to an ATP-competitive AKT inhibitor, capivasertib (Figure 2B). These results suggested that
NEAT1 knockdown endows liver cancer cells with resistance to AKT-targeted drugs.
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Figure 2. NEAT1 knockdown induces resistance against an AKT-targeted drug, capivasertib. (A) Rep-
resentative Western blot images for the indicated proteins. GAPDH is shown as an internal control.
HLF and HuH6 cell lines were transduced with adenoviruses expressing non-targeting shRNA [shNT
(N)] or NEAT1-specific shRNAs [shNEAT1a (Na) and shNEAT1b (Nb)] for 48 h. (B) Viabilities of
HLF and HuH6 cells treated with capivasertib at the concentrations indicated in the figure for 48 h
relative to cells treated with DMSO (100%). Cells were transduced with adenoviruses expressing
shNT, shNEAT1a, and shNEAT1b 48 h before drug treatment. * p < 0.05 vs. shNT vs. shNEAT1a;
# p < 0.05 shNT vs. shNEAT1b (Dunnett’s test; n = 4).

3.3. NEAT1v1 Plays a Role as a Molecular Switch of Cell Growth Modality

The shorter isoform, NEAT1v1, but not the longer one, NEAT1v2, is sufficient to
induce cancer stemness and radioresistance [17–19]. Thus, liver cancer cell lines overex-
pressing NEAT1v1 [18,19] were used to examine whether NEAT1v1 could determine drug
sensitivity. NEAT1v1 overexpression suppressed MEK and ERK, whereas P38MAPK and
JNK phosphorylation was not affected (Figure 3A and Figure S1B). In contrast to knock-
down, the activation of MEK and ERK by NEAT1 overexpression was similar between HLF
and HuH6 cell lines. In addition, sensitivity to sorafenib and lenvatinib significantly de-
creased (Figure 3B). In contrast, NEAT1v1 activated AKT and sensitized cells to capivasertib
(Figure 3C,D), whereas mTOR and AMPK were not activated (Figure S1B). AKT activation
and sensitization to capivasertibe were more prominent in HuH6 cells than in HLF cells.
These results suggested that NEAT1v1 is a molecular switch of growth modalities from
MEK/ERK- to AKT-dependent growth in liver cancer cells.
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Figure 3. NEAT1v1 plays a role as a molecular switch of cell growth modality. (A,C) Representative
Western blot images for the indicated proteins in control (C) or NEAT1v1-overexpressing (V1)
cells. GAPDH is shown as an internal control. (B,D) Viabilities of control (CTRL) or NEAT1v1-
overexpressing (NEAT1v1) cells treated with sorafenib (B), lenvatinib (B), or capivasertib (D) at the
concentrations indicated in the figure for 48 h relative to cells treated with DMSO (100%). * p < 0.05
vs. CTRL (Student’s t-test; n = 4).

3.4. NEAT1v1 Regulates the Growth Modality of Liver Cancer Cells through SOD2

We found that NEAT1 knockdown and NEAT1v1 overexpression resulted in the down-
regulation and upregulation, respectively, of SOD2 in liver cancer cells (Figure 4A,B). SOD2
knockdown in liver cancer cell lines overexpressing NEAT1v1 activated MEK and ERK as
well as P38MAPK and JNK and sensitized cells to sorafenib and lenvatinib (Figure 4C,D
and Figure S1C). The activation of MEK and ERK by SOD2 knockdown was higher in
HuH6 cells than in HLF cells, similar to NEAT1 knockdown. In addition, it concomitantly
suppressed AKT and conferred resistance to capivasertib (Figure 4E,F). However, mTOR
and AMPK were not affected by SOD2 knockdown (Figure S1C). These results suggested
that SOD2 switches the growth modalities of liver cancer cells downstream of NEAT1v1.
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Figure 4. NEAT1v1 regulates cell growth modality through SOD2. (A) Representative Western blot
images for SOD2 expression in HLF and HuH6 cells transduced with adenoviruses expressing shNT
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3.5. NEAT1v1 or SOD2 Knockdown Suppresses AKT Activity Independent of ER Stress

Unfolded protein accumulation in the endoplasmic reticulum (ER) causes ER stress,
which triggers several pathways, including PERK/EIF2α, IRE1α/XBP1, and ATF6, to adapt
to stress [23]. Upon increased ER stress, PERK is activated by self-phosphorylation and
phosphorylates EIF2α. IRE1α, also activated by self-phosphorylation, executes XBP1 mRNA
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splicing, leading to XBP1 protein translation. ATF6 is activated by processing, and the p50ATF6
fragment translocates to the nucleus to initiate its target gene transcription. ER stress is also
associated with the mTORC1/PI3K/AKT pathway [23]. Whereas, it was reported that SOD2
suppression by anticancer drugs increases oxidative stress, further aggravating ER stress [24].
These results implicate that SOD2 may regulate AKT activity through ER stress.

ER stress induces the expression of its target genes, including binding-immunoglobulin
protein (BIP), CCAAT/enhancer-binding protein homologous protein (CHOP), and ER
oxidoreductase 1α (ERO1α), to ameliorate stress or induce apoptosis [23]. In liver cancer cell
lines overexpressing NEAT1v1, these target genes, except for ERO1α, were downregulated
(Figure S2A, Table S3). As previously observed [18], NEAT1v2 was upregulated only in
HuH6 cells overexpressing NEAT1v1 (Figure S2A, Table S3). NEAT1 or SOD2 knockdown
significantly increased BIP, CHOP, and ERO1α expression, whereas an ER stress inhibitor,
TUDC, significantly suppressed their expression (Figures 5A and S2B, Table S3). This
result suggested that NEAT1 or SOD2 knockdown enhanced ER stress and that TUDC
effectively counteracted it. In agreement with this, PERK was activated by NEAT1 or
SOD2 knockdown, as indicated by an autophosphorylation-induced mobility shift and
increased EIF2α phosphorylation (Figure 5B). Concomitantly, AKT activity was inhibited,
as expected (Figure 5B). In contrast, the IRE1α/XBP1 pathway was suppressed by SOD2
knockdown, and ATF6 was unaffected by NEAT1 and SOD2 knockdown (Figure 5B). In
agreement with the expression of ER stress target genes (Figure 5A), TUDC treatment
suppressed PERK activation and EIF2α phosphorylation induced by NEAT1 and SOD2
knockdown (Figure 5C). However, the inhibition of AKT activity was not mitigated by
TUDC (Figure 5C). These results suggested that NEAT1v1 or SOD2 knockdown suppresses
AKT activity independent of ER stress.
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Figure 5. NEAT1v1 or SOD2 knockdown suppresses AKT activity independent of ER stress.
(A) mRNA expression of ER stress target genes (BIP, CHOP, and ERO1α). HLF and HuH6 cell
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lines were transduced with adenoviruses expressing shNT, shNEAT1a, or shSOD2a in the presence
of 0 mM (H2O; CTRL) or 2 mM TUDC for 48 h. * p < 0.05 vs. shNT; # p < 0.05 vs. CTRL (Tukey’s
test; n = 3). (B) Representative Western blot images for the indicated proteins. βTUB is shown as an
internal control. HLF and HuH6 cell lines were transduced with adenoviruses expressing shNT (N),
shNEAT1a (Na), or shSOD2a (Sa) for 48 h. (C) Representative Western blot images for the indicated
proteins. GAPDH is shown as an internal control. HuH6 cell lines were transduced with adenoviruses
expressing shNT (N), shNEAT1a (Na), or shSOD2a (Sa) in the presence of 0 mM (H2O; CTRL) or
2 mM TUDC for 48 h.

4. Discussion

Although the precise function of NEAT1 in tumors is not fully clarified yet, NEAT1v1
plays important roles in HCC progression, such as the maintenance of liver CSCs and
the acquisition of radioresistance through autophagy [17–19]. This study further eluci-
dated that NEAT1v1 induces sorafenib and lenvatinib resistance, concomitantly with the
suppression of MAPK signaling pathways and AKT activation through SOD2. Moreover,
as a consequence of the AKT activation, NEAT1v1 sensitizes liver cancer cell lines to an
AKT-targeted drug, capivasertib, suggesting that NEAT1v1 induces AKT addiction [25].
Although sorafenib and lenvatinib are clinically used for treating advanced HCC [2], their
clinical efficacy is limited partly by the acquisition of drug resistance [7,26]. These results
suggest that the NEAT1v1–SOD2 axis is one of the mechanisms underlying resistance
to sorafenib and lenvatinib, as well as radiotherapy, and can be a therapeutic target and
diagnostic marker for improving their clinical efficacy (Figure 6). Nonetheless, there are
some limitations in our study that should be noted. First, all experiments in this study were
performed in liver cancer cell lines; thus, the results must be further validated by in vivo
studies. Second, HLF and HuH6 cell lines were established from HCC with mutations in the
TP53 gene and telomerase reverse transcriptase gene promoter of a 68-year-old male patient
and hepatoblastoma with mutations in the TP53 and β-catenin genes of a 1-year-old male
patient, respectively [27,28]; thus, the pathological and pathogenic differences, and sex bias
must be taken into consideration. Lastly, although the modulated expression of NEAT1v1
significantly changed cell viability, the changes are unlikely to be clinically significant under
the current experimental conditions. This might be due to several reasons, such as a single-
exposure and one-endpoint assessment, and an insufficient knockdown/overexpression
efficiency. These weaknesses should be addressed by optimizing drug treatment conditions
and employing knockout/rescue cell lines. Moreover, repeated exposure and continuous
observation and assessment of tumors in in vivo models would show a more clinically
significant effect than in vitro. However, a more important finding of this study is that
NEAT1v1 is involved in the regulation of drug sensitivity in liver cancer cell lines by
modulating growth signaling pathways.

We demonstrated that NEAT1 or SOD2 knockdown concomitantly activates P38MAPK
and JNK in addition to MEK and ERK, while it was reported that P38MAPK can directly
activate MEK in a RAF-independent manner [8]. However, in contrast to our results, this
P38MAPK-induced MEK activation rendered HCC cells resistant to sorafenib [8]. Moreover,
P38MAPK and JNK phosphorylation was not affected by NEAT1v1 overexpression, sug-
gesting that these MAPK signaling molecules are unlikely to be involved in the mechanism
underlying the drug resistance induced by the NEAT1v1–SOD2 axis. Based on these results,
it is postulated that the NEAT1v1–SOD2 axis endows liver cancer cells with MEK/ERK-
independent and AKT-dependent cell growth. Although this notion likely explains how
NEAT1v1 lowered sensitivity to sorafenib and lenvatinib, more precise studies are needed.
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Figure 6. NEAT1v1 activates the AKT pathway through SOD2, thereby conferring sorafenib and
lenvatinib resistance in liver cancer cells, which are concomitantly sensitized to capivasertib. This
result suggests that NEAT1v1 switches the growth modality of liver cancer cells from MEK/ERK-
dependent to AKT-dependent mode via SOD2. Consistently, NEAT1 or SOD2 knockdown results in
MEK/ERK activation, thereby sensitizing liver cancer cells to sorafenib and lenvatinib and conferring
capivasertib resistance. NEAT1v1 or SOD2 knockdown also exacerbates ER stress; however, AKT is
suppressed in an ER stress-independent manner.

The targets of sorafenib are VEGFR, PDGFR, FLT3, c-KIT, RAF1, and B-RAF [3,4],
whereas lenvatinib inhibits VEGFR, PDGFR, RET, c-KIT, and FGFR [4–6]. Because RAF1
and B-RAF heterodimers phosphorylate MEK [29], it is thought that sorafenib preferentially
inhibits the MAPK pathway [30]. In agreement with these findings, AKT activation is one of
the mechanisms underlying the acquisition of sorafenib resistance in HCC [9–14]. Moreover,
another group also reported that NEAT1 activates AKT via c-MET in HCC [20]. Although
the relation between SOD2 and c-MET remains unclear, it may be worth studying it from the
viewpoint of oxidative stress. In contrast, because receptor-type tyrosine kinase members
transduce an extracellular signal to the MAPK and PI3K/AKT pathways, lenvatinib inhibits
both pathways [4,6,31]. However, the mechanisms underlying lenvatinib resistance are
currently not well understood. It was reported that the activities of AKT and ERK decreased
and increased, respectively, in thyroid cancer cells treated with lenvatinib [32]. A MEK
inhibitor, selumetinib, enhanced the cytotoxic effects of lenvatinib [32], suggesting that
thyroid cancer cells switch cell growth modalities from AKT-dependent to MEK/ERK-
dependent mode to acquire resistance against lenvatinib. Therefore, molecular switches
between the two modes would provide important insights into lenvatinib resistance.

It is suggested that ER stress is involved in the regulation of AKT [23]. The sup-
pression of SOD2 activity by anticancer drugs increased ER stress via oxidative stress,
thereby inhibiting AKT, leading to apoptosis in HeLa cells [24]. Interestingly, SOD2 sup-
pression concomitantly activates ERK and inhibits P38MAPK and JNK [24]. In contrast, an
herbicide, paraquat, increases ER stress and activates AKT via PERK to promote epithelial-
to-mesenchymal transition in pulmonary epithelial cells [33]. A VEGFR2-targeted drug,
apatinib, was also shown to activate AKT via IRE1α activated by ER stress in esophageal
squamous cell carcinoma [34]. Thus, AKT regulation by ER stress likely depends on the
cellular context [23]. In liver cancer cell lines, NEAT1 or SOD2 knockdown activates
the PERK/EIF2α pathway. However, amelioration of ER stress by TUDC fails to restore
AKT activity. These results indicate that the NEAT1v1–SOD2 axis regulates AKT activity
independent of ER stress.

It was demonstrated that a hydrogen peroxide-producing enzyme, NADPH oxidase 4,
activates AKT to promote the growth and metastasis of lung cancer [35]. Therefore, hydro-
gen peroxide produced by SOD2 could be involved in the activation of AKT in liver cancer
cells overexpressing NEAT1v1. Moreover, a genome-wide screen using a CRISPR/Cas9
library identified that Kelch-like ECH-associated protein 1 deficiency conferred resistance
to sorafenib and lenvatinib in HCC cells [36]. Mechanistically, KEAP1 deficiency induced
the activation of nuclear factor erythroid 2-related factor 2, which decreased sorafenib-
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and lenvatinib-induced oxidative stress through the upregulation of antioxidative stress
factors [36]. These findings suggest that oxidative stress might play a central role in
NEAT1v1-induced chemoresistance. The clarification of the underlying mechanism may
provide a novel target for treating advanced HCC.

The recurrence of tumors is still a serious clinical problem, especially for systemic
chemotherapy for advanced HCC. The data based on the WST assay demonstrated signifi-
cant but modest sensitizing effects of NEAT1v1 knockdown to capivasertib, suggesting that
the efficiency of NEAT1v1 knockdown must be improved to achieve clinically significant
efficacy. In terms of this viewpoint, the recent successes of clinical trials using siRNAs or an-
tisense oligonucleotides that target hepatocyte RNAs [37–39] make it attractive to establish
NEAT1v1-targeting therapy in combination with capivasertib. Pre-clinical studies using
in vivo models will provide more clinically important information for the development of
a next-generation therapy for advanced HCC.

5. Conclusions

The NEAT1v1–SOD2 axis switches the growth modality from MEK/ERK- to AKT-
dependent mode in male HCC and hepatoma cell lines and confers sorafenib and lenvatinib
resistance. NEAT1v1 concomitantly sensitizes the liver cancer cell lines to an AKT-targeted
drug, capivasertib. These findings would provide valuable clues to enhance the efficacy of
sorafenib and lenvatinib treatment. Moreover, AKT would be a promising target for novel
drugs for advanced HCC treatment.
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Abstract: Hepatocellular carcinoma (HCC) accounts for the majority of primary liver cancers. Early
detection/diagnosis is vital for the prognosis of HCC, whereas diagnosis at late stages is associated
with very low survival rate. Early diagnosis is based on 6-month surveillance of the patient and the
use of at least two imaging modalities. The aim of this study was to investigate diagnostic markers for
the detection of early HCC based on proteome analysis, microRNAs (miRNAs) and circulating tumor
cells (CTCs) in the blood of patients with cirrhosis or early or advanced HCC. We studied 89 patients
with HCC, of whom 33 had early HCC and 28 were cirrhotic. CTCs were detected by real-time
quantitative reverse transcription PCR and immunofluorescence using the markers epithelial cell
adhesion molecule (EPCAM), vimentin, alpha fetoprotein (aFP) and surface major vault protein
(sMVP). Expression of the five most common HCC-involved miRNAs (miR-122, miR-200a, miR-200b,
miR-221, miR-222) was examined in serum using quantitative real time PCR (qRT-PCR). Finally,
patient serum was analyzed via whole proteome analysis (LC/MS). Of 53 patients with advanced
HCC, 27 (51%) had detectable CTCs. Among these, 10/27 (37%) presented evidence of mesenchymal
or intermediate stage cells (vimentin and/or sMVP positive). Moreover, 5/17 (29%) patients with
early HCC and 2/28 (7%) cirrhotic patients had detectable CTCs. Patients with early or advanced
HCC exhibited a significant increase in miR-200b when compared to cirrhotic patients. Our proteome
analysis indicated that early HCC patients present a significant upregulation of APOA2, APOC3
proteins when compared to cirrhotic patients. When taken in combination, this covers the 100% of
the patients with early HCC. miR-200b, APOA2 and APOC3 proteins are sensitive markers and can
be potentially useful in combination for the early diagnosis of HCC.

Keywords: HCC; CTCs; miRNAs; proteomics

1. Introduction

Liver cancer is the second-most lethal form of cancer, with a 5-year survival rate of
18% [1]. It is the sixth-most common cancer in terms of incidence rate, with nearly 800,000
cases reported annually. Recent evidence suggests that liver cancer incidence is increasing,
with a mortality rate estimate of more than 1 million in 2030 [1,2]. Hepatocellular carcinoma
(HCC) accounts for the majority of primary liver cancers. Early detection and diagnosis are
vital for the prognosis of the disease, whereas in patients with HCC that are diagnosed at
late stages, the odds are dismayingly low. Survival rates for advanced HCC vary by country,
with the one-year survival rate being approximately 20% after diagnosis [1–3]. The majority
of HCCs occur in patients with underlying liver disease, usually as a result of chronic
hepatitis B or C virus (HBV or HCV) infection, alcohol abuse or metabolic syndrome [4].

Chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) infections are major
global public health problems, with an estimated 1 million and 450,000 deaths yearly
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worldwide, respectively [5]. Up to 40% of patients with chronic hepatitis B virus infection
and approximately 20–30% of subjects infected with HCV are estimated to develop liver
cirrhosis. Most commonly, deaths occur from complications of liver cirrhosis, namely liver
failure and HCC [5].

In the absence of antiviral therapy, the prognosis for patients with HBV cirrhosis is
poor, with a 5-year survival of only 14%, compared to 84% in patients with compensated
HBV cirrhosis. Similarly, patients with HCV cirrhosis in the absence of anti-viral therapy
have a 67%–91% mortality rate due to liver-related causes, including HCC or hepatic
failure [6]. However, patients with HCV cirrhosis, even if cured of HCV infection, maintain
a significant risk of HCC development [6,7].

Non-alcoholic steatohepatitis (NASH) as a liver manifestation of metabolic syndrome
and obesity is rapidly increasing and is expected to become the predominant risk factor for
HCC in high-income regions in the coming years [7].

It is estimated that 2–5% of patients with cirrhosis will develop HCC annually [1,2].
For early detection of HCC, it is recommended that all patients with cirrhosis should
be under 6-month surveillance with ultrasound by an experienced radiologist. In the
presence of a nodule, a contrast-enhanced CT or MRI should be performed. A distinctive
pattern of hyper-enhancement in the arterial phase and washout in venous or delayed
phases is diagnostic for HCC. MRI screening for small HCC (≤3 cm) has 78.82% sensitivity,
78.46% specificity, 78.67% accuracy, 82.72% positive predictive value and 73.91% negative
predictive value [8]. For patients with nodules that are less than 1 cm in diameter, follow-up
imaging is mandatory [2,9].

Since early diagnosis is vital for the prognosis of HCC, it is easy to understand the
necessity of the development of diagnostic tools for the early diagnosis of HCC in cirrhotic
patients. In this study, we investigated various biological markers in the blood of patients
with early and advanced HCC and cirrhosis without HCC. The markers examined were:
circulating tumor cells (CTCs) of epithelial (epithelial cell adhesion molecule, (EPCAM),
mesenchymal (vimentin) and intermediate stage (surface major vault protein) subtypes
and a set of microRNAs (miRNAs) that are involved in HCC [10–13]: miR-122, which is
associated with metastasis and poor prognosis [2]; miR-200a and miR-200b, which have
been found as early markers of HCC development [14,15]; and miR-221 and miR-222,
which have been shown to target the cell-cycle-dependent kinase inhibitor p27 and induce
cell proliferation, metastasis and infiltration [15,16]. The blood of all these patients was also
examined for protein signatures using whole proteome analysis.

Previous evidence indicated the possibility of the use of multi-omics techniques prior
to the establisment of more accurate diagnostic tools in HCC [17,18]. Our aim was to
determine useful markers to predict the development of HCC at very early stages in
cirrhotic patients.

2. Materials and Methods
2.1. Patient Selection

A total of 117 patients were included in the study—mean age 65 ± 11 years, 87 (74%)
males. With respect to the etiology of the underlying liver disease, 41 (35%) cases were
viral-related, 39 (33%) alcohol- and/or metabolic-syndrome-related and 37 (31.6%) related
to other etiology (Table 1).

Concerning the presence of HCC, 89 patients had non-treated HCC (56 patients with
advanced and 33 with early HCC) and 28 were age-matched cirrhotic patients with no
evidence of HCC, based on imaging studies and normal serum aFP levels. Five healthy
controls were also recruited in the study. Total cellular RNA, serum miRNA and serum
proteins were extracted from the five healthy individuals, and the average value obtained
in each case was used as the reference value.

Early HCC was defined as a nodule ≤3 cm. Diagnosis of HCC was based on MRI-
characteristic hemodynamic pattern and/or liver biopsy. Whole blood, plasma and serum
samples were obtained from all patients.
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Table 1. Patient Characteristics.

HCC Patients (n = 89) Cirrhotic Patients (n = 28)

Median age, years (range) 65 ± 11 years 60 ± 7 years

Male sex, n (%) 67, (75%) 20, (71%)

Liver Disease, n (%)
Viral hepatitis 32, (36%) 9, (32%)
Non-viral hepatitis 57, (64%) 19, (68%)
HCC stage, n (%)
BCLC A 33, (37%) n/a
BCLC C 56, (63%)
Microvascular invasion
(Available data in 55 patients) 23, (26%) n/a

Serum aFP values >20 ng/ml
Early HCC 7/33 (21%) -
Advanced HCC 42/56 (75%) -
Cirrhotic - 0/28 (0%)

HCC, hepatocelllar carcinoma; BCLC, Barcelona Clinic liver cancer staging system; AFP, alpha fetoprotein; n/a,
not available.

The study was approved by the National and Kapodistrian University of Athens Med-
ical School Ethics Committee (Approval code: 029/19.11.18). All subjects gave informed
consent in accordance with the Declaration of Helsinki. Written informed consent was
obtained from every patient and healthy individual involved in this study. All methods
were performed in accordance with the relevant guidelines and regulations. The relatively
small number of patients included in the study is mainly due to the prospective nature
of the study, the availability of patients in the out-patient clinic and the restricted sample
collection time frame in order to obtain a meaningful follow-up period.

2.2. CTCs

Cells were isolated from 10 mL peripheral blood, and after treatment with erythrocytes
lysis buffer, the pellet was treated with TRIZOL reagent according to the manufacturer’s
instructions. Briefly, 2.5 mL freshly isolated peripheral whole blood samples was mixed
with 7.5 mL erythrocyte lysis buffer (ELB) and incubated on ice for 30 min, followed
by centrifugation 400 g/10 min/4 ◦C and lysis of the cell pellet using TRIzol Reagent
(Cat # 15596026, Thermo Scientific, Waltham, MA, USA). RNA extraction was performed
according to the manufacturer’s instructions and stored at−80 ◦C. The quantity and quality
of RNA samples was spectrophotometrically recorded (Biospec Nano, Kyoto, Japan).

2.3. MicroRNAs

Plasma miRNA was extracted with a Nucleospin miRNA plasma kit (Cat # 740971,
MACHEREY-NAGEL GmbH & Co. KG, Duren, Germany) according to manufacturer instructions.

2.4. cDNA Synthesis and Real-Time PCR

A Mir-X miRNA First-Strand Synthesis kit (Cat # 638316, Takara Bio Inc., Otsu, Shiga,
Japan) was used for the synthesis of first-strand cDNA from our purified miRNA samples
according to the manufacturer’s instructions. Complementary DNA samples were diluted
1:5 with nuclease-free water (Qiagen, Hilden, Germany) immediately after synthesis and
stored at −20 ◦C.

Total RNA (0.5µg) obtained from peripheral whole blood samples was reverse tran-
scribed using PrimeScript RT Reagent Kit (Perfect Real Time) (Cat # RR037A, Takara Bio Inc.,
Otsu, Shiga, Japan). Complementary DNA samples were diluted 1:10 with nuclease-free
water (Qiagen, Germany) immediately after synthesis and stored at −20 ◦C.
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Quantitative real-time polymerase chain reaction (qRT-PCR) was carried out using
the Bio-Rad IQ5 thermocycler and the Kapa Biosystems SYBR Green (Cat # KR0389, Kapa
Biosystems, Cape Town, South Africa).

Specific 5′ primer to amplify only miR-122, miR-221, miR-222, miR-200a and miR-
200b was synthesized according to Mir-X miRNA First-Strand Synthesis kit instructions
and the miRBase Sequence Database (University of Manchester: http://www.mirbase.org
assessed on 20 May 2018). Primer sequences are shown in Supplementary Table S1. As
a normalization miRNA, U6 snRNA control (reference) was used, supplied by the Mir-X
miRNA First-Strand Synthesis kit. Despite the fact that the quantitative determinations
of the miRNAs examined were not obtained using probes, the specificity of our assay
was induced by the isolation of only small-size RNAs from plasma; the primers were
selected under stringent conditions, and they were specific for only one target; and the PCR
conditions were set prior to favor the amplification of small molecules.

Specific primers to amplify only cDNA (exon-intron spanning) for circulating-tumor-
cell-related genes: MVP, EPCAM, vimentin, aFP and the normalization (reference) gene
GAPDH were designed using the Beacon Designer software. The sequences of each primer
set are shown in Supplementary Table S1.

The reaction was performed in a total volume of 20 µL per reaction and constituted of
2 µL of template cDNA, 0.4 µM of each primer, 10 µL 2× KAPA SYBR Green Mix (Kapa
Biosystems, Cape Town, South Africa) and ultra-pure water. A two-step amplification
protocol was applied, starting with step 1, with one cycle at 95 ◦C for 4 min followed step 2,
with 40 cycles at 95 ◦C for 5 s and 63 ◦C for 30 s. The specificity of the amplified products
was determined via melting curve analysis.

The threshold cycles (Ct) generated by the qPCR system were used to calculate relative
gene expression levels between different samples [13,19]. Briefly, the Ct of the target gene
was subtracted from the Ct of the reference gene for the two groups, and the relative
expression of each sample was determined using the 2−∆∆Ct method. All reactions were
performed in duplicate. The average value of the samples from the HC group in each case
was used as the reference sample.

The average calibrator ∆Cq value in EPCAM was obtained from these samples, and
individual ∆Cqs of the calibrator were within 2 SDs of the average calibrator ∆Cq value.
Samples were classified as positive for a particular gene if the 2−∆∆Cq was 2.0 or more
(i.e., 100% or more than what is found in healthy blood) [19]. Additionally, prior to the
determination of the cutoff points that would define positive from negative patients in the
case of CTC and miRNA markers’ ROC, curve analysis was carried out using biomarkers’
continuous variables (Figure S1).

2.5. Immunofluorescence Staining (IF)

Peripheral blood (10 mL) was centrifuged, and the cells were resuspended in RPMI
10% FBS. The cells were then cultured on chamber slides for 6 hrs, and they were stained
by a direct immunofluorescence method. Cells were rinsed in PBS and fixed with ice-cold
80% methanol for 10 min at room temperature. Firstly, they were stained with anti-EPCAM
and anti-MVP fluorescent primary antibodies for 1 hr at room temperature, and they were
then permeabilized with 0.5% Triton X-100 (Cat # 9002-93-1, Sigma Aldrich, St. Louis, MO,
USA) for 10 min. They were then incubated with the anti-vimentin fluorescent primary
antibody again for 1 h at room temperature. The antibodies used were Texas Red conjugated
anti-EPCAM (1:100), Alexa fluor 480 anti-Vimentin (1:100) and Alexa fluor 647 anti-MVP
(1:100) (Cat # ab286811, ab195877, ab208627, respectively, all from Abcam, Cambridge,
UK). After 3 washes, samples were stained with 4′,6-diamidino-2-phenylindole (DAPI)
(1 µg/mL) for viewing with a microscope (Olympus BX40, Tokyo, Japan). Patients were
considered positive for the existence of CTCs when more than 10 EPCAM-positive cells
were detected in 5 mL of blood.
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2.6. Proteome Analysis
Liquid Chromatography Mass Spectrometry (LC MS)

For each patient and normal sample, 30 µL of serum was analyzed. Peptides were
separated with an Acclaim Pepmap 75 µm × 50 cm on an Ultimate 3000 nano LC system
set at 40 ◦C. The HPLC was performed using 350 nl/min flow with 0.1% formic acid in
water as solvent A and as 0.1% formic acid in acetonitrile as solvent B. For each injection,
500 ng was loaded and eluted with a linear gradient from 8% to 24% buffer B over 50 min;
then, the gradient was ramped up to 36% buffer B over 10 min. The column was washed
with 100% buffer B for 5 min and was left to equilibrate to 8% buffer B for 15 min.

The gas phase fractionation (GFP) of the pooled sample was performed using 12 × 50 m/z
windows ranging from 400–1000 m/z at 60,000 MS1 with an AGC of 3 e6 for 60 ms and
MS2 at 30,000 with an AGC of 1 × 106 for 60 ms; NCE was set to 27, and +2H was assumed
as the default charge state. The GPF-DIA acquisitions used 4 m/z precursor isolation
windows in a staggered window pattern with optimized window placements.

The DIA conditions for the sample analysis were (a) measured at 390–1010 m/z with
60,000 resolution and an AGC target of 3e6, IT of 60 ms for MS1, and (b) 76 × 8 m/z DIA
isolation windows were measured at 15,000 resolution in a staggered-window pattern with
optimized window placements from 400 to 1000 m/z using an NCE 0f 27 at a +2 default
charge state.

Data processing proteomics:
The raw files from GFP were overlap demultiplexed with 10 ppm accuracy after peak

picking in ProteoWizard (version 3.0.18299). Searches were performed using EncyclopeDIA
(version 0.9), which was configured to use default settings: 10 ppm precursor, fragment and
library tolerances. EncyclopeDIA was allowed to consider both B and Y ions, and trypsin
digestion was assumed.

The created library was imported in skyline (version 20.1) by removing repeated
peptides. The raw files were imported and reintegrated by an m-prophet model with
1:1 decoys, and the peptides were filtered for dotp >0.7. The total fragment areas for each
peptide were exported, and all peptides corresponding to a protein were summed. The
statistical analysis of the samples was performed in Perseus version (1.6.10.0). The total
fragment area of each protein from the previous step was normalized to the total area of
the sample.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [1] partner repository with the dataset identifier PXD033306.

2.7. Statistical Analysis

Statistical analysis was performed by SPSS V23 (SPSS software; SPSS Inc, Chicago, IL,
USA) and ROC curves were performed using the MedCalc® Statistical Software, version
20.113 (MedCalc Software Ltd., Ostend, Belgium; https://www.medcalc.org; accessed on
21 August 2022). Data were expressed as frequencies, mean ± SD, or median with in-
terquartile range (IQR), as appropriate. Quantitative variables were compared using
Student’s t-test or Mann–Whitney test for normally distributed and non-normally dis-
tributed variables, respectively. Qualitative variables were compared with Chi-squared
test or Fisher’s exact-test, as appropriate. The relationships between quantitative variables
were assessed using the Spearman’s correlation coefficient. All tests were two-sided, and
p values < 0.05 were considered to be significant.

3. Results
3.1. CTCs

Circulating tumor cells of all types were detected in the serum of patients with HCC
of all stages. Detection was obtained by qRT-PCR in total RNA isolated from peripheral
blood and by immune-fluorescence in blood cells. Cells and cellular RNA were evaluated
in 53 out of 56 patients with advanced HCC, in 17 out of 33 patients with early HCC and in
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all 28 patients with cirrhosis (Figure 1). Only patients that were positive both for IF and
qRT-PCR were considered positive for the existence of CTCs (Figure 1).
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Figure 1. Flow cart of the patients involved in the experimental procedure.

Out of 53 patients with advanced HCC who had been evaluated, 27 (~51%) presented
evidence of CTCs (Table 2). Ten patients out of twenty-seven, exhibited mesenchymal-type
CTCs, presenting high vimentin and low EPCAM expression. Six of the patients with CTCs
of mesenchymal subtype also presented evidence of sMVP too, as was observed by IF,
whereas four patients showed sMVP expression (intermediate differentiation) without ex-
pressing vimentin. The remaining patients presented CTCs of epithelial subtype expressing
only EPCAM (Figure 2a,b).

Table 2. Synopsis of the results indicating the presence of CTCs in each group.

EPCAM Vimentin AFP sMVP

Advanced HCC (53 pts) 27/53 10/53 12/53 6/53
Early HCC (17 pts) 5/17 3/17 1/17 1/17
Cirrhosis (28 pts) 2/28 1/28 1/28 0/28

Pts: patients; aFP: alpha fetoprotein; EPCAM: epithelial cellular adhesion molecule; sMVP: surface major
vault protein.

In patients with early HCC, 5 (29%) out of 17 patients who had been evaluated
presented evidence of CTCs. Three out of five showed high vimentin expression, and one
out of three additionally presented sMVP expression. Comparison of the actual numbers of
CTCs of any type suggested that individuals with advanced cancer presented significantly
higher number of CTCs compared to individuals with cirrhosis (p = 0.009) (Figure 1a,b). In
patients with cirrhosis, 2 (7%) out of 28 presented evidence of CTCs, and 1 of them also
presented high vimentin levels (Table 2) (Figure 2a,b). During a 2-year follow-up period,
none of these patients developed HCC.
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Figure 2. Detection of circulating tumor cells (CTCs) in the blood of cirrhotic and cancer patients:
(a) detection of CTCs via immunofluorescence in the three different groups of patients.; (b) real-time
quantitative reverse transcription PCR analysis for the detection of circulating cells expressing ep-
ithelial cellular adhesion molecule (EPCAM), vimentin and sMVP (Pearson chi-square test). DAPI:
4′,6-diamidino-2-phenylindole; sMVP: surface major vault protein; HCC: hepatocellular carcinoma.
(c) Detection of microRNAs (miR) in the blood of hepatocellular carcinoma (HCC) and cirrhotic pa-
tients indicated that miR-200b presented significant difference between cirrhotic and early/advanced
HCC (Mann–Whitney test), (* p < 0.05).

aFP was measured in the serum and in the blood isolated mRNA of patients. aFP
expression in CTCs was detected in 12 out of the 27 EPCAM-positive patients with ad-
vanced HCC and in the majority of the cases was associated with the existence of vimentin.
Expression of aFP was observed only in one out of five early HCC patients with detectable
CTCs who also had elevated serum aFP levels (56 ng/mL). Finally, in cirrhotic patients,
aFP expression (qRT-PCR) was observed in one out of two patients with CTCs, and one
of these two patients exhibited vimentin expression. Regarding serum aFP levels, only
7 out of 33 (21%) patients with early HCC had elevated levels (>20 ng/mL), in contrast to
42 out of 56 (75%) patients with advanced HCC. None of the cirrhotic patients had elevated
serum aFP (Table 1).

The presence and subtypes of CTCs in all groups studied did not correlate to the type
of underlying liver disease (viral/non-viral).

147



Curr. Issues Mol. Biol. 2022, 44

3.2. MiRNAs

MiRNAs from the plasma of patients were evaluated in 43 out of 56 patients with
advanced HCC, in all 33 patients with early HCC and in 20 out of 28 cirrhotic patients.

Quantitative analysis of the five most important miRNAs associated to diagnosis and
prognosis of HCC (miR-122, miR-200a, miR-200b, miR-221 and miR-222) suggested that
the only marker that was significantly associated with early HCC was miR-200b. Patients
with either early or advanced HCC presented a significant upregulation in miR-200b levels
compared to the cirrhotic patients (Figure 1c). Furthermore, miR-200b upregulation was
observed in all patients that presented CTCs, and it was proportional to EPCAM elevation
as was monitored by qRT-PCR (Table 3). miR-200b level did not correlate to the type of
underlying liver disease (viral/non-viral).

Table 3. miRNA upregulation in comparison with CTCs.

(i)

EPCAM Vimentin AFP sMVP

Cirrhotic
miR-200b * 2/2 * 1/1 * 1/1 0/2
miR-122 * 2/2 * 1/1 0/1 0/2
miR-221 0/2 0/1 0/1 0/2
miR-222 0/2 0/1 0/1 0/2
miR-200a 0/2 0/1 0/1 0/2

Early HCC
miR-200b * 4/5 * 3/3 * 1/1 0/1
miR-122 * 3/5 * 1/3 0/1 0/1
miR-221 * 2/5 0/3 0/1 0/1
miR-222 * 3/5 * 1/3 0/1 0/1
miR-200a 0/5 0/3 0/1 0/1

Advanced HCC
miR-200b * 7/27 * 7/10 * 3/12 * 2/6
miR-122 * 11/27 * 9/10 * 7/12 * 4/6
miR-221 * 5/27 * 5/10 * 3/12 * 2/6
miR-222 * 12/27 * 8/10 * 10/12 * 4/6
miR-200a * 3/27 * 3/10 * 3/12 0/6
(ii)
miR-200b Cirrhotic Early HCC Advanced HCC

CTCs 2 4 7

No CTCs 1 2 3

miR-122 Cirrhotic Early HCC Advanced HCC

CTCs 2 3 11

No CTCs 7 7 6

miR-221 Cirrhotic Early HCC Advanced HCC

CTCs 0 2 5

No CTCs 13 8 9
miR-222 Cirrhotic Early HCC Advanced HCC

CTCs 0 3 12
No CTCs 13 7 8

miR-200a Cirrhotic Early HCC Advanced HCC

CTCs 0 0 3
No CTCs 7 4 6

* The patients that presented miRNA upregulation also presented EPCAM, vimentin, AFP and sMVP upregulation.
(i) Pathological expression of different miRNAs in patients that presented CTCs of various subtypes (EPCAM,
vimentin, sMVP). (ii) Correlation of CTCs with the pathological expression of miRNAs.
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3.3. Proteomics

Proteomics were evaluated in all patients of this study; 56 with advanced HCC, 33 with
early HCC and 28 with cirrhosis.

By defining high-stringency criteria, a total of 228 proteins that show a statistically
significant difference in expression between patients with early HCC, cirrhotic patients and
patients with advanced HCC were identified (Figure 3a). To determine markers that will
be useful for determining early HCC, a proteomic comparison was performed between
patients with cirrhosis and patients with early HCC with Student’s t-test.

The results were displayed on a volcano plot. A total of 53 proteins were found that
can be used as potential biomarkers to determine early HCC from cirrhosis. These proteins
were further tested using the Metascape online platform enrichment tool to determine
their function, the biological processes involved, their involvement in carcinogenesis and
possible protein interactions. Out of a total of 53 proteins, 31 were upregulated and 22
were downregulated in patients with early HCC compared to cirrhotic patients (Figure 3b).
The proteins that were up regulated in early HCC compared to cirrhotic were: AGT,
APCS, APOA1, APOA2, APOA4, APOC3, APOM, ARFIP1, C1RL, CFHR3, CLU, CPN1,
CPN2, DMRT2, F5, GC, HBA1, ITIH1, ITIH2, KLKB1, LRG1, OGT, PON3, PROS1, SAA4,
SERPINA4, SERPINC1, SERPIND1, SPG11, TTR and VTN. The significance of these proteins
is also presented in a heatmap in comparison to cirrhotic and HCC patients (early and
advanced) (Figure 3c).

These proteins were further analyzed in five central mechanisms involved in car-
cinogenesis: growth (Figure 4a), immune response (Figure 4b), angiogenesis (Figure 4c),
proliferation (Figure 4d) and metastases (Figure 4e). Seven proteins were which showed
the greatest statistical significance in terms of expression intensity as presented in the
thermograms in patients with early HCC as compared to cirrhotic patients were selected.
These proteins were APOA2, APOC3, CLU, OGT, APOD, VTN and HRG. CLU protein
(apoliporotein J) seems to be a very potent marker for HCC since it presented high statistical
significance, and it seems to be involved in many biological processes that are central to
HCC (Figure 4b,c,e,f). Examination of each of these markers and the remaining 24 of all the
31 markers that were found to be up regulated in the early HCC patients indicated that
none of these markers alone present the sensitivity or the specificity to stand as a diagnostic
or prognostic marker. However, the combination of APOA2 and APOC3 upregulation
covered 100% of the patients with early HCC. In detail, APOC3 was upregulated in 29/33
(88%) and APOA2 in 28/33 (85%) in early HCC patients. Both markers were also found to
be upregulated and in 2/28 cirrhotic patients.

Protein profile was not affected by the etiology of underlying liver disease. Data are
available via ProteomeXchange with identifier PXD033306.
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3.4. Clinical Significance of ApoA2, APOC3 and mir-200b

Receiver operating characteristic (ROC) analysis indicated the significance of both pro-
tein markers APOA2 and APOC3. APOA2 presented sensitivity of 84.95% and specificity of
89.29% with an area under the curve (AUC) of 0.81, and APOC3 presented 93.94% sensitiv-
ity and 89.29% specificity, AUC= 0.916 (p < 0.001 for both markers) (Figure 5a,b,d). miR-200b
presented sensitivity of 63.6% and specificity of 82.1%, AUC= 0.729 (p < 0.001) (Figure 5c,d).
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three markers combined.

4. Discussion

Early detection of HCC is associated with better prognosis and a five-year survival
of 40–70%, which drops dramatically in intermediate (3-year survival 10–40%) and ad-
vanced stages (<12 months) [1–3]. Therefore, early detection of HCC is crucial for the
survival of these patients. In clinical practice surveillance for HCC, ultrasound (U/S)
every 6 months in cirrhotic patients is mandatory for early detection, followed by contrast
enhancing images by computed tomography/magnetic resonance imaging (CT/MRI) for
confirmation. However, their sensitivity and specificity depend on size and type of HCC.
Liver biopsy is an invasive method that is not always feasible and sometimes not diag-
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nostic for various reasons. Having said that, detection of HCC at very early stages is still
a challenging task. Recent sophisticated omics techniques have been applied for HCC and
have reported possible prognostic models based on molecular signatures, but with low
sensitivity and accuracy [17–19]. Consequently, the necessity of the development of more
accurate and sensitive tools guiding early diagnosis and prognostic assessments in HCC
patients remains.

In this study, we combined the power of proteomics, CTCs and HCC-associated
miRNAs in the blood of patients with early HCC, advanced HCC and cirrhosis with no
obvious HCC, aiming towards the determination of novel and accurate HCC diagnostic
markers which could be combined for the development of a novel tool for the diagnosis
and/or prognosis of early HCC.

To our knowledge, the vast majority of studies that aim towards the determina-
tion of novel biomarkers in HCC compare cirrhotic patients or healthy controls to HCC
patients [17–20]. In this study, our aim was to investigate possible cellular and molecular
differences by analyzing the proteome and miRNA profiles of patients with specifically
early HCC in comparison to cirrhotic patients without HCC.

CTC analysis enables early cancer detection, prognosis prediction and therapy re-
sponse monitoring in patients with HCC. Despite this, translation of CTC analysis from
bench to patient is a challenging task mainly due to the fact of the heterogeneity of the stud-
ies in respect to detection techniques/technologies and the lack of standardized assays [16].
In this study, we determined epithelial, mesenchymal and intermediate-stage CTCs (EP-
CAM, vimentin and sMVP, respectively) via qRT PCR and IF. Furthermore, we examined
the expression of aFP by qRT-PCR.

Changes in cytoplasmic aFP expression have been found to be associated with the
expression of several metastasis-related mesenchymal proteins: keratin 19 (K19), EPCAM,
matrix metalloproteinase 2/9 (MMP2/9) and C-X-C motif chemokine receptor 4 (CXCR4).
According to this, aFP plays a critical role in promoting the metastasis of HCC. Furthermore,
aFP modulates the expression of PD-L1 and B7-H4, resulting in the immune escape of HCC
and consequently strengthening its ability to metastasize [20,21].

The notion that cancer epithelial cells are responsible for metastases tends to be
abolished [21]. On these grounds, the target of this study—in respect to CTC detection—was
to determine the tumor cells that switch or are prone to switching towards a mesenchymal
phenotype rather than to detect tumor epithelial cells. This may also explain the lower
number of advanced HCC patients that present CTCs in their periphery.

EPCAM expression is observed in epithelial cells and in cancer cells at early stages of the
epithelial to mesenchymal transition (EMT) [20–22]. Vimentin is a mesenchymal marker, and
sMVP is a marker of intermediate differentiation towards mesenchymal phenotype [10–13].

CTCs were detected in 51% of patients with advanced HCC, in 29% of patients with
early HCC and in 7% of cirrhotic patients. These patients presented evidence of epithelial
CTCs and of mesenchymal subtypes as was determined by both techniques. From our
findings, we can conclude that despite the fact that CTCs are considered to be associated
with advanced cancer, are predictors of prognosis [10–13,23,24] and are suitable for patient
monitoring, they are not suitable as a diagnostic tool for defining cirrhotic patients prone
to develop early HCC or for defining early HCC patients. For the markers examined, CTCs
seem to be a very sensitive prognostic marker but with rather low specificity since they
are also observed in some cirrhotic patients. Our results concur with several other studies
which demonstrated the presence of CTCs in at least 12% of cirrhotic patients [19,23].

With respect to miRNA analysis, miR-200a and miR-200b repression have been pro-
posed as early markers of HCC development [16,25]. It has been demonstrated that
miR-200b was highly expressed in the plasma-derived exosome of ovarian cancer patients,
promoting the proliferation and invasion of cancer cells. The proposed mechanism is the in-
duction of macrophage M2 polarization by suppressing KLF6 expression [25]. Furthermore,
miR-200b was significantly upregulated in patients with early HCC compared to cirrhotic
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patients, and miR-200b abnormal expression in serum was related to tumor occurrence
and development [26].

MiR-200b inhibits the epithelial to mesenchymal transition through ZEB1 and ZEB2
inhibition, allowing the expression of E-cadherin and leading to EMT inhibition. It also
reduces angiogenesis and inhibits the Notch 1 signaling pathway [27]. The Notch 1 mode
of action is controversial since initial evidence suggested it as a tumor suppressor. On the
other hand, there is growing evidence indicating that Notch 1 overexpression may also
exert an oncogenic effect [28].

In this study we found that patients with either early or advanced HCC presented
a significant upregulation in miR-200b levels compared to the cirrhotic patients. HCC
patients with CTCs exhibited significant upregulation of miR-200b that was proportional to
the elevation of EPCAM.

Taking into account the stability of miRNAs, a major question that arises is if the
levels of miR-200b in the blood remain constantly high so they can be detected and if they
remain high despite the absence of CTCs in the blood. Our results are rather controversial
when compared to other studies regarding the use of the miRNAs as useful prognostic
and diagnostic markers for HCC [24–29]. It seems that the majority of the mRNAs used in
this study, with the exception of miR-200b, apart from being present in a number of HCC
patients independently from the presence of CTCs were also expressed in a number of
cirrhotic patients (Table 3). Therefore, based on our evidence, they presented low specificity
to be used as diagnostic biomarkers.

In most proteomics studies in the literature, the comparison of biomarkers is amongst
cirrhotic, and generally, HCC patients at any stage rather than cirrhotic and early HCC
patients [30,31]. Our evidence suggests that advanced HCC patients present significantly
different proteome profiles when compared to early HCC patients. Therefore, we compared
the proteome profiles of non-HCC cirrhotic patients to those of patients with early HCC.

Proteomics analysis of these individuals led to the identification of a total of 31 markers,
which were upregulated in patients with early HCC compared to cirrhotic patients. These
markers were selected in respect to their significance in respect to upregulation in patients
with early HCC when compared to cirrhotic patients and to their significant involvement in
the five major cancer-related functions examined (growth, immune response, angiogenesis,
proliferation and metastases) as found in our study. Examination of the protein profile of
each cirrhotic and early HCC patient suggests that most of the markers, despite the initial
significance in the comparison between groups, may not be suitable as diagnostic markers
since they seem to lack specificity in many instances. Ideally, a marker should be capable
of identifying early HCC from cirrhotic patients. In this study, APOC3 protein—which
was found to have one of the highest significant differences in the comparison between
groups—was upregulated in 88% of patients with early HCC and in 2/28 (7%) cirrhotic
patients, whereas APOA2 was found to be expressed in 85% of early HCC patients and
in 2/29 (7%) cirrhotic patients. It is worth mentioning that when we examined both
markers, we covered 100% of the patients with early HCC. Apolipoproteins (APOs) have
been increasingly reported for their relationships with tumors [31]. In this study, several
apolipoproteins seem to be related to the development of early HCC (Figure 6). It has been
previously suggested that APOA2 can be used as a biomarker in HCC and in prostate
cancer [30,32]. Normally, APOA2 lipoprotein is mainly produced in the liver and is found
in plasma as a monomer, homodimer, or heterodimer with apolipoprotein D. These are all
involved to the catalysis of lipoproteins towards high-density lipoprotein (HDL) [31].
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Figure 6. Enrichment analysis of the biological processes related to the proteins found from the
proteomics analysis, where apolipoproteins seem to play a central role in hepatocellular carcinoma
(Metascape.org, accessed on 21 August 2022).

APOC3 is an inhibitor of lipoprotein and hepatic lipases, and it has been proposed
to inhibit the liver’s absorption of triglyceride-rich particles. At the cellular level, APOC3
appears to promote the assembly and secretion of triglyceride-rich low-density lipoprotein
(VLDL) particles from hepatocytes under lipid-rich conditions [33]. In cancer, APOC3
induces the NLRP3 inflammasome via caspase 8 and toll-like receptors 2 and 4 [33]. Cy-
tosolic caspase 8 is a mediator of death receptor signaling. Caspase 8 depletion induces
G2/M arrest, p53 stabilization and induction of p53-dependent intrinsic apoptosis in tumor
cells [34]. From the above, it can be understood that APOC3 is directly involved in cancer
progression, whereas APOA2 is a newly recognized biomarker in HCC [30–32].

In our quest towards the determination of novel biomarkers that will define HCC at
very early stages, our evidence suggests that a combined tool of three markers (miR-200b,
APOA2 and APOC3) could diagnose HCC at very early stages accurately and with high
sensitivity. Each of these markers separately presents greater sensitivity and specificity
than aFP, the traditionally used marker for HCC [35]. The detection of elevated serum aFP
levels in only 21% of early HCC observed in this study supports the above results.

We acknowledge that this study has limitations, which are mainly the small sample
size and the lack of a validation cohort. However, we believe that these preliminary data are
significant and prompt further investigation to elucidate the role of the proposed molecules
as a useful diagnostic tool for patients with cirrhosis prone to developing HCC.
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5. Conclusions

Our evidence suggests that patients with early HCC present with a distinct proteome
profile when compared to cirrhotic patients. The combined upregulation of APOA2 and
APOC3 can be used as an accurate and sensitive diagnostic tool for the diagnosis of early
HCC. Moreover, based on our findings, the increased levels of miR-200b in serum could
also contribute to the identification of early HCC development. Finally, CTCs, although
significantly increased in patients with advanced HCC in our study, showed low specificity
in the distinction between HCC and non-HCC patients. Further confirmation of the above
results in larger studies may highlight the utility of combined proteomics and molecular
biomarkers in the timely diagnosis of early HCC and in individualized cancer management.
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Abstract: Non-small-cell lung cancer (NSCLC) accounts for most cancer-related deaths worldwide.
Liquid biopsy by a blood draw to detect circulating tumor cells (CTCs) is a tool for molecular profiling
of cancer using single-cell and next-generation sequencing (NGS) technologies. The aim of the study
was to identify somatic variants in single CTCs isolated from NSCLC patients by targeted NGS.
Thirty-one subjects (20 NSCLC patients, 11 smokers without cancer) were enrolled for blood draws
(7.5 mL). CTCs were identified by immunofluorescence, individually retrieved, and DNA-extracted.
Targeted NGS was performed to detect somatic variants (single-nucleotide variants (SNVs) and
insertions/deletions (Indels)) across 65 oncogenes and tumor suppressor genes. Cancer-associated
variants were classified using OncoKB database. NSCLC patients had significantly higher CTC
counts than control smokers (p = 0.0132; Mann–Whitney test). Analyzing 23 CTCs and 13 white
blood cells across seven patients revealed a total of 644 somatic variants that occurred in all CTCs
within the same subject, ranging from 1 to 137 per patient. The highest number of variants detected
in ≥1 CTC within a patient was 441. A total of 18/65 (27.7%) genes were highly mutated. Mutations
with oncogenic impact were identified in functional domains of seven oncogenes/tumor suppressor
genes (NF1, PTCH1, TP53, SMARCB1, SMAD4, KRAS, and ERBB2). Single CTC-targeted NGS
detects heterogeneous and shared mutational signatures within and between NSCLC patients. CTC
single-cell genomics have potential for integration in NSCLC precision oncology.

Keywords: circulating tumor cells; non-small-cell lung cancer; single cell next generation sequencing

1. Introduction

Lung cancer is by far the leading cause of cancer-related deaths worldwide. Non-
small-cell lung cancer (NSCLC) accounts for >80% of all lung cancer subtypes [1]. Although
lung cancer screening of long-term smokers by low-dose computed tomography (LDCT)
significantly increases detection at curable stages and improves survival [2], 75% of NSCLC
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patients are diagnosed at advanced stages III–IV with 5-year survival rates of <25% [3]. The
eligibility of NSCLC patients with advanced disease to receive targeted therapy relies on
profiling of driver oncogenes and tumor suppressor genes mutation analyses performed on
invasive tumor tissue biopsies [4]. However, these tumor tissue biopsies are associated with
significant morbidities and costs. Due to these limitations, invasive biopsies are typically
only performed once and consequently do not reflect tumor evolution over time and
development of resistant clones during therapies [5,6]. Therefore, developing non-invasive
and repeatable, real-time diagnostic tests for NSCLC patients appears critical to improve
management [7].

Liquid biopsy approaches by a simple blood draw are minimally invasive and easily
repeatable alternatives to tissue biopsies [8]. For example, cell-free circulating tumor
(ct)DNA has evolved as a blood-based option to identify genetic tumor alterations for
NSCLC and other cancer patients [9,10]. Whereas ctDNA release is thought to be related
to tumor cell turnover [11,12], circulating tumor cells (CTCs) are shed into the blood from
the primary tumor [13] and may be reflective of tumor resistance to treatment. ctDNA is
a useful biomarker to predict disease recurrence following surgical tumor resections and
is a predictor of treatment responses in solid cancers, such as in patients suffering from
malignant melanoma [14]. CTC-derived DNA may also offer mutational insights into future
metastatic recurrences, as CTCs represent a whole cancer and—in some cases—exhibit
tumorigenic properties [15]. Importantly, recent studies suggest that CTCs exhibit unique
genetic alterations that are not detected in ctDNA, whereas ctDNA can reveal genomic
alterations not detected in CTCs [16]. These findings of unique mutations detected by
different liquid biopsy modalities provide a strong rationale for further exploration of CTC
single-cell sequencing assays. Novel CTC sequencing liquid biomarker assays are likely to
provide novel information for NSCLC patients to investigate resistance mechanisms for
personalized medicine [8,17].

In this study, a CTC detection platform that integrates detection and single-cell retrieval
for targeted NGS of individual CTCs was applied to NSCLC patients. In a prospective
pilot trial, CTCs were enumerated and single CTCs (and control white blood cells (WBCs))
underwent targeted NGS to detect somatic variants in oncogenes and tumor suppressor
genes in liquid biopsies. To serve as risk-matched controls, long-term smokers without
lung cancer were recruited from a lung cancer screening program. Single CTC-targeted
NGS could detect heterogeneous and shared mutational signatures within and between
NSCLC patients. In addition to other liquid biomarkers, CTC single-cell genomics have
potential for integration in NSCLC precision oncology.

2. Materials and Methods
2.1. Enrollment of Subjects

Subjects were prospectively recruited at the Ellis Fischel Cancer Center at the Uni-
versity of Missouri (MU), consisting of 20 patients with pathologically confirmed NSCLC
and 11 high-risk chronic smokers without cancer determined by screening LDCT. Clin-
icopathologic data were obtained from chart review. The TNM staging manual of the
American Joint Committee on Cancer (AJCC, Chicago, IL, USA; 8th edition) was applied. A
healthy volunteer blood donor was included for validation of the platform by spiking with
a known number of human NSCLC adenocarcinoma cell line A549 cells. Studies involving
human subjects were approved by the University of Missouri Institutional Review Board
(MU IRB Number 2010166; approved 16 April 2016) and were performed according to the
Helsinki Declaration.

2.2. CTC Enumeration with NSCLC Cell Line Cells Spiked into Healthy Human Blood and Study
Subjects’ Blood Samples

In alignment with the traditional definition of a CTC of the FDA-approved CellSearch®

platform, a multi-parameter immunofluorescence staining pattern analysis was performed
and identified a CTC as CK/EpCAM+ (epithelial markers) and CD45- (WBC marker) with
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a DAPI+ nucleus (Supplementary Figure S1A). The mean fluorescent intensity values of
the whole cell were used to distinguish strong from weak staining for each biomarker. A
comparison of multiple slides of cancer cells and WBCs showed that tumor cells consis-
tently displayed strong CK/EpCAM, and weak CD45 staining compared with WBCs in
the same sample that had weak CK/EpCAM and strong CD45 expression (Figure 1A).
Based on the explicit and distinct pattern of tumor cells, a cut-off was used to define tumor
cells with mean fluorescent intensity for CK > 500, EpCAM > 100, and CD45 < 100. For
initial validation of the technology (AccuCyte; RareCyte, Seattle, WA, USA) [18] before
testing clinical samples, blood samples of a healthy control donor were spiked by single-cell
micropipetting with a known number (N = 0, 100, 200, 1000) of human NSCLC adeno-
carcinoma cancer cells (A549; ATCC) with the analytic personnel being blinded. Results
showed a similar immunofluorescence staining profile between the reference spiked A549
cell line in healthy donors’ blood and detected CTCs from study subjects (spiked/retrieved:
0/0; 100/76; 200/208; 1000/1223; linear regression r2 = 0.999) (Supplementary Figure S1B).
Following validation of correlation with a variety of spiked cancer cells, the same protocols
were applied to the clinical samples of NSCLC and screening subjects.
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Figure 1. Four-channel fluorescent images of circulating tumor cells (CTCs) detected in NSCLC pa-
tients’ blood (7.5 mL). CTCs from two different NSCLC patients are shown, identified as cytokeratin 
(CK)/EpCAM+ and CD45- cells with DAPI+ nuclei. (Magnification ×10). 
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Figure 2. CTC counts in the study populations. (A). CTC counts in high-risk controls (long-term 
smokers) without cancer and patients diagnosed with NSCLC. (B). Distribution of CTC count for 
NSCLC patients by tumor stages, separating them in localized/loco-regional stage I–III versus ad-
vanced, metastatic stage IV. (Scatter dot plots; p values were calculated with Mann–Whitney test). 
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Figure 1. Four-channel fluorescent images of circulating tumor cells (CTCs) detected in NSCLC
patients’ blood (7.5 mL). CTCs from two different NSCLC patients are shown, identified as cytokeratin
(CK)/EpCAM+ and CD45- cells with DAPI+ nuclei. (Magnification ×10).

Phlebotomies were performed and blood (7.5 mL) was collected in AccuCyte BCT
tubes and shipped overnight to RareCyte Inc. (Seattle, WA, USA) for CTC enumeration
and single-cell retrieval of CTCs and WBCs in NSCLC patients. Processing was performed
using the AccuCyte sample preparation system to isolate nucleated cells and spread them
evenly onto SuperFrost™ Plus Microscope Slides (Fisherbrand™, Fisher Scientific, Hampton,
NH, USA). The slides were air-dried at room temperature and banked for later staining
(stored at −20 ◦C). Enumeration and retrieval of CTCs and WBCs were performed using
CyteFinder® instrument based on CF405, Sytox Orange, CF647, and QD800 tags to target
the Pre-label, Nucleus, CK/EpCAM, and CD45, respectively. Slide images were analyzed by
CyteMapper® software. Then, cells were individually retrieved and dispensed in PCR tubes
for downstream NGS. CTCs were defined by nuclear size ≥8µm in diameter, presence of a
well-defined and visible cytoplasm, and immunofluorescence staining in the corresponding
channels of predicted biomarkers (CK+ and/or EpCAM+, CD45-, DAPI+ nucleus).
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2.3. Targeted NGS of Single CTCs

For targeted NGS sequencing of single CTCs, the CleanPlex OncoZoom Panel kit
(Paragon Genomics, Inc., Hayward, CA, USA) was used, with a modified protocol to
sequence single cells. Standard bioinformatic and visualization workflows for dissemina-
tion of sequence data were applied. DNA was extracted from a sorted single cell using a
Single Cell Lysis Kit (cat. 4458235; Thermo Fisher Scientific, Indianapolis, IN, USA). Six
microliters of total reaction volume was used for first-step amplification. To establish the
single-cell retrieval protocol, we used human lung cancer cells (A549) spiked into healthy
blood. We retrieved three A549 cells and two WBCs from the healthy donor blood. For
subsequent analysis of clinical samples, a targeted-genome amplification and sequencing
of 2–6 CTCs and 1–2 WBCs per patient was performed covering 601 amplicons in 65 genes.
Concentration and quality of prepared libraries were assessed via fragment analysis using
the Advanced Analytics High Sensitivity NGS Fragment Analysis Kit (cat. DNF-474-0500;
Agilent, Santa Clara, CA, USA). An individual library quality ratio score was determined
by dividing the fragment analysis trace concentration (ng/µL) (250–350 bp peak concentra-
tion) by the fragment peak concentration (ng/µL) (150–190 bp). The intent was to remove
samples with higher concentration of primer dimers and to remove samples with low
concentration of library fragments, presenting poor quality with ratio scores less than 1.
Passing libraries were denatured, pooled and diluted to a final loading concentration of
1.5 pMol prior to sequencing on the NextSeq 500 system at 2 × 151 bp using the NextSeq
Mid Output v2 (300 cycle) kit (cat. 15057939; Illumina, San Diego, CA, USA). FASTQ
files were pre-processed for adapter trimming using cutadapt version 1.18 [19] and then
assessed using FastQC [20] and MultiQC [21]. The paired-end reads were aligned to the
GRCh37 human reference genome with bwa version 0.7.17 [22]. Subsequent analysis was
restricted to the targeted regions of the panel; variant calling was performed in the targeted
regions of the OncoZoom panel with 100 bp of padding. The resulting BAM files were
cleaned using the base quality score recalibration provided by GATK v. 4.1.9.0 [23].

2.4. Somatic Variant (SNVs and Indels) Analysis

Somatic single-nucleotide variants (SNVs) and insertions/deletions (Indels) were
called using Mutect2 in GATK v. 4.1.9.0 for each subject individually with the gnomAD
database as a “germline-resource” from the GATK resource bundle (https://console.cloud.
google.com/storage/browser/genomics-public-data/resources/broad/hg38/v0, accessed
on 20 January 2021). Multi-sample mode of Mutect2 [24] was run for a joint analysis that
included all CTCs to determine the shared variants among the CTCs within a subject. Then,
Mutect2 was run for each individual CTC separately to determine variants in ≥1 CTCs
within a subject. Initial variant filtering used FilterMutectCalls with default parameters
followed by annotation using ANNOVAR allele frequency and gene information [25]. A sec-
ond filtering according to the Minor Allele Frequency (MAF) ≥1% in the 1000 Genomes [22]
and ExAC databases [26] was performed. Additional annotation by RefSeq Gene definition
was performed to predict the variant’s genomic region and corresponding gene name [27].
The shared variants in all CTCs across the samples were grouped by gene. The variants
in genes shared by at least two subjects were matched with a potential oncogenic impact
according to the open access OncoKB database [28] that annotates biological and oncogenic
effects and the prognostic significance of somatic molecular alterations, including the ones
predictive of drug responses based on US Food and Drug Administration (FDA) labeling.
They were visualized in lollipop plots illustrating the genomic position and functional
impact of these variants using cBioPortal MutationMapper [29,30].

2.5. Statistical Analysis

Statistical analyses were performed with R version 4.0.2 [31] and Prism v8.0.1 (GraphPad
Software, San Diego, CA, USA). To compare non-parametric CTC counts between two groups,
the Mann–Whitney test was applied. A p value of <0.05 considered statistically significant.
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3. Results
3.1. Clinical Characteristics of Subjects

A total of 31 subjects were prospectively enrolled. Out of these, 20 patients were
diagnosed with NSCLC and 11 subjects were risk-matched controls consisting of long-
term smokers (all ≥30 pack years) without evidence of lung cancer on screening LDCT
scans of the chest. Clinical characteristics of all 31 study subjects are described in Table 1.
NSCLC patients were staged by AJCC classification as localized/loco-regional disease
stage I-III in N = 9 (45%) and metastatic stage IV in N = 11 (55%). No significant differences
were observed between the two study groups of cancer patients and controls with regard
to relevant clinical parameters, such as age and extent of smoking history (defined by
pack years).

Table 1. Subjects’ characteristics.

N

Total number of of subjects 31

NSCLC patients 20 (65%)

Median age (range) 66 (55–75)

Gender

• Females
• Males

14 (70%)
6 (30%)

Smoking history
Never-smokers
Smokers

• Pack years <5
• Pack years ≥5–30
• Pack years ≥30

3 (15%)
17 (85%)

1 (6%)
2 (12%)

14 (82%)

Tumor stage (TNM/AJCC 8th ed.)

• I–III (localized/locoregional disease)
• IV (metastatic)

9 (45%)
11 (55%)

Histologic subtype

• Adenocarcinoma
• Squamous cell carcinoma

13 (65%)
7 (35%)

Smokers without cancer 11 (35%)

Median age (range) 67 (52–76)

Gender

• Females (%)
• Males (%)

7 (64%)
4 (36%)

Smoking history

• Pack years ≥30 11 (100%)

3.2. CTC Enumeration in NSCLC Patients and Chronic Smokers without Cancer

A multiplex immunofluorescence approach identified a CTC as CK/EpCAM+ (ep-
ithelial markers) and CD45- (WBC marker) with a DAPI+ nucleus (Figure 1). Following
validation of protocols and the CTC detection technology in blinded spiking experiments
with A549 lung cancer cells into healthy human blood (supplementary Figure S1A,B), CTCs
were detected in 12/20 (60%) of NSCLC patients at a mean of 13.4 ± 1.78 SEM with a
median of 1 (range 0–237) (Table 2). In long-term smokers without cancer, CTCs were
detected in 2/11 (18%) subjects with a mean of 0.18 ± 0.12 SEM and a median of 0 with a
range of 0–1. A statistically significantly higher number of CTCs were found in NSCLC
patients compared to control long-term smokers without lung cancer as determined by
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LDCT screening (p = 0.0132; Mann–Whitney test) (Figure 2A). Subsequently, we compared
the CTC counts between NSCLC patients according to tumor stage, grouping patients into
two categories: patients with localized or loco-regional cancer disease (stage I–III) and
patients with metastatic disease (stage IV). The mean CTC count was clearly higher in
metastatic/stage IV NSCLC patients ((mean 23.45 ± 21.36 SEM; median 2 (range 0–237))
than non-metastatic stage I–III patients ((mean 1.11 ± 0.70 SEM); median 0 (range 0–6)),
although not reaching level of statistical significance (p = 0.0651) (Figure 2B).

Table 2. CTC enumeration in control high-risk subjects without cancer and NSCLC patients.

N Circulating Tumor Cells/7.5 mL Blood p Value

Present (%) Mean (±SEM) Median (Range)

Smokers without cancer 11 2 (18%) 0.18 (±0.12) 0 (0–1)

NSCLC patients 20 12 (60%) 13.40 (± 11.78) 1 (0–237) 0.0132 *

NSCLC tumor stage

• I–III (non-metastatic)
• IV (metastatic)

9
11

3 (33%)
9 (82%)

1.11 (±0.70)
23.45 (±21.36)

0 (0–6)
2 (0–237) 0.0651 †

* Comparing smokers without cancer vs. NSCLC, † comparing stage I–III vs. IV: Mann–Whitney test.
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Figure 2. CTC counts in the study populations. (A). CTC counts in high-risk controls (long-term
smokers) without cancer and patients diagnosed with NSCLC. (B). Distribution of CTC count for
NSCLC patients by tumor stages, separating them in localized/loco-regional stage I–III versus
advanced, metastatic stage IV. (Scatter dot plots; p values were calculated with Mann–Whitney test).

3.3. Characterization of Single CTCs Somatic Variants in NSCLC Patients

Seven NSCLC patients (stage I: N = 2; metastatic stage IV: N = 5) that had ≥2 CTCs
detected were selected for single-cell sequencing (Table 3). A total of 36 single cells (23 CTCs
and 13 WBCs) from these seven NSCLC patients underwent targeted NGS. As we processed
an input with low library DNA concentration, only libraries with a library quality ratio score
of greater than 1 with clean amplification of the targeted region in the fragment analysis (as
defined in the methods) were combined and sequenced after quality-control examination
of library DNA concentrations and fragment sizes (Supplementary Figure S2A). With a
target of 500-fold coverage, we generated a total of 2,769 Mb data per sample, with a mean
of 76.9 and a range of 26 to 129 Mb per sample. A Phred score of 30 for all FASTQ files was
observed, indicating high base quality (supplementary Figure S2B).
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Table 3. NSCLC patients (N = 7) selected for single CTC sequencing.

Patient ID NSCLC
Stage

Number of
CTCs

Detected

Number of
CTCs

Sequenced

Number of
WBCs

Sequenced

Total Number of Shared
Variants Detected in All
Sequenced CTCs within

the Same Subject

Total Number of
Variants Detected
in ≥1 Sequenced
CTC within the
Same Subject

RL13 I 6 4 2 1 125
RL5 I 3 2 1 85 148

RL14 IV 3 3 2 72 121
RL16 IV 237 6 2 130 441
RL17 IV 7 3 2 91 147
RL19 IV 2 2 2 137 194
RL20 IV 3 3 2 101 245

CTC: circulating tumor cells, WBCs: white blood cells.

Somatic variants (the sum of all SNVs and Indels) were counted in sequenced CTCs
according to the number of appearances (1) within each subject and (2) across all seven
subjects to compare variant incidences and variant types in NSCLC patients. The number of
shared variants that were detected in all sequenced CTCs within a subject was determined
and is shown in Table 3. Adding up all variants shared by all sequenced CTCs within a
subject, a total of 644 shared variants were identified in all seven NSCLC patients combined.
After allele frequency filtering using a cutoff of <0.01 MAF based on the 1000 Genomes
and ExAC databases and as outlined in the methods, a total of 617 variants remained,
and these are summarized per patient in Table 3 (2nd last column). In the two stage I
patients, one patient (RL13) had only one variant shared by all CTCs, whereas 85 shared
variants were detected in all sequenced CTCs in the other stage I patient (RL5). In the five
metastatic/stage IV NSCLC patients, an increased number of variants shared by all CTCs
within the subject was found, ranging from 72 to 137.

Finally, variants detected in ≥1 CTCs (but not necessarily in all CTCs) within an
NSCLC patient were determined (Table 3; last column). A higher number of variants in
≥1 CTCs within a subject was detected in stage IV/metastatic patients in comparison to
the two stage I patients. The highest number of 441 shared variants in ≥1 CTCs was noted
within a metastatic NSCLC patient (RL16). In all seven NSCLC patients, the total number
of variants detected in ≥1 CTCs within the same subject ranged from 121 to 441.

3.4. Single CTC Somatic Variants Detected in Oncogenes and Tumor-Suppressor Genes

Variants detected in the 65 oncogenes and tumor-suppressor genes included in the
targeted NGS panel were classified (Table 4). Since some of the 617 shared variants detected
in all CTCs within a subjected listed in Table 3 appeared in ≥1 subject, the variants that
appeared more than once across the seven patients were counted only once. This reduced
the number of shared variants to a total of 598 in various genes. Analysis showed that 18
(27.7%) oncogenes/tumor-suppressor genes were highly mutated, defined as >10 somatic
variants detected per gene. Out of these 18 genes, 14 (77.8%) showed a shared somatic
variant by at least two patients (Table 5). The highest number of shared variants was
detected in the TP53 gene (four variants)—a known tumor-suppressor gene described in
multiple cancers, including NSCLC.

Shared somatic variants detected in CTCs among the seven NSCLC patients were
also matched against variants described in OncoKB [26], a knowledge base containing
somatic mutations in cancer-associated genes with diagnostic and therapeutic relevance.
Visualization plots were then generated to highlight genomic alterations and their potential
impact on specific functional domains of select genes. Variants in genes with known
impact in cancer were found in functional domains in 7 (50%) out to 14 oncogenes/tumor
suppressor genes (NF1, PTCH1, TP53, SMARCB1, SMAD4, KRAS, and ERBB2) (Figure 3).
With the only exception of PTCH1, 6/7 (85.8%) of these cancer-associated genes have been
described to be associated with NSCLC development.
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Table 4. Variants per oncogene/tumor-suppressor gene that were detected in all sequenced CTCs
within a subject (total number of variants per gene were combined from all seven subjects; variants
detected in ≥1 subject were counted once only, adding up to a total of 598 variants).

Gene Number of Variants

NF1 69
BRCA2 33
PTCH1 33

NF2 27
ATM 25
EGFR 24
ERBB3 24

PIK3CA 19
APC 17

BRCA1 17
RB1 13

SMARCB1 13
TP53 13

CDH1 12
CSF1R 11

NOTCH1 11
SMO 11
TERT 11
ABL1 10
MLH1 10
EZH2 9
FGFR2 9
SMAD4 9

DNMT3A 8
FBXW7 8
MTOR 8

CTNNB1 7
ERBB2 7
HNF1A 7

KIT 7
PIK3R1 7
PTEN 7
ALK 6

CDKN2A 6
PTPN11 6
ERBB4 5
JAK2 5
JAK3 5
RET 5

BRAF 4
KRAS 4

LOC100507346 4
STK11 4
VHL 4

FGFR3 3
FLT3 3

HRAS 3
IDH1 3
IDH2 3
KDR 3
MET 3

NPM1 3
TSC1 3
AKT1 2

FGFR1 2
GNAQ 2
GNAS 2
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Table 4. Cont.

Gene Number of Variants

NRAS 2
PDGFRA 2

ATM; C11orf65 1
FBXW7-AS1 1

GNA11 1
MAP2K1 1

MSH6 1

Table 5. Variants detected in oncogenes/tumor-suppressor genes in all sequenced CTCs within a
subject that were shared by ≥2 NSCLC patients.

Gene Number of Variants

TP53 4
NF1 2

SMARCB1 1
SMAD4 1
PTEN 1

PTCH1 1
MAP2K1 1

KRAS 1
JAK3 1

ERBB2 1
DNMT3A 1
CTNNB1 1

ABL1 1
ALK 1
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with shared somatic variants detected in ≥2 CTCs. Lollipop plots show the variant gene locations
and their predicted oncogenic impact, according to OncoKB database. In some genes, at the same
base position different mutations are observed in multiple individual CTCs. For example, in NF1
we observed a base substitution in coding sequence position of 1325 that results in the introduction
of a stop codon and, separately at the same base position, a base substitution occurs that alters the
conserved splice acceptor/donor site for exon/intron splicing. Colored boxes represent mutations
in specific functional domains (*: stop codon; mutation types: green: missense, black: truncating,
orange: splice, pink: others).

4. Discussion

In contrast to invasive lung cancer tissue biopsies, which are associated with significant
morbidities and costs, minimally invasive liquid biopsies by simple blood draws hold great
promise to improve clinical management of NSCLC. Liquid biopsies in cancer patients
can identify somatic variants and cancer-associated mutations at the time of diagnosis or
later on in real-time to allow precise adjustments of therapy management or monitoring of
disease progression [32]. Beyond CTC enumeration, the present study provides a technical
assessment of single CTC-targeted NGS in NSCLC patients. We successfully detected
and retrieved single CTCs using 7.5 mL of blood and then performed targeted NGS with
a panel targeting more than 2900 hotspots in 65 genes with known cancer-associations.
This approach led to identification of distinct and shared variants in and across NSCLC
patients’ single CTCs. Cancer-associated variants detected in single CTCs could be matched
to known cancer mutations from an established oncology knowledge base. Analysis of
a relatively low number of single CTCs per patient still allowed identification of key
oncogene and tumor suppressor gene variants known and not yet known to be associated
with NSCLC disease.

Current state-of-the-art molecular testing is performed by one-time invasive tumor
tissue biopsy. In some cases, low tumor cellularity requires even an invasive repeat biopsy,
which is again associated with morbidities, costs, and delay in care. In contrast to non-
cellular liquid biomarkers (e.g., ctDNA or extracellular vesicles), a CTC in the blood
represents a whole, morphologically intact tumor cell. Lung cancer patient-derived CTCs
can be tumorigenic in vivo in immunodeficient mice [15,33], indicating that micrometastatic
CTCs may carry mutations of future metastases. In our analysis of single CTCs retrieved
from seven NSCLC patients, somatic variants with potential oncologic impact were de-
tected in all CTCs analyzed. CTCs of at least two NSCLC patients shared variants in six
oncogenes/tumor suppressor genes: NF1, TP53, SMARCB1, SMAD4, KRAS, and ERBB2.
Variants in the NF1 tumor suppressor gene have been previously described to be present in
10% of NSCLC tumor tissues, and they are frequently paired with KRAS and ERBB cancer
driver variants [34]. Additionally, variants of the NF1 gene have been found relatively
frequently in male smokers and coexist with TP53 variants [35]. Several studies have
reported the TP53 gene variants as a predictor of NSCLC patients’ poor prognosis [34,36].
For instance, an analysis conducted using The Cancer Genome Atlas (TCGA) revealed
that NSCLC patients with TP53 variants had significantly shorter survival rates than those
without [36]. With regard to SMARCB1, gene variants and loss of expression were reported
in up to 5% of NSCLC cases and have been associated with poor clinical outcome [37].
The SMAD4 pathway has been identified as a potential target for tumor treatment [38].
The findings of that study indicated that variants of the SMAD4 gene play an important
role for NSCLC metastasis as they were observed in advanced stage IV patients only.
SMAD4 serum concentration also correlated with a malignant NSCLC phenotype that
was associated with metastasis and clinical progression [39]. In addition, SMAD4 and its
transcription factor play a regulatory function for many target genes, also increasing the
risk of cell tumorigenesis in lung cancer [40]. SMAD4 variants and related expression may
regulate the signal transduction pathways involved in NSCLC tumorigenesis, such as the
TGF-β/SMAD4 pathway [41]. KRAS variants were also detected in the current study in
single CTCs. KRAS variants have been detected in 51% of advanced NSCLC patients, which
included older patients and current or former smokers [42]. This study also showed a
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higher prevalence of 51% of KRAS variants in NSCLC adenocarcinoma patients, in contrast
to previously reported prevalence of 20–40% [42]. We also detected variants in the ERBB2
gene in single CTCs in our cohort, a well-known driver oncogene in NSCLC [43]. ERBB2
gene is a member of the EGFR family that is involved in several biological scenarios in
malignant diseases [44]. It has been demonstrated that ERBB2 is involved in a series of
cancer-associated processes, such as cell proliferation, cell survival, and differentiation [45].
With regard to these oncogenes and tumor suppressor genes, previously published results
in NSCLC are in concordance with our findings on cancer-associated genes that were
found to be mutated in single CTCs of NSCLC patients. Findings support that single CTCs
identified using the platform in our study with criteria also applied by the FDA-approved
CellSearch® system can be analyzed individually by targeted NGS to identify variants in
known NSCLC-associated oncogenes and tumor suppressor genes. As a liquid biopsy
modality, single CTC-seq analyses may provide a complementary technology to assist
clinicians for better management of NSCLC patients using a non-invasive protocol with a
small sample of peripheral blood.

There are several limitations with the present pilot study. Most important is that the
cohort is a small sample size, so the analysis has limited power. The study lacks mutational
information on the matched tumor tissues that were not analyzed for comparison with the
targeted sequencing performed on single CTCs. Matched-tumor tissues for comparative
analyses were not available in our study. Additionally, we performed testing just at one
timepoint, which did not allow us to study longitudinal changes of detected somatic
variants over time. Longer follow-up times, particularly in screening subjects without
cancer, and our focus on initial diagnosis resulted in determining mutations at a single
time point only. Finally, we did not compare CTC-seq data with other genetic liquid
biopsy modalities, such as ctDNA, to correlate findings on CTCs with other liquid biopsy
technologies. In particular the integration of CTC-seq with ctDNA findings promises more
comprehensive profiling of NSCLC-associated mutations by liquid biopsy.

In summary, our study presents a robust method of CTC detection in NSCLC patients
and, as a critical addition, an option for genetic profiling of single CTCs. Distinct and shared
variants within and across NSCLC patients can be identified in oncogenes and tumor sup-
pressor genes in single CTCs, even in cases with low CTC numbers. Further investigations,
including a larger prospective cohort of different tumor stages of NSCLC patients, will
be required for further validation. Single CTC variant detection by sequencing may have
potential clinical value for diagnosis and therapy management of NSCLC patients.
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Abstract: According to a report from the World Health Organization (WHO), the mortality and
disease severity induced by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) are
significantly higher in cancer patients than those of individuals with no known condition. Common
and cancer-specific risk factors might be involved in the mortality and severity rates observed in the
coronavirus disease 2019 (COVID-19). Similarly, various factors might contribute to the aggravation
of COVID-19 in patients with cancer. However, the factors involved in the aggravation of COVID-19
in cancer patients have not been fully investigated so far. The formation of metastases in other organs
is common in cancer patients. Therefore, the present study investigated the association between lung
metastatic lesion formation and SARS-CoV-2 infectivity. In the pulmonary micrometastatic niche of
patients with ovarian cancer, alveolar epithelial stem-like cells were found adjacent to ovarian cancer.
Moreover, angiotensin-converting enzyme 2, a host-side receptor for SARS-CoV-2, was expressed
in these alveolar epithelial stem-like cells. Furthermore, the spike glycoprotein receptor-binding
domain (RBD) of SARS-CoV-2 was bound to alveolar epithelial stem-like cells. Altogether, these
data suggested that patients with cancer and pulmonary micrometastases are more susceptible to
SARS-CoV-2. The prevention of de novo niche formation in metastatic diseases might constitute a
new strategy for the clinical treatment of COVID-19 for patients with cancer.

Keywords: alveolar epithelial stem cells; ACE2; SARS-CoV-2; COVID-19; RBD of spike glycoprotein;
metastatic microenvironment

1. Introduction

The United States and other countries have found it difficult to contain the coronavirus
disease 2019 (COVID-19) pandemic due to the spread through respiratory droplets of
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the inconsistent
adherence to effective public health measures, including wearing masks and maintaining
social distancing. According to the reports of the World Health Organization, the mortality
rate of cancer patients infected with SARS-CoV-2 is 7.6%, which is fairly higher than the 1.4%
mortality rate of individuals infected with SARS-CoV-2 without complications [1]. Among
patients with cancer and COVID-19, the 30-day all-cause mortality is high, i.e., a mortality
rate of 13.3%, and has been associated with general and cancer-specific risk factors [1,2].
Moreover, according to a report from the Japan Ministry of Health, Labor, and Welfare, as of
August 2020, the severity rate of patients with solid cancer infected with SARS-CoV-2 was
much higher than that of all patients infected with SARS-CoV-2 [3]. The reason why COVID-
19 is more severe in cancer patients is not fully understood. However, immunity against
the virus seems reduced in cancer patients receiving therapeutic anticancer agents [4].

Lung stem cells able to regenerate lung tissue are used in research on lung diseases,
including cancer and infectious diseases. Furthermore, it has become possible to prepare
a lung culture model using lung stem cells in the laboratory. However, the biological
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characteristics of human lung stem cells have not been clarified. Therefore, the development
of a lung culture model, especially one modeling the most peripheral part of the lung where
gas exchange occurs, has not progressed.

Human lung culture systems have been reported to model lung infections, including
SARS-CoV-2 infections responsible for COVID-19-associated pneumonia [5,6]. Moreover,
Kuo et al. succeeded in creating a human peripheral lung culture model using lung stem
cells [5]. Epithelial cell adhesion molecule-positive alveolar epithelial type 2 (AT2) stem
cells differentiate into AT2 progenitor cells that express angiotensin-converting enzyme 2
(ACE2). ACE2 is a receptor for SARS-CoV-2. In contrast, cytokeratin 5-positive lung stem
cells differentiate into bronchial and/or bronchiolar epithelial progenitor cells. In other
words, the AT2 progenitor cells used as human peripheral lung culture model express
ACE2, a host cell receptor for SARS-CoV-2 [5]. Thus, SARS-CoV-2 can infect alveolar
epithelial stem cells.

Previous clinical studies have shown that SARS-CoV-2 infection rates and COVID-19
severity are higher in cancer and in people with a history of cancer than they are in healthy
individuals. The specific reasons for these observations have not been clarified. Previously,
we have shown that, in lung metastases of ovarian cancer, alveolar epithelial cells adjacent
to ovarian cancer cells transform into alveolar epithelial stem-like cells [7]. ACE2 is strongly
expressed in alveolar epithelial stem-like cells [5]. The present study aims to confirm
the expression of ACE2 in alveolar epithelial stem-like cells adjacent to ovarian cancer
cells in lung metastases of ovarian cancer and to investigate the binding of SARS-CoV-2
spike glycoprotein to alveolar epithelial stem-like cells. We showed that ACE2 was indeed
expressed in alveolar epithelial stem-like cells adjacent to ovarian cancer in the pulmonary
micrometastatic niche. Furthermore, the receptor-binding domain (RBD) of SARS-CoV-2
spike glycoprotein bound to alveolar epithelial stem-like cells. Altogether, these data
indicate that cancer patients with pulmonary micrometastases might be more susceptible
to SARS-CoV-2. The prevention of de novo niche formation in metastatic diseases might
constitute a new strategy for the clinical treatment of COVID-19 in patients with cancer.

2. Materials and Methods
2.1. Case Selection for Immunohistochemical Staining

To examine the biological and medical characteristics of the pulmonary micrometastatic
niche, 4 cases with high-grade serous ovarian adenocarcinomas were selected from 69 pri-
mary epithelial ovarian cancers stained using an anti-human S100 calcium-binding protein
A4 (S100A4) antibody. S100A4 is used as marker for ovarian cancer (Supplementary Table
S1). Sixty-nine patients with ovarian carcinoma visited the Shinshu University Hospital
(Matsumoto, Nagano, Japan) between 1994 and 2003. They underwent surgery followed
by combination chemotherapy with taxane-based and platinum preparations. The Supple-
mentary Materials show the detailed medical conditions of the patients.

2.2. Antibodies and Immunohistochemistry (IHC)

IHC staining of S100A4, cluster of differentiation 90 (CD90 or Thy1), ACE2, and
the RBD of the SARS-CoV-2 spike glycoprotein was performed on tissue sections from
pulmonary micrometastases of patients with high-grade serous ovarian cancer. Tumor
tissue sections were incubated with the appropriate primary antibodies at 4 ◦C overnight.
For the staining of the RBD of the SARS-CoV-2 spike glycoprotein, tumor tissue sections
were incubated with 10 ng of recombinant RBD of the spike protein (Sino Biological Inc.,
Beijing, China) at 4 ◦C overnight. After this incubation, the sections were incubated with
the mouse monoclonal antibody recognizing the RBD of SARS-CoV-2 spike glycoprotein at
4 ◦C overnight.

IHC-stained sections were visualized under a confocal microscope (Leica TCS SP8,
Wetzlar, Germany) according to the manufacturer’s procedure. Photographs of the healthy
alveoli and bronchioles areas (Bron.) as well as of metastases areas (Met.) were taken
from tissue sections of lung metastases resected from patients with ovarian cancer, as
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shown in the result section. Then, the expression levels of each factor were calculated using
fluorescent color. These IHC experiments on human tissue sections were performed using
standard procedures at Shinshu University (Matsumoto, Nagano, Japan) and the National
Hospital Organization Kyoto Medical Center (Kyoto, Kyoto, Japan) in accordance with
the institutional guidelines (approval no. M192). The Supplementary Materials section
contains the list of primary or secondary antibodies used in the experiments and the
detailed materials and methods.

2.3. Ethical Approval and Consent to Participate

This study was reviewed and approved by the Central Ethics Review Board of the Na-
tional Hospital Organization Headquarters in Japan (Tokyo, Japan) and Shinshu University
(Nagano, Japan). The ethical approval was obtained on 17 August 2019 (approval number
NHO H31-02). The authors attended educational lectures supervised by the Japanese
Government on medical ethics in 2020 and 2021. The completion numbers for the authors
are AP0000151756, AP0000151757, AP0000151769, and AP000351128. Consent to participate
was needed as this work was considered clinical research. All subjects signed informed
consent when they were briefed about the experiments and agreed with the contents of the
study. The authors attended a seminar on the ethics of experimental research using human
materials on 2 July 2020 and 20 July 2021 to become familiar with the importance and ethics
of clinical experiments (National Hospital Organization Kyoto Medical Center and Shinshu
University School of Medicine). The experiments with human materials performed in the
present study were approved by the ethics committee (approval number KMC R02-0702).

Details of materials and methods are described in the Supplementary Materials.

3. Results

Niches promoting metastatic colonization have been previously investigated using
models with human-in-mouse ovarian cancer xenograft in immunodeficient mice. For
example, CD34-positive lineage ovarian cancer stem-like cells sorted using the side pop-
ulation procedure were injected into the mammary fat pads of BALB/c nu/nu mice [8].
CD90, also known as Thy1, is used as a marker for several stem cells [9]. S100 calcium-
binding protein A4 (S100A4), a member of the S100 calcium-binding protein family se-
creted by ovarian cancer cells, supports tumorigenesis by stimulating angiogenesis [9]
(Supplementary Table S1). Pathological examinations have shown the existence of S100A4-
negative and CD90-positive stem-like cells in vimentin-positive normal neighboring alve-
olar epithelial cells [9]. Similar to this previous observation, we found that the initial-
ization of mimicry represented incomplete differentiation of normal alveolar epithelial
cells toward the stem-like lineage in pulmonary micrometastases of patients with ovarian
cancer (Figure 1A).

ACE2, a host-side receptor for SARS-CoV-2, expressed in CD90-positive alveolar
epithelial stem-like cells in the pulmonary metastatic niches of patients with high-grade
serous ovarian cancer, is essential (Figure 1A and Table 1). Furthermore, histopathological
analyses showed that the RBD of the SARS-CoV-2 spike glycoprotein bound to ACE2-
expressing CD90-positive alveolar epithelial stem-like cells (Figure 1A and Table 1). Based
on these findings, SARS-CoV-2 is deemed to infect the alveolar epithelial stem-like cells in
pulmonary micrometastases of patients with ovarian cancer.

The pathological examination with an anti-human CD90 monoclonal antibody re-
vealed that CD90 was not expressed in the alveolar and bronchiolar epithelial cells
(Figure 1B). However, analyses with an anti-human ACE2 monoclonal antibody showed
that bronchiolar epithelial cells expressed ACE2 (Figure 1B, Table 1). Therefore, the binding
of SARS-CoV-2 RBD to the ACE2-positive bronchiolar epithelial cells was confirmed in the
normal tissue section (Figure 1B).
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Figure 1. Binding of the RBD of the SARS-CoV-2 spike glycoprotein to the stem-like cells in normal
neighboring alveolar epithelial cells. Immunohistochemical studies were performed using pulmonary
metastatic tissue surgically excised from patients with high-grade serous ovarian carcinoma. The
expression levels of CD90 and ACE2 and the binding of RBD in the normal alveolar and bronchiolar
areas as well as in the metastases were investigated by pathological studies. In the photographs of
the metastases (A) and normal alveolar and bronchiolar areas (B), the expression of each factor and
binding activity are indicated by fluorescent color. Human ACE2-positive (green) and CD90-positive
(red) stem-like cells, indicated by white arrowheads in human normal neighboring alveolar epithelial
cells, were found in pulmonary micrometastases. Human CD90-positive cells (red) were not detected
in the metastatic colonies of human serous ovarian carcinoma. Immunohistochemical studies were
performed using an antibody recognizing human ACE2 (green), a monoclonal antibody detecting
the spike glycoprotein of SARS-CoV-2 (green), and an antibody specific for human CD90 (red),
which is a biomarker for stem-like cells. The binding of the RBD of SARS-CoV-2 spike glycoprotein
(green) to CD90-positive (red) alveolar epithelial stem-like cells was observed and is indicated in
yellow. Anti-human CD90 (Abcam ab133350), anti-human ACE2 (ORIGENE, Rockville, MD, USA),
and anti-spike glycoprotein of SARS-CoV-2 (GeneTex, Inc., Irvine, CA, USA) antibodies, as well as
recombinant spike glycoprotein of SARS-CoV-2 protein (BioVision, Milpitas, CA, USA), were used.
The experiments were performed five times with similar results.
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Table 1. Characteristics of patients with ovarian cancer and lung metastases as well as CD90 and
ACE2 expression in the metastasis areas and the alveolar and bronchiolar areas.

Patient
No.

Age
Range

Age at
Surgery
(Years)

Histological
Type

FIGO
Stage Grade

No. of
Lung

Metastatic
Lesions

Pulmonary Metastatic
Niche Vital

StatusCD90*
(%)

ACE2*
(%)

1 40 s 40–45 HG
serous IVA 3 Single 36.43 27.42 Alive

2 50 s 50–55 HG
serous IVA 3 Single 33.87 18.93 Alive

3 50 s 50–55 HG
serous IVA 3 Multiple 38.32 29.38 Deceased

4 40 s 45–50 HG
serous IVB 3 Multiple 32.67 28.05 Alive

Normal alveolar and bronchiolar areas

Patient No.
Normal Alveoli Normal Bronchioles

CD90* (%) ACE2* (%) CD90* (%) ACE2* (%)

1 4.53 11.82 3.23 20.67 4.53 11.82 3.23 20.67

2 3.91 12.57 3.18 21.46 3.91 12.57 3.18 21.46

3 4.34 12.71 3.45 22.05 4.34 12.71 3.45 22.05

4 4.08 13.43 2.98 21.92 4.08 13.43 2.98 21.92

FIGO stage, the FIGO (International Federation of Gynecology and Obstetrics) staging system is commonly used
for cancers of the female reproductive organs. High grade (HG) serous, high-grade serous ovarian adenocarci-
noma. CD90*, proportion of CD90-positive alveolar epithelial stem-like cells in pulmonary metastatic niches,
normal alveoli, and bronchioles assessed by immunohistochemical experiments using anti-human CD90 mono-
clonal antibody. ACE2*, proportion of ACE2-positive alveolar epithelial stem-like cells in pulmonary metastatic
niches, normal alveoli, and bronchioles assessed by immunohistochemical experiments using anti-human ACE2
monoclonal antibodies. The expression levels of each factor were determined by measuring the fluorescence
intensities. Percentages are the ratio of CD90 or ACE2-positive cells to the total cell counts.

In the photographs of the normal alveolar and bronchiolar areas as well as the metas-
tases areas, the expression levels of each factor were determined by measuring the fluores-
cence intensity. Moreover, the ratios of CD90-positive, ACE2-positive, and RBD-positive
cells were determined in these areas. Quantitative analysis showed that the average ratio of
CD90-positive cells was higher in the metastatic areas (36.4%) than that in the normal alveoli
and bronchioles areas (4.5%) (Figure 2A, Table 1, Supplementary Figure S1). Additionally,
the average proportion of ACE2-positive cells in the normal alveolar and bronchiolar areas
was 11.8%, and that in the metastatic areas was 27.4% (Figure 2A, Table 1, Supplementary
Figure S2). The average ratio of bronchiolar epithelial cells binding to SARS-CoV-2 RBD in
normal alveolar and bronchiolar areas was 7.3%, whereas it reached 15.5% in the metastatic
areas (Figure 2A, Table 1). Figure 2B shows the normal alveoli and bronchioles areas and
metastases areas.

The ratio of ACE2 and RBD double-positive cells to the total number of ACE2-positive
cells was 39.3% in the normal alveolar and bronchiolar areas and 43.8% in the metastatic
areas (Figure 2C), suggesting that the binding property of RBD to ACE2-positive cells
did not significantly change between normal alveolar and bronchiolar areas and the
metastatic areas.

Previous studies have demonstrated that, in the pulmonary micrometastatic niche
of other cancer types, the reprogramming of mimicry probably represents the incomplete
differentiation of normal alveolar epithelial cells into stem-like lineages [7,10]. Presumably,
the pulmonary micrometastatic niche is a target for SARS-CoV-2 infection.
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Figure 2. Quantification of immunofluorescence colocalization in imaging for CD90 and ACE2
expression levels and RBD binding. A quantitative analysis was conducted using ImageJ Version
1.53 m, a public domain software for image analysis (NIH ImageJ, Bethesda, MD, USA). The CD90 and
ACE2 expression levels and the binding of RBD in normal alveolar and bronchiolar areas (Bron.) and
metastases areas (Met.) were investigated through pathological studies. (A) The ratios of the number
of target protein-positive cells to the total number of cells are shown in the dispersion diagram.
(B) Photographs of the normal alveoli and bronchioles areas (Bron.) and metastases areas (Met.)
from a tissue section of lung metastases resected from a patient with ovarian cancer. The expression
levels of each factor were determined by measuring fluorescence intensities. (C) The proportion of
bronchiolar epithelial cells associated with RBD of SARS-CoV-2 in normal alveoli and bronchiolar
regions is indicated as the ratio of RBD-positive cells to total cell count.

4. Discussion

Previous clinical studies have shown that SARS-CoV-2 infection rates and COVID-19
severity rates are higher in cancer patients and in people with a history of cancer than in
healthy individuals. The specific reasons for these observations have not been clarified.
Previously, we showed that, in lung metastases of ovarian cancer, alveolar epithelial cells
adjacent to ovarian cancer cells transform into alveolar epithelial stem-like cells [7]. Alveolar
epithelial stem-like cells have been reported to strongly express ACE2 [5]. The present work
aimed to confirm the expression of ACE2 in alveolar epithelial stem-like cells adjacent to
ovarian cancer cells in lung metastases of ovarian cancer and to investigate the binding of
the SARS-CoV-2 spike glycoprotein to alveolar epithelial stem-like cells. Our IHC analyses
showed the expression of ACE2 in alveolar epithelial stem-like cells adjacent to ovarian
cancer cells in lung metastases of ovarian cancer. We also demonstrated the binding of
SARS-CoV-2 spike glycoprotein to alveolar epithelial stem-like cells.

A high 30-day all-cause mortality has been reported in patients with cancer and
COVID-19. Various factors contributing to COVID-19 severity in cancer patients have been
identified. A previous report has shown that SARS-CoV-2 infects alveolar and bronchiolar
epithelial cells [11]. Within the pulmonary metastatic niche, alveolar epithelial cells adjacent
to metastatic cancer cells are differentiated into alveolar epithelial stem-like cells. Our
experiments showed that, although the expression of ACE2 was not strong in normal
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alveolar epithelial cells, ACE2 was clearly expressed in alveolar epithelial stem-like cells.
We also observed the binding of the alveolar epithelial stem-like cells to the RBD of the
SARS-CoV-2 spike glycoprotein. Therefore, SARS-CoV-2 infection of stem cells and/or
epithelial progenitor cells present in the metastatic niche in patients with cancer is likely a
factor contributing to COVID-19 severity.

We examined the environmental niche of lung metastases of ovarian cancer. However,
the infection rate of SARS-CoV-2 and the severity of COVID-19 also increase in patients
with other cancer types. The results showing that ovarian cancer cells form a metastatic
niche near the alveolar stem cells are reminiscent of a previous finding demonstrating that
prostate cancer cells metastasizing to the bone settle near the stem cells in the bone marrow,
promoting the development of a metastatic environment that supports tumor growth [12].
A recent report also described cancer-associated parenchymal cells that show stem-cell-like
characteristics, the expression of lung progenitor markers, multilineage differentiation
potential, and self-renewal activity [13].

To obtain accurate histopathological information of positive or negative SARS-CoV-2
infection in tissues from COVID-19 cancer patients, histopathological experiments with
metastatic tissues of cancer patients infected with SARS-CoV-2 or with COVID-19 symp-
toms must be performed. Thus far, treatment aimed at reducing lung metastases has
been limited to surgical treatment. However, in clinical practice, lung metastases have
been reduced using immune checkpoint inhibitors and/or poly ADP-ribose polymerase
inhibitors. Furthermore, the efficacy of the anti-S100A4 antibody drug in suppressing the
metastatic ability of malignant tumors in other organs, including ovarian cancer, has been
investigated [9,14,15].

A longer follow-up is needed to better understand the effect of COVID-19 on the
treatment outcomes of patients with cancer, including on the ability to continue specific
cancer treatments. In such a significant intersection of cancer medicine and infectious
diseases, the prevention of de novo niche formation of metastatic disease might constitute
a novel strategy for the clinical treatment of COVID-19.

5. Conclusions

Previous clinical studies have shown that SARS-CoV-2 infection rates and COVID-
19 severity rates are higher in cancer patients currently being treated and people with a
history of cancer than in healthy individuals. The specific reasons for the high SARS-CoV-2
infection rate and COVID-19 aggravation rate in cancer patients have not been clarified.
Infection of SARS-CoV-2 into the niche of metastatic lesions in cancer patients may be
one of the reasons for the higher rate of SARS-CoV-2 infection and COVID-19 severity
compared to healthy individuals.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cimb44010017/s1. Table S1: Ovarian cancer cells express S100A4.
In particular, in the case of high grade serous ovarian cancer, S100A4 is strongly expressed; Figure S1:
IHC experiments with anti-human ACE2 monoclonal antibody do not provide the medical evi-
dence, which demonstrate CD90 expressions in any cells of respiratory tissues, i.e., cells making up
nasopharynx, bronchus, and lung tissues. −, 0–10% positive cells; +, 10–50% positive cells, more
than 50% positive cells; Figure S2: IHC experiments with anti-human ACE2 monoclonal antibody
demonstrate that in case of ciliated cells (ciliary rootlets) of nasopharynx and bronchus, ACE2 is
markedly expressed. However, lung cells i.e., alveolar cells and macrophages unclearly express ACE2.
−, 0–10% positive cells; +, 10–50% positive cells, more than 50% positive cells.
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Abstract: Fenbendazole (FZ) is a benzimidazole carbamate drug with broad-spectrum antiparasitic
activity in humans and animals. The mechanism of action of FZ is associated with microtubular
polymerization inhibition and glucose uptake blockade resulting in reduced glycogen stores and
decreased ATP formation in the adult stages of susceptible parasites. A completely cured case
of lung cancer became known globally and greatly influenced the cancer community in South
Korea. Desperate Korean patients with cancer began self-administering FZ without their physician’s
knowledge, which interfered with the outcome of the cancer treatment planned by their oncologists.
On the basis of presented evidence, this review provides valuable information from PubMed, Naver,
Google Scholar, and Social Network Services (SNS) on the effects of FZ in a broad range of preclinical
studies on cancer. In addition, we suggest investigating the self-administration of products, including
supplements, herbs, or bioactive compounds, by patients to circumvent waiting for long and costly
FZ clinical trials.

Keywords: fenbendazole; microtubule polymerization; self-administration; cancer

1. Introduction

Over the past few decades, a considerable amount of research has been conducted on
novel oncological therapies; however, cancer remains a major global cause of morbidity and
mortality [1]. Developing novel anticancer drugs requires considerable funding for large-
scale investigations, experimentation, testing, corroboration, and the subsequent evaluation
of efficacy, pharmacokinetics, and toxicity [2]. After this arduous process, only 5% of oncol-
ogy drugs enter phase I clinical trials [3]. Chemotherapy is considered to be one of the most
methodical and vigorous strategies to treat malignant tumors. However, the development
of multidrug resistance in patients with cancer receiving traditional chemotherapeutics
causes 90% of deaths [4]. Under these circumstances, new therapeutic alternatives are
in demand. However, the conventional method of developing new anticancer drugs is
onerous, stringent, and costly. The estimated time to discover a single drug candidate
is 11.4–13.5 years, and it costs approximately USD 1–2.5 billion to take it through all the
obligatory trials required by the U.S. Food and Drug Administration [5].

Drug repurposing or reprofiling has gained recognition and has enabled existing
pharmaceutical products to be reconsidered for promising alternative applications, as their
pharmacodynamics, pharmacokinetics, and toxicity profile are already well-known in ani-
mals and humans [6]. With repurposing, new drugs could be ready for clinical trials faster,
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reducing development time; this is also economically appealing by expediting integration
into medical practice compared with other drug development strategies [7,8]. Examples of
high-potential drugs recognized within the Repurposing Drugs in Oncology (ReDO) project
include clarithromycin, cimetidine, diclofenac, mebendazole (MBZ), and nitroglycerine [8].
In addition, several antiparasitic drugs that have been in clinical use for decades have
been investigated for repurposing in oncology [9]. The repositioning of anthelminthic
pleiotropic benzimidazole carbamate (BZ) group drugs such as MBZ, albendazole (ABZ),
and flubendazole has recently opened new avenues in cancer treatment owing to their easy
access, low cost as generic drugs, and safety in human application [10,11]. Another potent
and efficient pharmacological candidate from this group for repurposing as an anticancer
drug is fenbendazole (FZ), which is widely used in veterinary medicine to treat parasitic
worms including ascarids, whipworms, hookworms, and a single species of tapeworm,
Taenia pisiformis, in humans and animals [12]. Although there are considerable research
and successful cases regarding the anticancer activity and mechanism of action of FZ, there
is ongoing social controversy concerning its application in cancer treatment [13,14]. In
this review, we summarize the current evidence on the anticancer activity of FZ and the
drawbacks of patient self-administration in the treatment regime.

2. Fenbendazole

Methyl N-(6-phenylsulfanyl-1H-benzimidazole-2-yl (FZ) is a safe broad-spectrum
antiparasitic drug [12] with proven applications in treating different types of parasitic
infections caused by helminths in livestock [15], companion animals [16,17], and laboratory
animals [18]. It has a high safety margin with a low degree of toxicity in experimental
animals [19] and is well-tolerated by most species, even at sixfold the prescribed dose
and threefold the recommended duration. The FZ dosage for dogs is 50 mg/kg/day for
3 days, and it is also safely administered at specific doses in other livestock [20]. Orally
administered FZ is poorly absorbed in the bloodstream; thus, it is necessary to retain FZ
as long as possible in the rumen, where it is progressively absorbed for higher efficacy.
Rarely found side effects are diarrhea and vomiting. Metabolism to its sulfoxide derivative
is mainly in the liver, and excretion occurs mainly through feces with a very small amount
excreted via urine.

3. Mechanism of Action

FZ primarily inhibits tubulin polymerization and promotes microtubular (MT) dis-
ruption in parasite cells (Figure 1) [21]. Tubulin, a structural protein of MTs, is the leading
molecular target of benzimidazoles [22] and has prominent functions in cell proliferation,
motility, division, the intercellular transport of organelles, the maintenance of the cell shape,
and the secretion process of cells in all living organisms [23]. By binding with beta-tubulin,
FZ blocks MT polymerization in worms and thus perturbs glucose uptake, eventually
emptying glycogen reserves and adversely affecting energy management mechanisms.
As a result, the whole process eventually contributes to the death of the parasites [20].
Additionally, the poor absorption of FZ from the intestine manifests as reduced levels of
drugs and their active ingredients in tissues compared with those within the gut, where the
targeted parasites are present [24].
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Figure 1. Mechanism of action of fenbendazole (FZ) targeting tubulin. Tubulin is the leading molec-
ular target of FZ, which selectively binds to the β-tubulin of microtubules to disrupt microtubular 
polymerization, promoting immobilization and the death of parasites. The figure was created using 
Biorender (https://biorender.com/) (accessed on 15 May 2022). 
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renders them one of the most important targets for anticancer therapy. Several broadly 
used anticancer drugs induce their antineoplastic effects by perturbing MT dynamics. A 
class of anticancer drugs acts by inhibiting MT polymerization (vincristine, vinblastine), 
while another class stabilizes MTs (paclitaxel, docetaxel), suggesting that FZ could have 
potential anticancer effects [25,26]. The consequence of disrupting tubulin and dynamic 
MT stability with these classes of anticancer drugs in dividing cells is apoptosis and met-
aphase arrest. FZ exhibits moderate MT depolymerizing activity in human cancer cell 
lines, and has a potent anticancer effect in vitro and in vivo [27]. The antitumor effects of 
FZ are summarized in Table 1.  

  

Figure 1. Mechanism of action of fenbendazole (FZ) targeting tubulin. Tubulin is the leading molec-
ular target of FZ, which selectively binds to the β-tubulin of microtubules to disrupt microtubular
polymerization, promoting immobilization and the death of parasites. The figure was created using
Biorender (https://biorender.com/) (accessed on 15 May 2022).

4. Anticancer Activity of FZ

MTs are one of the major components of the cytoskeleton, and their role in cell division,
the maintenance of cell shape and structure, motility, and intracellular trafficking renders
them one of the most important targets for anticancer therapy. Several broadly used
anticancer drugs induce their antineoplastic effects by perturbing MT dynamics. A class
of anticancer drugs acts by inhibiting MT polymerization (vincristine, vinblastine), while
another class stabilizes MTs (paclitaxel, docetaxel), suggesting that FZ could have potential
anticancer effects [25,26]. The consequence of disrupting tubulin and dynamic MT stability
with these classes of anticancer drugs in dividing cells is apoptosis and metaphase arrest. FZ
exhibits moderate MT depolymerizing activity in human cancer cell lines, and has a potent
anticancer effect in vitro and in vivo [27]. The antitumor effects of FZ are summarized in
Table 1.
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Table 1. Anticancer activity of fenbendazole.

Cell Source Cell Lines Species Procedure of Study Cancer Type Target Pathway Reference

Human A549, H460, and
H1299 - In vitro Lung cancer Tubulin polymerization [13]

Human H460 and A549 Mice In vivo and in vitro NSCLC

Endoplasmic reticulum
stress, ROS production,

decreased mitochondrial
membrane potential,

and cytochrome c release

[27]

Human P493-6 B SCID mice In vivo and in vitro Lymphoma Tubulin disruption [28]

Mice EMT6 BALB/c Rw
mice In vivo Lung cancer Tubulin disruption [29]

Human BMSC, HFF, and
HL60 Mice In vivo and in vitro Leukemia

Granulocyte
differentiation and

PI3K/AKT, JAK/STAT,
and MAPK pathways

[30]

- - Human In vivo NSCLC - [31]

Rat H4IIE Mice In vitro Hepatocellular
Carcinoma

MAPKs, glucose
generation, and reactive

oxygen species (ROS)
[32]

BMSC, bone marrow-derived mesenchymal stem cells; HFF, human foreskin fibroblast cells; NSCLC, nonsmall-cell
lung cancer.

5. Anticancer Activity of FZ in Preclinical Models

The anticancer activity of FZ has been investigated in different cell lines. FZ exhibits
depolymerizing MT activity toward human cancer cell lines that manifests as a significant
anticancer effect in vitro and in vivo. The mechanism of action of the FZ antitumor effect
is predominantly the disruption of MT dynamics, p53 activation, and the regulation of
genes associated with multiple biological pathways. FZ treatment also causes the depletion
of glucose uptake in cancer cells by downregulating key glycolytic enzymes and GLUT
transporters [24,27,33]. FZ selectively inhibits the growth of H4IIE cells by upregulating
p21, and downregulating cyclins B and D at G1/S and G2/M phases, resulting in apoptosis
exclusively in actively growing cells with low confluency, but not in quiescent cells. MAPKs,
glucose generation, and ROS are unlikely targets of FZ in H4IIE rat hepatocellular carcinoma
cells [32]. Treating human cancer cell lines with FZ induces apoptosis, whereas normal cells
remain unaffected. Many apoptosis regulatory proteins such as cyclins, p53, and IκBα that
are normally degraded by the ubiquitin–proteasome pathway accumulate in FZ-treated
cells. Moreover, FZ produced distinct endoplasmic reticulum (ER) stress-associated genes,
such as ATF3, GADD153, GRP78, IRE1α, and NOXA, in experimental cells. Thus, FZ
treatment in human cancer cells induced decreased mitochondrial membrane potential,
ROS production, ER stress, and cytochrome c release, eventually leading to cancer cell
death [34]. FZ exhibits considerable affinity for mammalian tubulin in MT and is toxic in
human cancer cells (H460, A549) at micromolar concentrations. Additionally, FZ exposure
causes the mitochondrial translocation of p53, and effectively inhibits the expression of
GLUT transporters, glucose uptake, and levels of hexokinase, which is a key glycolytic
enzyme potentially linked to p53 activation and the alteration of MT dynamics. Orally
administered FZ successfully blocked the growth of human xenografts in a nu/nu mice
model [27]. Moreover, Qiwen et al. reported that FZ treatment is toxic to EMT6 mouse
mammary tumor cells in vitro, with toxicity increasing after 24 h incubation with high
FZ doses. However, FZ did not alter the dose–response curves for radiation on EMT6
cells under either aerobic or hypoxic conditions [24]. In contrast, Ping et al. reported that
FZ or vitamins alone had no growth inhibitory effect on P493-6 human lymphoma cell
lines in SCID mice. In combination with vitamin supplements, FZ significantly inhibited
tumor growth through its antimicrotubular activity [28]. The effect of a therapeutic diet
containing 150 ppm FZ for 6 weeks on the growth of EMT6 mouse mammary tumors in
BALB/c mice injected intradermally was examined. The results revealed that the FZ diet
did not alter tumor growth, metastasis, or invasion. Therefore, the authors suggested being
cautious in applying FZ diets to mouse colonies used in cancer research. [29]. HL-60 cells, a

190



Curr. Issues Mol. Biol. 2022, 44

human leukemia cell line, were treated with FZ to investigate the anticancer potential in
the absence or presence of N-acetyl cysteine (NAC), an inhibitor of ROS production. NAC
could significantly recover the decreased metabolic activity of HL-60 cells induced by 0.5–1
µM FZ treatments. The results proved that FZ manifests anticancer activity in HL-60 cells
via ROS production [35]. Ji-Yun also reported the antitumor effect of FZ and paclitaxel via
ROS on HL-60 cells at a certain concentration [36]. Moreover, FZ and its synthetic analog
induced oxidative stress by accumulating ROS. In addition, FZ activated the p38-MAPK
signaling pathway to inhibit the proliferation and increase the apoptosis of HeLa cells. FZ
also impaired glucose metabolism, and prevented HeLa cell migration and invasion [37].
Koh et al. found that FZ, MBZ, and oxibendazole possess remarkable anticancer activities at
the cellular level via tubulin depolymerization, but their poor pharmacokinetic parameters
limit their use as systemic anticancer drugs. However, the same authors assured patients
on the application of oxibendazole or FZ as a cancer treatment option [13]. Thus, FZ
was investigated using a novel transcriptional drug repositioning approach based on
both bioinformatic and cheminformatic components for the identification of new active
compounds and modes of action. FZ induced the differentiation of leukemia cells, HL60, to
granulocytes, at a low concentration of 0.1 µM within 3 days, causing apoptosis in cancer
cells [30].

6. Complete Cure for Cancer by Self-Administering FZ with Supplements

In August 2016, a businessman from Oklahoma, Joe Tippens, was diagnosed with
small-cell lung cancer and underwent a clinical trial under the supervision of his oncol-
ogist. He was informed of a short life expectancy from 3 months to 1 year. However, a
veterinarian recommended to try FZ with vitamin E supplements, cannabidiol (CBD) oil,
and bioavailable curcumin while going through the clinical trial. A positron emission
tomography (PET) scan after 3 months did not detect any cancer cells anywhere in his body.
Tippens was the only patient cured of cancer among the 1100 patients included in that
clinical trial [38]. Tippens shared his success story through Social Network Services (SNS)
via a closed group, ‘my cancer story rocks’ (33,900 members) [39], and also in his blog, Get
Busy Living (Figure 2), and mentioned at least 60 known FZ success stories [40]. The blog
has been read by thousands from 60 different countries, as mentioned in his blog (Figure 3).
A protocol is also available on the website recommending FZ 222 mg (1 gm of Panacur™ or
Safeguard™) daily for different types of cancer such as colorectal, colon, lung, pancreatic,
and prostate cancers, melanoma, lymphoma, and glioblastoma.
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and on social media since September 2019, when a South Korean YouTube channel intro-
duced Joe Tippens’ story on their channel [42]. The video amassed more than 2.4 million 
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7. Liver Injury after Self-Administration of FZ

An 80-year-old patient with advanced nonsmall-cell lung cancer (NSCLC) was treated
with pembrolizumab monotherapy. Nine months after treatment initiation, the patient
began to present symptoms of severe liver injury. The physical findings and vital signs of the
patient were unremarkable. A diligent interview with her and her family disclosed that she
had been taking oral FZ for a month solely on the basis of SNS suggesting its effectiveness
against cancer. After discontinuing self-administered FZ, the patient’s liver injury gradually
improved. Pembrolizumab monotherapy was suspended due to an enlarged tumor in the
right upper lobe of her lung [31].

8. Dissemination of FZ in South Korea

Cancer has been the leading cause of death in Korea since 1983 [41]. The news of Joe
Tippens disseminated rapidly among online South Korean cancer patient communities and
on social media since September 2019, when a South Korean YouTube channel introduced
Joe Tippens’ story on their channel [42]. The video amassed more than 2.4 million views
within 3 months. The Korean Medical Association, Korean Pharmaceutical Association,
Korean Veterinary Association, and Ministry of Food and Drug Safety have warned pa-
tients not to take FZ, as no clinical trials have been conducted on humans. However,
disregarding these warnings, dozens of patients with terminal cancer self-administered
FZ, regularly uploading videos and reporting on the positive changes observed in their
bodies. Vet pharmacies all over South Korea have reported shortages of FZ and frequent
inquiries about the availability of this antiparasitic agent by desperate people hoping to
cure cancer for themselves or their family members. A South Korean comedian and singer,
Kim Chul-Min, who was suffering from Stage 4 lung cancer, joined the FZ bandwagon,
reporting that his body pain was alleviated, and his blood test results improved after he had
administered FZ in early October 2019 [43] (Figure 4). However, Kim stopped taking FZ
after 8 months, mentioning that the drug was ineffective; indeed, FZ use led to serious side
effects, recently causing his death [44]. Moreover, an internal medicine specialist in South
Korea motivated many cancer patients to urge the government to conduct a clinical trial to
determine the oncological efficacy of FZ in humans [45], and also expressed reluctance to
use expensive cancer treatments in favor of FZ [46]. The controversy grew further when a
Korean oncologist, Kim Ja-young, uploaded a YouTube video favoring FZ titled, ‘Is dog
dewormer safe for humans’, depicting the appropriate dosage of the drug; this video
reached 60,000–180,000 views and received more than 500 thankful comments within a
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very short period [47]. However, the medical community has labeled this video as a source
of false and exaggerated information.
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Another SNS group directly connected to Joe Tippens had pet owners who self-
administer FZ using autoprescriptions to treat canine/feline cancer without informing
veterinarians [48]. Patients are selling these drugs to each other, and specialized drug sellers
are dealing directly with patients, which is strictly prohibited by Korean healthcare laws
and regulations. The members are showing eagerness to use FZ or other benzimidazole
antiparasitic drugs, including ABZ, MBZ, and FLU, and drugs from different groups such
as niclosamide [49], pyrvinium [50], and ivermectin [51] (which is effective against the
COVID-19 virus [52]). An increase in the popularity of FZ in South Korea has been observed
in online news, YouTube videos, social media, etc. We also discovered that a large number
of Google search results regarding the use of FZ against cancer were from South Korea
(70.3%; 104,000/148,000).

9. Discussion

To accelerate anticancer drug development, agents in clinical use for different indi-
cations are screened for repurposing. The approval of such repurposed drugs may be
expedited owing to the availability of preclinical and clinical data on pharmacokinetics,
toxicities, and regimens [53]. The anticancer activities of several anthelmintics, owing to
their microtubule disruption ability, have generated considerable interest. The synergism
of BZs, particularly FZ, with many clinically approved anticancer drugs is advantageous in
repurposing these drugs. In the veterinary field, pets are often prescribed human medicines,
since those available for companion animals are insufficient to cover all animal diseases.
Likewise, commercially available animal drugs might be utilized in human medicine as
long as human clinical trials have been conducted. However, globally, patients with cancer
use SNS to repurpose veterinary medicines as anticancer drugs, following dosage regi-
mens provided by self-cured patients. Sources of medical information on SNS are often
unproven, and it is challenging for nonmedical professionals to precisely select and filter
complex medical information. Considerable effort is required to set the effective dosages
of FZ for humans. Moreover, if a patient self-administers a veterinary dewormer with an
established anticancer drug while participating in a clinical trial, the outcome of the clinical
trial could be altered completely, resulting in huge economic and time losses. Therefore,
the reason for the therapeutic or adverse effects of the trialed drug in the clinical trial
remains equivocal, and oncologists are confounded by their lack of knowledge regarding
the self-administration of the dewormer (FZ) by patients.
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FZ began to gain popularity as a human anticancer drug in South Korea in September
2019. The serious consequences of such events will likely emerge soon in South Korea.
As the number of success stories being published online increases, the uninformed self-
administration of FZ will also continue to increase in South Korea. Any prohibition by
the government or medical doctors will likely not be followed by desperate patients with
cancer. The resulting situation would lead to possible global FZ self-administration by
patients with cancer. Therefore, an alternative must be offered to relieve patients from the
long and expensive wait for FZ clinical trials in humans.

Indeed, patients with cancer and their families desperately seek remedies to treat the
disease, but administering drugs with limited or no human safety profiles is a concern
for clinicians. However, there are many exceptions for investigational drugs in clinical
trials. There is a plethora of evidence that several BZ carbamates, particularly FZ, show
anticancer potential in vivo, in vitro, and in silico. The role of MT is well-characterized,
and the mechanism of action of MT disruptors such as FZ is similar to that of major
chemotherapeutic agents such as vinblastine and vincristine. Nevertheless, nonmedical
professionals cannot make appropriate medical judgments regarding the best usage of
FZ. Therefore, we argue in favor of FZ owing to its well-established pharmacokinetics,
excellent toxicity profile, and low cost, and suggest that an initial assessment of patients
by interdisciplinary researchers such as veterinarians, oncologists, and pharmacologists
be conducted to determine the best initial dosage and facilitate clinical trials on FZ in the
near future.

10. Conclusions

Comprehensive verification through evidence-based medicine is crucial in reducing
needless confusion in healthcare. Despite the potential anticancer capabilities of FZ, its
pharmacokinetics, safety, and tolerance profiles in humans must be confirmed in extensive
clinical trials before it can be used in any therapeutic context. Experts must further attempt
to provide patients with reliable medical information.

11. Materials and Methods
Process of Article Selection

We used search engines PubMed, Naver, and Google Scholar to obtain publications
and articles investigating the anticancer activity of FZ in cell lines, animal tumor models,
and clinical trials. For a report to be included in this review, it had to have contained
FZ or BZ carbamate in either the heading or abstract. Keywords ‘BZ carbamate’ and ‘FZ’
combined with ‘MT polymerization,’ ‘cancer,’ and ‘antiparasitic’ were used to generate
the list. Review articles were not included in our survey. All the relevant articles were
initially recognized from the heading and abstract, followed by an additional examination
to confirm whether the research conducted using FZ drugs pertained to cell lines or human
or animal subjects. We ensured that the conducted search technique was not encyclopedic,
as many publications are not included in PubMed, Naver, or Google Scholar. We evaluated
the selected studies by assessing different characteristics such as cell lines and source,
animal model, cancer type, and target pathway.
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Abstract: Research with deuterium-depleted water (DDW) in the last two decades proved that the
deuterium/hydrogen ratio has a key role in cell cycle regulation and cellular metabolism. The present
study aimed to investigate the possible effect of deuterium-depleted yolk (DDyolk) alone and in
combination with DDW on cancer growth in two in vivo mouse models. To produce DDyolk, the
drinking water of laying hens was replaced with DDW (25 ppm) for 6 weeks, resulting in a 60 ppm D
level in dried egg yolk that was used as a deuterium-depleted food additive. In one model, 4T1, a cell
line with a high metastatic capacity to the lung was inoculated in the mice’s mammary pad. After three
weeks of treatment with DDW and/or DDyolk, the tumor volume in the lungs was smaller in all treated
groups vs. controls with natural D levels. Tumor growth and survival in mice transplanted with an
MCF-7 breast cancer cell line showed that the anticancer effect of DDW was enhanced by food containing
the deuterium-depleted yolk. The study confirmed the importance of the D/H ratio in consumed water
and in metabolic water produced by the mitochondria while oxidizing nutrient molecules. This is in
line with the concept that the initiation of cell growth requires the cells to generate a higher D/H ratio,
but DDW, DDyolk, or the naturally low-D lipids in a ketogenic diet, have a significant effect on tumor
growth by preventing the cells from raising the D/H ratio to the threshold.

Keywords: deuterium-depleted water (DDW); deuterium-depleted yolk (DDyolk); anticancer drug
development; D/H ratio; production of metabolic water; ketogenic diet

1. Introduction

After the discovery of the heavy isotope of hydrogen, deuterium (D), in the early 1930s,
its possible role in living organisms was not investigated for 60 years [1]. The presence of
D was ignored; nonetheless, its concentration in the human body is about 12–14 mmol/L
(equivalent to 150 ppm). Data gathered in the meantime, however, suggested that D
and its ratio to hydrogen (H) has a major impact on several cell processes [2,3]. The first
research results, published in 1993, confirmed the key role of D in tumor cell growth and
cancer development. An increased D/H ratio in the intracellular space was found to be
a key factor in initiating cell growth [4]. Later, results showed the complex nature of
the effects of D in living organisms, such as a correlation between the drinking water D
level and the susceptibility of humans to depression [5]; stimulation of long-term memory
in rats by deuterium-depleted water (DDW) [6] or the reversal of Mn-induced life span
decrease in Caenorhabditis elegans [7]. Regarding the role of D in cell metabolism, research
results confirmed that deuterium depletion enhanced the effect of insulin on Glucose
Transporter type 4 (GLUT4) translocation in a dose-dependent manner, and potentiated

197



Curr. Issues Mol. Biol. 2023, 45

glucose uptake in diabetic rats, resulting in lower serum glucose, fructose amine, and
HbA1c concentrations [8].

Further studies confirmed the role of D in cancer development, in prevention [9], and
proved the anticancer effect of deuterium depletion [10–14].

In the experiments revealing the role of deuterium in cell growth, cell metabolism,
and physiological changes, the D level was manipulated by the application of DDW.

In the meantime, research confirmed that the D content of organic molecules, such
as carbohydrates or lipids, showed significant differences, suggesting that the synthesis
pathways of these molecules strongly influence D content. In organic compounds of plants,
the D/H ratio may also substantially differ from that of the environment. The explanation
for that lies in the metabolic processes of various plants. In plants using the so-called
C3 or C4 photosynthetic pathways to fix carbon from the atmosphere, D concentration
in the glucose molecules will decrease (vs. environmental water) to different extents. In
plants using the C3 carbon fixation pathway (e.g., wheat, rice, barley, or spinach), the
glucose D concentration is 135–137 ppm, and in plants using the C4 pathway (maize,
sugar cane, millet, and sorghum) it is 141–143 ppm [15,16]. In contrast, plants using
Crassulacean Acid Metabolism (CAM) photosynthesis may, under certain circumstances,
raise the concentration of deuterium in the photosynthesis products. This means that
the deuterium concentration in the human body is substantially affected by the plants in
our diet. Investigating the D content of animal lipids led to similar conclusions. Studies
revealed significantly reduced D content (down to 90 ppm) in fatty acids and that this effect
can be site specific [17,18].

It is obvious that, in the case of a normal diet, the water content of the food will
represent the D concentration of the local environment. But that is not the only factor
influencing the final D concentration of the body, since the organic molecules of the nutrients
also contain both hydrogen and deuterium which appear in the metabolic water after
oxidation by the mitochondria.

So, the final D concentration of the cells depends, on the one hand, on the D concentration
of the fluid intake, including the water content of the food, but, on the other hand, the D
concentration of nutrient molecules also has an effect via the D level of the metabolic water
produced in the mitochondria in the oxidative utilization of fats, carbohydrates, and proteins.

Recently, a ketogenic diet has been used as complementary cancer therapy with high
efficacy [19]. Based on the proven anticancer effect of DDW, we postulate that the beneficial
impact of a ketogenic diet in cancer results from its deuterium-depleting effect, since the
mitochondria, when oxidizing fats instead of carbohydrates, produce metabolic water with
as low as 118 ppm D concentration, due to the above-mentioned dissimilar D content of
the various nutrients [20].

The study presented here aimed to investigate the effect of the D concentration of or-
ganic nutrient compounds on tumor development. For this purpose, foods with artificially
modified depleted D content were produced, and their effect was tested in two in vivo
mouse model systems to evaluate the role of altered D/H ratio of organic molecules and
their effect on tumor growth.

2. Materials and Methods
2.1. Production of Deuterium-Depleted Nutrients, Measurements of D Concentration

Mouse and rat studies indicated that replacing normal drinking water with heavy
water increased the D content of organic molecules within a short time [21]. Based on
that, the production of deuterium-depleted yolk (DDyolk) was attempted by using DDW
as drinking water for laying hens, supposing that during egg formation the D content of
proteins and lipids will decrease. DDW was produced by HYD LLC for Cancer Research
and Drug Development, Budapest, Hungary, from ordinary tap water by fractional distilla-
tion using a Good Manufacturing Practice conform technology. The D concentration was
verified by a Liquid-Water Isotope Analyser-24d (manufactured by Los Gatos Research Inc.,
San Jose, CA, USA) with ±1 ppm precision. Seventeen-week-old Tetra SL hens (n = 90)
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were kept in a lay house exposing them to an increased day length with artificial light
for 14 h per day and were fed with a mixture of grains (corn, wheat, soybean). The D
concentration of the drinking water was 25 ppm. The eggs were collected from day zero
and the D concentration in both the water content and the dry substance of albumen and
yolk fraction was determined. The D concentration of dry substances was determined by
mass spectrometry (Finnigan delta plus XP (Thermo Fisher Scientific, Waltham, MA, USA),
IAEA-CH-7 and NBS-22 laboratory standards, Institute for Geological and Geochemical
Research, CSFK, Budapest, Hungary) with ±1 ppm precision and reported in reference to
the Vienna standard mean ocean water, VSMOW, distributed by the International Atomic
Energy Agency (<150 ppm) [22,23].

The D concentration reached equilibrium 6−7 weeks after the DDW consumption had
started. After 7 weeks of DDW treatment of hens, the eggs were collected and used for the
experiments. The albumen and yolk were separated, freeze-dried (to 4.6−5.6% residual
moisture), and the yolk was used as a food component for mice.

2.2. Preparations Made for per os Treatment of the Mice

Two different in vivo studies using mice were performed (see Section 2.4. for details).
For the first one, lasting four weeks, dried yolk (deuterium-depleted and control) was
dissolved in distilled water to 0.25 g/mL concentration at 50 ◦C. The mice received per os by
gavage 400 µL of the solution daily in the first two weeks of the four-week-long experiment.
The mice in the groups receiving the yolk-containing food lost vitality, attributable to the
avidin content of the yolk causing biotin deficiency. So, in the second two weeks, the yolk
solution was treated at 80 ◦C for 10 min and the adverse effects disappeared.

In the second experiment, the stress possibly caused by the gavage application was
avoided by mixing the dried yolk with powdered semi-synthetic food (VRF1, Akronom Kft.,
Budapest, Hungary) at 7%. The mix was re-tableted and sterilized for feeding the mice.

2.3. Cell Lines

A metastasis-specific mouse mammary carcinoma cell line 4T1 with high metastatic
capacity to the lung (purchased from ATCC, Manassas, VA, USA) was grown at 37 ◦C
under 5% of CO2 and 100% humidity in RPMI-1640 Medium (Gibco BRL, Carlsbad, CA,
USA) containing penicillin (50 IU/mL) (Gibco BRL, Carlsbad, CA, USA), streptomycin
(50 mg/mL) (Gibco BRL, Carlsbad, CA, USA), and 10% fetal bovine serum (Gibco BRL,
Carlsbad, CA, USA).

An MCF-7 human breast cell line (ATCC) was grown at 37 ◦C under 5% of CO2 and
100% humidity in Eagle’s Minimum Essential Medium (EMEM) (Gibco BRL, Carlsbad, CA,
USA) containing penicillin (50 IU/mL) (Gibco BRL, Carlsbad, CA, USA), streptomycin
(50 mg/mL) (Gibco BRL, Carlsbad, CA, USA), and 10% fetal bovine serum (Gibco BRL,
Carlsbad, CA, USA).

Of both cell lines, the third and fourth passages were used for inoculation. Before
inoculation, the cells were trypsinized, washed, and resuspended in sterile PBS. A total of
105 (4T1) or 5 × 106 (MCF7) cells were counted and resuspend in appropriate serum-free
medium and injected into the mammary pad in 50 µL volume.

2.4. Description of the In Vivo Studies

In the first, 4-week study, 8-week-old female and male BALB/cJ mice (Charles River,
Innovo Kft., Hungary) were used. The mice (20 ± 4 g weight) were group-housed (5/cage),
fed VRF1 commercial diet ad libitum, and housed in an animal facility under a 12 h
light/dark cycle at constant temperature (22 ◦C) and humidity. The mice were randomly
divided into six groups (n = 10, 5 males and 5 females) (Table 1). Water was provided ad
libitum, with 150 ppm deuterium content (natural level) for the control animals, and with
25 ppm deuterium content for the DDW-treated mice. In this study, 4T1 cells (metastasis-
specific mouse mammary carcinoma model cell line; [24]) were used.
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Table 1. Groups and treatments in the first mouse study using the 4T1 cell line.

Group Type of Treatment

Drinking Fluid Food Drug

Untreated control Normal water VRF1

Treated DDW VRF1

Treated DDW VRF1 +
deuterium-depleted yolk

Treated Normal water VRF1 +
deuterium-depleted yolk

Untreated control Normal water VRF1 +
normal yolk

Positive control Normal water VRF1 DU283

On day 0, the cells (100,000/animal in 50 µL) were inoculated into the mice’s mammary
pad, and DDW treatment was started. The administration of the yolk solution started on day 1.

Since feeding by gavage with the 400 µL solution of the dried yolk was stressful for
the mice, an additional control group was set up (treated with 400 µL normal yolk) to
compare the data of the other two treated groups receiving DDW and/or yolk. DU283, a
compound with documented anticancer effect, was administered (3 mg/kg bw in 150 µL
volume, intraperitoneal, once a day) as a positive control [25]. The growth of the primary
tumor was followed on the sixth, eighth, and tenth day of treatment. At the end of the
experiment, the lungs were prepared for weight measurement after incubation in formalin.
The presence and size of the metastatic tumors were inferred by comparing the weight of
treated mice’s lungs to the average lung weight of five healthy, untreated mice; based on
the correlation between the lung weight and the number of metastases, reported earlier in
a paper by Ying et al. [26].

In the second mice study (Table 2), eight-week-old NSG immunodeficient mice
(Charles River, Innovo Kft., 2117 Isaszeg, Hungary) were used. The mice (20 ± 4 g weight)
were fed a sterile VRF1 commercial diet and sterile water ad libitum and were housed in
individual ventilated cages under sterile circumstances in an animal facility under a 12 h
light/dark cycle at constant temperature (22 ◦C) and humidity. The mice were randomized
and three groups (n = 10, 5 males and 5 females) were created. The control group con-
sumed normal water ad libitum and dried VRF1-based food supplemented with 7% normal
dried yolk (see Section 2.2.). One of the treated groups consumed DDW with 25 ppm D
concentration and received the same food as the control group. The second treated group
consumed DDW with 25 ppm D concentration and VRF1-based food supplemented with
7% deuterium-depleted dried yolk. Five million MCF-7 cells were inoculated at the start,
and the tumor volume and survival were followed up for three months. Tumor volume
became measurable around day 14 and was measured every 2–3 days. Each time one
mouse perished, the average tumor volume in the three groups was calculated using the
previous day’s volume data, divided by the number of mice alive.
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Table 2. Groups and treatments in the second mouse study using the MCF-7 cell line.

Groups Drinking Fluid Food

Untreated control Normal water VRF1 supplemented with normal yolk

Treated DDW VRF1 supplemented with normal yolk

Treated DDW VRF1 supplemented with deuterium-depleted yolk

2.5. Ethical Considerations

The study was performed according to the Institutional and National Animal Experi-
mentation and Ethics Guidelines in possession of an ethical clearance (XXIX./128/2013.;
Title: Investigation of effects of macromolecules).

All animals were treated moribund and were euthanized at the observation of the
first sign of torment. All operative procedures and animal care conformed strictly to the
Hungarian Council on Animal Care guidelines. After treatment, the animals were randomly
divided into different groups and kept under standard conditions conforming to ARRIVE
(Animal Research: Reporting of in Vivo Experiments) guidelines [27] and the Guide for the
Care and Use of Laboratory Animals [28].

3. Results
3.1. Production of Deuterium-Depleted Food

It was supposed that the replacement of the laying hens’ normal drinking water
with DDW of 25 ppm D concentration would influence the D content of the molecules
synthesized in the developing eggs. The time course of D levels in water and dry substance
of egg white and yolk is shown in Figure 1.
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Figure 1. Changes of the D concentration in the water and the organic compounds of eggs af-
ter replacement of normal drinking water with 25 ppm DDW (the data represent the average of
measurements on two independent samples.).

The D concentration of the water extracted from the yolk and egg white was equal,
suggesting an equilibrium of D within the liquid phase. There was a sharp 50 ppm decrease
in the first 9 days, and a further 30 ppm decrease during the next 12 days, but only a few
ppm decrease in the subsequent 3 weeks. The time course of the change of D concentration
in egg white and yolk was quite different. The D level of the albumen was higher already
before the hens started drinking DDW, and it decreased from 160 ppm to 110 ppm by
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the forty-second day of the study. The D concentration of the yolk started to decrease
rapidly right after the hens started consuming DDW and decreased much faster than the D
concentration of the water content of the yolk, reaching equilibrium after only two weeks.
By the time of collecting the eggs for the experiments, there was a 50 ppm difference
between the D concentration of the egg white (110 ppm) and the yolk (60 ppm).

3.2. Tumor Growth in Mice Inoculated with 4T1 Breast Carcinoma Cells

The 4T1 model system was chosen as a cell line with high metastatic capacity to the lung.
Therefore, the size of the primary tumor and the weight of the lung metastases were followed.

In the group consuming DDW and DDyolk, the average primary tumor size was
smaller vs. control on days 6, 8, and 10 (9.9 mm3, 30.6 mm3, 47.0 mm3 vs. 15.7 mm3,
33.4 mm3 50.3 mm3, respectively), but the difference was not significant. Figure 2 shows
the data on tumor volumes.
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Figure 2. Tumor volume 10 days after inoculation of 4T1 cells (100,000/animal in 50 µL) into the
mice’s mammary pad. Dots represent individual data while the horizontal line with error bar shows
mean and SD.

The average weight of the metastases in the lungs and the primary data are shown in
Table 3 and Figure 3. In all four treated groups, the tumor weight was smaller compared
to the two control groups, but the difference was significant in the group treated with
deuterium-depleted yolk (Sidak’s multiple comparisons test, p = 0.0354). These differences
may be explained with earlier findings showing that DDW inhibits the migration of tumor
cells [14].
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3.3. Tumor Size and Survival in Mice Inoculated with Human MCF-7 Breast Cancer Cell Line

The average tumor volume data and survival data are shown in Figures 4 and 5. The
tumor volume in the treated groups was somewhat smaller but the difference was not
significant. According to the survival data, deuterium depletion delayed the perishment of
mice as 30% of them died within 20 days in the control group but within 43 and 49 days
in the DDyolk-treated and DDyolk- plus DDW-treated groups, respectively. However,
the differences in median survival time were not significant (Logrank test: p = 0.0623,
Gehan-Breslow-Wilcoxon test: p = 0.0689).

Table 3. Average weight of the metastases in the formalin fixed lungs in the control and treated groups.

Treatment Weight of the Metastasis
(Milligrams; mean ± SEM, n = 10))

Normal water (CTRL) 45.20 ± 4.02

DDW 32.13 ± 6.81

DDW + deuterium-depleted yolk (DDyolk) 37.86 ± 5.47

Normal water + DDyolk * 32.19 ± 4.80 *

Normal water + normal yolk (Ctrl yolk) 46.96 ± 5.30

Normal water + DU283 33.78 ± 6.71
* The tumor weight was significantly decreased compared to CTRL (p = 0.0354, Sidak’s multiple comparisons test).
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Figure 3. Weight of the metastases in the four treated and two control groups. The average weight of
the metastases was lower in all four treated groups but only the group receiving deuterium-depleted
yolk (*) showed significant differences (p = 0.0354) compared to the group consuming normal water
and normal food. Dots represent individual data while the horizontal line with error bar shows mean
and SD.

These results confirm the anticancer effect of DDW and our assumption that by
administration of nutrients as deuterium-depleted organic compounds (DDyolk) to normal
food, the anticancer effect of deuterium depletion can be boosted. Increasing the amount of
DDyolk in the food may enhance antitumor efficacy.
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Figure 4. Changes of primary tumor volume in the control and the two treated groups inoculated
with the MCF-7 cell line. The primary tumor in the mammary pad was first palpable on day 11.
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Figure 5. Survival curves of the control and the two treated groups inoculated with the MCF-7 cell line.

4. Discussion

The consumed food has an undoubtedly significant impact on cell metabolism and
physiological processes in living organisms. The effects are typically attributed to the
composition of the macronutrients (carbohydrates, lipids, proteins) in foods, whereas
the possible role of heavy isotope of hydrogen, deuterium, has not been investigated.
To preserve health, the most common dietary approach is to reduce fats and increase
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carbohydrates within the total caloric intake, arguing that the burden of cardiovascular
diseases can be reduced this way.

Our study aimed to investigate the impact of the varying D/H ratio in food on
tumor growth. To obtain deuterium-depleted nutrients, the drinking water of laying hens
was replaced with DDW and the decrease of D concentration in the eggs was followed.
Interestingly, the kinetics of the D level change in yolk and egg white was different which
suggested that the distribution of D is strongly determined by biochemical pathways.

The mice studies presented here clearly showed the distinct antitumor effect of DDyolk.
The significant weight decreases of lung metastases generated by the 4T1 cancer cells
in the first study indicated that deuterium depletion may have inhibited the migration.
Inhibition of lung cancer cell migration by DDW in vitro has been described earlier [14].
Tumor growth and survival data of mice inoculated with the MCF-7 breast cancer cell line
confirmed our hypothesis that alterations in D concentration in organic compounds of food
have an impact on tumor growth. This is related to the role of D in cell growth, namely
that well-known molecular metabolic processes lead to an increasing D/H ratio which
is responsible for the entering of the cells from the G1 to the S phase [4]. A recent study
proved that a higher D/H ratio increased the expression of hundreds of genes with a key
role in cell cycle regulation. It was concluded that by keeping the D concentration at a low
level using DDW, the expression of these genes, and therefore cell growth, can be kept
under control [9].

The application of a ketogenic (very low in carbs and high in fats) diet was tested
in cancer patients with convincing clinical evidence of the anticancer effect of this type
of nutrition. The changes in the metabolic parameters in patients during such a diet,
and the beneficial antitumor effects, are well-documented [29–31]. Our results up to now
suggest a common link between the antitumor effect of DDW and of ketogenic diet; the
deuterium-depleting effect of both.

A carbohydrate-rich diet will result in the production of metabolic water with a D
concentration close to the Standard Mean Ocean Water (SMOW) value of 155.75 ppm.
However, the more complex the molecules are, such as lipids, the lower their D content,
because the biochemical processes in the synthesis of these molecules show a preference to
the lighter isotope of hydrogen due to the isotopic effect [2,3,18]. Consequently, increasing
the ratio of fats in food intake will result in a lower D concentration of the metabolic water
produced by the mitochondria.

The data in Table 4 on the D level in the dry matter of certain common foodstuffs
provide evidence of the effect of nutrition on the D concentration within the human body,
which in turn affects tumor growth [18,32].

Table 4. D concentration of the dry matter of different foods.

Type of Foodstuff D concentration of Dry Matter (ppm)

Wheat flour 150 ± 1

Table sugar 146 ± 1

Cottage cheese 136 ± 1

Olive oil 130 ± 1

Butter 124 ± 1

Pork fat 118 ± 1

A high-carbohydrate and low-fat diet alone results in a higher average D concentration
of the body. Consumed carbohydrates are converted into glucose for immediate energy,
and into glycogen and fat as stored energy. Oxidation of glucose, immediately or after
storage as glycogen, yields metabolic water with higher D level, whereas lipids become
deuterium-depleted during synthesis and yield lower D in metabolic water. The D atoms
not included into the lipids will be enriched in other molecules, preferably molecules with
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hydrogen in the exchangeable position, such as amino- and carboxyl groups of amino acids.
This may explain the dissimilar D level in egg yolk and white of the DDW-treated hens
(Figure 1).

Malignancies are not the only chronic disease positively influenced by reduced D
levels. A recent animal study proved that the optimal D concentration of blood for reducing
blood sugar levels in rats was between 125 and 140 ppm, stimulating the translocation
of GLUT4 from the cytosol to the cell membrane [8]. The beneficial effect of D depletion
was also confirmed in a human phase two clinical trial. DDW (105 ppm D) significantly
reduced the fasting glucose level and decreased insulin resistance [33]. Another in vitro
study confirmed the impact of the light isotopes of not only hydrogen, but also carbon,
oxygen, and nitrogen on enzyme activity [34].

To reduce the incidence of chronic diseases, including malignant tumors, in the human
population is a paramount aim. The data presented here prove that the isotopic composition
of foods has a major impact on cancer cell growth. These observations raise the need to
carry out further preclinical studies and human clinical trials to reveal the mechanism of
deuterium depletion and to optimize the D concentration of nutrients to reduce the average
D level in the blood from 145–150 ppm to 125–140 ppm.
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Abstract: Rhabdomyosarcoma (RMS) is an aggressive form of cancer that accounts for half of all
pediatric soft tissue sarcomas. Little progress has been made in improving survival outcomes over
the past three decades. Mouse models of rhabdomyosarcoma are a critical component of translational
research aimed at understanding tumor biology and developing new, improved therapies. Though
several models exist, many common mutations found in human rhabdomyosarcoma tumors remain
unmodeled and understudied. This study describes a new model of embryonal rhabdomyosarcoma
driven by the loss of Nf1 and Ink4a/Arf, two mutations commonly found in patient tumors. We
find that this new model is histologically similar to other previously-published rhabdomyosarcoma
models, although it substantially differs in the time required for tumor onset and in tumor growth
kinetics. We also observe unique sex-dependent phenotypes in both primary and newly-developed
orthotopic syngeneic allograft tumors that are not present in previous models. Using in vitro and
in vivo studies, we examined the response to vincristine, a component of the standard-of-care
chemotherapy for RMS. The findings from this study provide valuable insight into a new mouse
model of rhabdomyosarcoma that addresses an ongoing need for patient-relevant animal models to
further translational research.

Keywords: rhabdomyosarcoma; sarcoma; cancer; mouse model; Nf1; Ink4a/Arf; vincristine

1. Introduction

Rhabdomyosarcoma (RMS) is an aggressive and deadly malignancy that accounts
for half of all pediatric soft tissue sarcoma diagnoses annually [1]. The majority of these
tumors develop in children younger than 10 years old, with an incidence of 4.71 per million
in individuals less than 20 years old [2,3]. Rhabdomyosarcomas develop from skeletal
muscle stem cells called satellite cells and can arise throughout the body, including in the
limbs, trunk, head and neck, and pelvic regions. Tumors present as an expanding lump
or swelling and may be painful, depending on the area of development. The exact cause
of RMS development is unknown. However, genetic risk factors include the presence of
cancer predisposition syndromes such as Li-Fraumeni syndrome, Neurofibromatosis type 1,
Costello syndrome, Noonan syndrome, Beckwith-Wiedman syndrome, and DICER1 syn-
drome [4]. Unfortunately, the prognosis for childhood RMS has not substantially improved
since the mid-1990s [5]. The prognosis for metastatic disease, which accounts for 15% of all
new diagnoses, remains grim, with a five-year survival rate of only 31% [6]. Furthermore,
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chemotherapies such as vincristine (VCR) that are used to treat local and metastatic disease
are fraught with side effects including persistent and debilitating neuropathy.

There are two main classes of pediatric RMS: alveolar RMS (ARMS), which comprises
approximately 25% of cases; and embryonal RMS (ERMS), which comprises 60% of cases [2].
Though both arise from skeletal muscle tissue, ARMS and ERMS have substantially differ-
ent genetic alterations, incidences, and outcomes, and they are characterized by distinct
transcriptomic, epigenetic, and proteomic signatures [7]. ARMS frequently contains char-
acteristic PAX3-FOXO1 or PAX7-FOXO1 fusion proteins and is associated with a worse
prognosis than ERMS. Mouse models of ARMS similarly contain fusion genes such as
Pax3-FKHR, with or without accompanying loss of tumor suppressors such as Ink4a/Arf
or Trp53 [8,9]. In contrast, ERMS is fusion-negative and contains a wide variety of muta-
tions. Over 50% of ERMS contain alterations in RAS pathway members, including NRAS,
KRAS, HRAS, NF1, and FGFR4, as well as mutations in tumor suppressor genes such as
TP53 and CDKN2A (INK4A/ARF) [10]. Mouse models of ERMS contain combinations
of activating mutations in proto oncogenes such as HGF/SF, HER2-neu, and Kras and
inactivating mutations in tumor suppressors such as Ink4a/Arf or Trp53 [11–17]. Though
much work has been done developing RMS mouse models, many common mutations and
unique combinations of mutations found in human ERMS tumors remain unmodeled and
understudied [9,13,18–22]. The heterogeneity of genetic alterations in ERMS necessitates
the development of new ERMS mouse models containing patient-relevant mutations to
better understand tumor biology and rigorously test promising therapeutic regimens.

In this study, we developed and tested a new genetically engineered mouse model
(GEMM) of ERMS driven by the loss of Nf1 and Ink4a/Arf. Tumors are generated by
CreER technology, with CreER expression under the control of the satellite cell specific
Pax7 promoter (Pax7CreER/+; Nf1fl/fl; Ink4a/Arffl/fl, hereafter referred to as P7NI mice).
Mutations in Nf1 and Ink4a/Arf are commonly found in ERMS tumors (15% and 4%,
respectively), and this genetic combination follows the familiar pattern of Ras-pathway
mutation coupled with the loss of a tumor suppressor that is found in other commonly-used
RMS models [10,23,24]. To the best of our knowledge, this is the first report of an ERMS
GEMM containing these alterations. We compared this new model to a well-established
ERMS GEMM that relies on satellite cell-specific activation of oncogenic KrasG12D and
loss of the tumor suppressor Trp53 to drive tumor formation (Pax7CreER/+; KrasLSL-G12D/+;
Trp53fl/fl) [13–17]. This preclinical GEMM, here referred to as P7KP mice robustly models
histologic and molecular features of human ERMS tumors. We also describe two new
murine ERMS cell lines and their corresponding immune-competent allografts which can
be used for future translational studies of this aggressive cancer. Furthermore, we evaluate
the efficacy of vincristine, a mainstay of pediatric RMS chemotherapy regimens, on cell lines
and orthotopic allografts in multiple ERMS models. Taken together, this study provides
new insight into the impact of initiating mutations on ERMS tumor biology.

2. Materials and Methods
2.1. Mice

All animal experiments were performed in accordance with protocols approved by
the Institutional Animal Care and Use Committee at the University of Iowa. Mouse strains
were maintained in the Dodd Lab colony in the University of Iowa Office of Animal
Care barrier facilities. Same sex littermates were housed in standard shoebox housing
(maximum of five animals per cage) with paper bedding and fed the facility’s standard
irradiated mouse diet. Food and filtered drinking water were provided ad libitum. All
cages and bedding were autoclaved before use. Animal health and welfare were assessed
daily by veterinary staff throughout all phases of the experiment (breeding, tumor de-
velopment, tumor growth). Animals were maintained on 12 h light/dark cycles and
temperature and humidity-controlled rooms. Mice were maintained behind a barrier and
monitored for contaminants by monthly sentinel harvest. The Pax7CreER/+; KrasLSL-G12D/+;
Trp53fl/fl (P7KP) sarcoma model has been previously described and is on a 129Sv/Jae
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background [13,15,17]. The Pax7CreER/+; Nf1fl/fl; Ink4a/Arffl/fl (P7NI) sarcoma model was
generated by crossing previously-described Nf1fl/fl; Ink4a/Arffl/fl mice (C57Bl/6 back-
ground) [25] with Pax7CreER/+ mice (129Sv/Jae background) [26]. Following F1 generation,
Pax7CreER/+; Nf1fl/+; Ink4a/Arffl/+ mice were crossed with Nf1fl/fl; Ink4a/Arffl/fl mice
to obtain Pax7CreER/+; Nf1fl/fl; Ink4a/Arffl/fl mice. These F2 mice were bred together for
at least 3 generations before obtaining experimental mice used for this study. Experi-
mental litters usually contain 4–6 pups, with approximately half of the mice containing
the Pax7CreER/+ allele. To induce tumors in P7KP and P7NI mice, animals were injected
with 50 µL of 4-hydroxytamoxifen (10 mM in DMSO, Sigma-Aldrich, St. Louis, MO, USA,
H7904) in the gastrocnemius muscle. The gastrocnemius muscle is a commonly used site for
tumor initiation and allows for easy and accurate assessment of tumor volume with digital
calipers [13,15,17,27]. Mice were monitored a minimum of three times weekly to assess
for general welfare and tumor initiation until all mice had developed tumors (final tumor
development at 26 weeks post-tamoxifen injection). Following tumor initiation, tumors
were measured three times weekly by a digital caliper. Tumor volume was calculated using
the formula V = (π × L × W × H)/6, with L, W, and H representing the length, width, and
height of the tumor in mm, respectively. Tumors were considered to have initiated when
they reached 200–285 mm3 (approximately 7.5 mm × 7.5 mm × 7.5 mm). After tumors
reached a volume of 1500 mm3 (approximately 14.2 mm × 14.2 mm × 14.2 mm), the mice
were euthanized. In accordance with our approved animal protocol, mice were euthanized
before tumors reached the maximum approved tumor volume of 2000 mm3. Mice were
euthanized using both CO2 asphyxiation (primary method) and cervical dislocation (sec-
ondary method). A regional autopsy of the tumor and surrounding tissue was performed
and samples of tumor tissue were collected. Male and female mice between 7 and 52 weeks
old were used in all studies. P7KP: 12 male mice, 12 female mice. P7NI: 16 male mice,
12 female mice.

2.2. Histological Analysis

As previously described [17], terminal tumor tissue was stored in a 10% neutral
buffered formalin for fixation and subsequent paraffin embedment. Formalin-fixed paraffin-
embedded tumors were sectioned and stained with hematoxylin (Vector Laboratories,
Newark, CA, USA, H-3401) and eosin (Harleco, Darmstadt, Germany, 200-12) to evalu-
ate tissue morphology. Images were taken using an inverted microscope (Fisherbrand,
Waltham, MA, USA, 03-000-013) with a digital camera attachment (Amscope, Irvine, CA,
USA, MU503) at 40× magnification. Scale bars: 50 µm.

2.3. Derivation of Cell Lines

As previously described [17], terminal tumor tissue was dissected with forceps and
surgical scissors, washed in 5 mL PBS in a 6-well plate, then finely minced with surgical
scissors. Five mL of Dissociation Buffer [Collagenase Type IV (700 units/mL, Gibco,
Waltham, MA, USA, 17104-019) and dispase (65 mg/mL, Gibco, Waltham, MA, USA, 17105-
041)] in PBS was added to each well. Plates were incubated for one hour at 37 ◦C on an
orbital shaker and transferred to a tissue culture hood. Dissociated tissue was passed
through a sterile 70 µM cell strainer (Fisherbrand, Waltham, MA, USA, 22363548) into a
50 mL conical vial using a 10 mL serological pipette and the plunger from a 1 mL syringe
(Becton Dickinson, Franklin Lakes, NJ, USA, 309628). Cell strainers were washed with
25 mL sterile PBS into corresponding conical vials. Cell suspensions were centrifuged, and
cell pellets were resuspended and plated in DMEM (Gibco, Waltham, MA, USA, 11965-092).
Cells were grown in 10 cm dishes maintained in DMEM media containing 10% FBS, 1%
penicillin–streptomycin (Gibco, Waltham, MA, USA, 15140-122), and 1% sodium pyruvate
(Gibco, Waltham, MA, USA, 11360-070). When 90% confluency was reached, 15–35% of cells
were passaged into a new dish. Cell line morphology was monitored by microscope and
lines were passaged a minimum of 10 passages (range 39–46 passages) until a consistent
growth rate was achieved and no stromal cells were observed in the culture. Established
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cell lines were frozen for use in subsequent analysis. KRIMS-3 cells were derived from
an untreated P7KP primary tumor, while NIMS-1 and NIMS-2 cells were derived from
untreated P7NI primary tumors.

2.4. Generation of Orthotopic Syngeneic Allografts

As previously described [17], cells were ~90% confluent on the day of injection. Cells
were trypsinized, washed, and resuspended in sterile PBS containing calcium chloride and
magnesium chloride. To develop orthotopic allografts, mice were injected with 50 µL of
cell suspension (4 × 105 cells total) in the left gastrocnemius muscle using a 31G needle. For
P7KP allografts, KRIMS-3 cells were injected into mice maintained on a KP (KrasLSL-G12D/+;
Trp53fl/fl) background. For P7NI allografts, NIMS-1 and NIMS-2 cells were injected into
mice maintained on a P7NI background. Same sex littermates were maintained in the
Dodd Lab colony in the University of Iowa Office of Animal Care barrier facilities. Ani-
mals were housed in standard shoebox housing (maximum of five animals per cage) with
paper bedding and fed the facility’s standard irradiated mouse diet. Food and filtered
drinking water were provided ad libitum. All cages and bedding were autoclaved before
use. Animal health and welfare were assessed daily by veterinary staff throughout all
phases of the experiment (breeding, tumor development, and tumor growth). Animals
were maintained on 12 h light/dark cycles and temperature and humidity-controlled
rooms. Mice were monitored a minimum of three times weekly to assess tumor initia-
tion. Mice that had not developed tumors by 35 days after the injection of cells were
euthanized. Following tumor initiation, tumors were measured three times weekly by a
digital caliper. Tumors were considered to have initiated when they reached 200–285 mm3

(approximately 7.5 mm × 7.5 mm × 7.5 mm). On the day of tumor initiation, mice were
randomized to receive one dose of vincristine (Selleckchem, Houston, TX, USA, S1241)
diluted in water or saline (PBS) via intraperitoneal injection. Randomization occurred by
an alternating enrollment scheme. Animals were all housed on the same rack, and cage
location was not changed during the study. Subsequent tumor growth measurements
were collected in a blinded manner. After tumors reached a volume of 1500 mm3 (approx-
imately 14.2 mm × 14.2 mm × 14.2 mm), mice were euthanized. In accordance with our
approved animal protocol, mice were euthanized before tumors reached the maximum
approved tumor volume of 2000 mm3. In cases of tumor regression, mice were euthanized
35 days after tumor initiation. Mice were euthanized using both CO2 asphyxiation (primary
method) and cervical dislocation (secondary method). A regional autopsy of the tumor
and surrounding tissue was performed and samples of tumor tissue were collected. Male
and female mice between 7 and 52 weeks old were used in all studies. KRIMS-3 allografts:
4 male mice, 8 female mice. NIMS-1 allografts: 12 male mice, 9 female mice. NIMS-2
allografts: 13 male mice, 10 female mice.

2.5. Cell Growth and Vincristine Sensitivity Assays

As previously described [17,27], KRIMS-3, NIMS-1, and NIMS-2 cells were grown in
10 cm dishes maintained in DMEM media containing 10% FBS, 1% penicillin-streptomycin
(Pen-Strep, Gibco, Waltham, MA, USA, 15140-122), and 1 mM sodium pyruvate (Gibco,
Waltham, MA, USA, 11360-070). For cell growth assays, cells were plated on Day 0 in a
12-well plate (2.5 × 104 cells). On Day 1, resazurin (Sigma-Aldrich, St. Louis, MO, USA,
R7017) dissolved in PBS (1.5 mg/mL) was added to wells (200 µL for 12-well) and cells were
returned to the tissue culture incubator for 1–2 h before being read on a microplate reader
(BioTek, Winooski, VT, USA). This process was repeated 24 h later on Day 2. Fluorescence
measurements from Day 2 were normalized to measurements from Day 1 for each cell line
to calculate the 24 h fold growth. For vincristine dose response assays, cells were plated on
Day 0 in a 96-well plate (KRIMS-3: 8.8 × 103 cells, KRIMS-4: 9.2 × 103 cells, and NIMS-1:
8 × 103 cells, NIMS-2: 5 × 103 cells). On Day 1, vincristine (Selleckchem, Houston, TX, USA,
S1241) diluted in water was added at varying concentrations to wells. On Day 2, viability
was assessed using a resazurin assay (20 µL per well) as described above. Fluorescence
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values were normalized to wells containing 0 µM vincristine. Dose-response curves were
fitted using nonlinear regression, option “[inhibitor] vs. normalized response-variable
slope” in GraphPad Prism (Version 9, Boston, MA, USA).

2.6. Statistics

Statistical analysis was performed using GraphPad Prism (Version 9, Boston, MA,
USA) 8. In vivo, time-to-tumor and survival curves were analyzed using a Log-rank
(Mantel-Cox) test with Bonferroni correction (if comparing more than two groups). In vitro
data were analyzed using Welch’s ANOVA and Dunnett’s T3 multiple comparison tests.

3. Results
3.1. Tumor-Initiating Mutations Impact Rms Development and Growth

Both RMS models used in this study develop tumors from muscle satellite cells, which
functioned as the stem cells of skeletal muscle. CreER expression was under the control of the
satellite cell-specific Pax7 promoter. Under normal conditions, CreER remains in the cytoplasm.
However, in the presence of tamoxifen (TMX), CreER translocates to the nucleus, allowing for
Cre recombinase activity at LoxP sites. In P7KP mice (Pax7CreER/+; KrasLSL-G12D/+; Trp53fl/fl),
intramuscular injection of TMX caused expression of oncogeneic KrasG12D and a loss of Trp53
and satellite cells, resulting in RMS formation [13–17]. Similarly, in P7NI mice (Pax7CreER/+;
Nf1fl/fl; Ink4a/Arffl/fl), intramuscular injection of tamoxifen led to the biallelic loss of Nf1
and Ink4a/Arf in satellite cells at the site of injection (Figure 1A). P7KP and P7NI tumors are
histologically similar, with both models displaying the histopathologic hallmarks of RMS,
including high cytologic variability and small round cells with eosinophilic cytoplasms and
hypochromic nuclei (Figure 1D). However, though they share the same cell of origin, the
difference in genetic mutations has a profound impact on tumor initiation and growth. While
all animals developed ERMS tumors following TMX injection (Figure 1B), tumor latency
was significantly different between the two models. Similar to previous reports [17], P7KP
tumors (n = 24) initiated between 4.1 and 7.1 weeks (median 5.7 weeks) after TMX injection
(Figure 1B). P7NI tumor onset (n = 28) was significantly slower, requiring 11.3 to 26.0 weeks
(median 18.0 weeks) to initiate following TMX injection. Similarly, the growth kinetics of the
tumors were also genotype-specific. While P7KP tumors tripled in volume within six days
(range of four to seven days) after tumor initiation (Figure 1C), P7NI tumors displayed a more
varied range of growth patterns, tripling in volume in nine days (range 3 to 17 days). Indeed,
the majority of P7NI tumors (six of eight) grew slower than the slowest P7KP tumor which
tripled in volume in seven days.

3.2. RMS Cell Lines Are Sensitive to Vincristine Treatment In Vitro

To further assess the impact of initiating mutations on tumor biology, we developed
cell lines from primary RMS tumors (Figure 2A). Terminal tumor tissue was enzymatically
dissociated and cultured in vitro. Cell lines were passaged a minimum of 10 times to
facilitate the removal of nontumor stromal cells. We have previously published findings
with two P7KP cell lines that we developed using this method, known as Kras Induced
Murine Sarcoma 3 and 4 (KRIMS-3 and KRIMS-4 cells) [17]. In the current study, we
derived two new P7NI cell lines called Nf1 Induced Murine Sarcoma 1 and 2 (NIMS-1 and
NIMS-2 cells).

In vitro growth assays demonstrated that both KRIMS and NIMS cells grow at very
similar rates (Figure 2B). As previously reported, KRIMS-4 cells grow slightly faster than
KRIMS-3 cells (3.2-fold versus 2.3-fold increase after 24 h). In contrast, there is no difference
in growth between NIMS-1 and NIMS-2 cells. In addition to evaluating growth rates, we
assessed the sensitivity of each cell line to vincristine (VCR), a microtubule inhibitor com-
monly included in the multidrug chemotherapy regimen used to treat RMS (Figure 2C–G).
Dose-response studies determined that IC50 values for P7KP cells and P7NI cells were both
in the midnanomolar range, including an average of 82.6 nM for KRIMS cells (KRIMS-3:
100.5 nM and KRIMS-4: 71.2 nM) and 58.9 nM for NIMS cells (NIMS-1: 81.6 nM and
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NIMS-2: 42.9 nM) (Figure 2D–G). Taken together, these data demonstrate that cells from
the P7NI model closely resemble cells from previously-published P7KP models in vitro.
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were induced using intramuscular injection of tamoxifen (TMX) to locally delete Trp53 and activate
oncogenic KrasG12D (P7KP) or to locally delete Nf1 and Ink4a/Arf (P7NI). Following tumor initiation,
tumor dimensions were measured by caliper three times weekly and terminal tumor tissue was
collected for analysis. (B) P7NI tumors initiated significantly slower than P7KP tumors. (C) P7NI
tumors also displayed a broader range of growth rates than P7KP tumors. (D) P7KP and P7NI tumors
share similar histologic features including cells with high cytologic variability and eosinophilic
cytoplasms. Scale bar: 50 µM. Log-rank (Mantel-Cox) tests used to analyze B. * p < 0.05.

3.3. P7NI Tumor Growth Phenotypes Are Sex Dependent

One major goal of our study was to test the sensitivity of RMS mouse models to
vincristine (VCR), an integral member of the multidrug standard-of-care chemotherapy for
RMS patients. To facilitate translational studies of Nf1-deleted RMS in vivo, we developed
orthotopic syngeneic orthotopic allografts with the NIMS cell lines (Figure 3A). Allografts
offer several advantages to primary genetically engineered tumors, including more rapid
and consistent tumor initiation. Upon tumor initiation, mice were randomized to receive
either vincristine (VCR) or saline control (PBS). We compared the two new NIMS allografts
to the well-established KRIMS-3 allografts [17] (Figures 3B and S1A, Table 1). As previously
reported, KRIMS-3 allografts arise nine to eleven days following cell implantation and
show similar tumor initiation trends in male and female mice. Given the similarities
between KRIMS and NIMS cells in vitro, we hypothesized that NIMS allografts would
follow a similar pattern of initiation and growth. To our surprise, we observed significant
sex-dependent differences in tumor growth of the NIMS allografts. In males, all mice
implanted with NIMS-1 and NIMS-2 cells developed tumors within seven to nine days
following cell implantation. In contrast, tumor development was substantially lower in
female mice, with only six of ten female mice developing NIMS-2 tumors and seven of
eight female mice developing NIMS-1 tumors. Of note, the differences between the NIMS-1
and NIMS-2 allograft initiation rates in female mice may be due to the sex of the mice
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from which the cell lines were derived, as NIMS-1 cells were developed from a female
mouse while NIMS-2 cells were developed from a male mouse. However, this would be a
NIMS-specific characteristic, as both of the previously published KRIMS-3 and KRIMS-4
cell lines derived from female mice develop allografts equally in male and female recipient
mice (Figure S1B) [17].
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P7NI tumors were enzymatically dissociated and cultured to develop cell lines. KRIMS (Kras Induced
Murine Sarcoma) cells were derived from P7KP tumors and NIMS (Nf1 Induced Murine Sarcoma)
cells were derived from P7NI tumors. (B) KRIMS and NIMS growth in vitro. Cells were seeded at
equal densities and growth was assessed after 24 h. Data points represent independent experiments
(n = 3). (C–G) Vincristine (VCR) dose-response curves. Cells were treated for 24 h. (C) Average
dose-response curves by genotype. (D–G) VCR dose-response curves for individual cell lines. Data
from 3–4 independent experiments included in each plot. Curves fitted using nonlinear regression,
option “[inhibitor] vs. normalized response-variable slope” in GraphPad Prism (Version 9, Boston,
MA, USA). Shaded areas represent 95% confidence intervals. Absolute IC50 95% confidence intervals
displayed in brackets. Welch’s ANOVA and Dunnett’s T3 multiple comparison test used to analyze B.
* p < 0.05; ns = not significant.
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syngeneic allografts. KRIMS-3 and NIMS-1 cells were derived from tumors in female (F) mice, while
NIMS-2 cells were derived from a tumor in a male (M) mouse. (B) NIMS-2 cells displayed significant
sex-dependent differences in tumor initiation. (C,D) Individual NIMS-1 and NIMS-2 tumor growth
curves. Tumors in females developed later than those in male mice and displayed highly variable
growth patterns. (E) Reanalysis of data presented in Figure 1B. Tumors in female P7NI mice initiated
significantly faster than in male P7NI mice. (F,G) Reanalysis of data from Figure 1C. Individual primary
P7KP and P7NI tumor growth curves. Log-rank (Mantel-Cox) test with Bonferroni correction used to
analyze B (adjusted α = 0.003125) and E (adjusted α = 0.008333). * p < 0.003125 in B; * p < 0.008333 in E.
Complete statistical analysis available in Figure S1. * p < 0.05; ns = not significant.

In accordance with our original experimental design, mice were randomized to treatment
with saline (PBS) or VCR at the time of tumor initiation. In PBS-treated Nf1-deleted tumors,
we observed sex-dependent tumor growth patterns (Figure 3C–D, Table 1). In male mice,
NIMS-1 and NIMS-2 allograft growth patterns were similar to primary P7NI tumors. However,
in female mice, NIMS-1 allografts displayed inconsistent growth trajectories. Surprisingly,
two NIMS-1 tumors in female mice regressed to unmeasurable levels. One of these tumors
became detectable again after 14 days (24 days after initial cell implantation), while the other
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remained stably regressed at five weeks post cell implantation. Though none of the PBS-treated
NIMS-2 allografts in female mice regressed to unmeasurable levels, two of the three tumors
displayed substantially slower growth than the NIMS-2 allografts in male mice. Based on
these findings, we reanalyzed tumor initiation data from the primary tumor models presented
in Figure 1B,C. As previously reported [17], onset of P7KP primary tumors did not differ
based on sex (n = 12 males, n = 12 females, Figures 3E and S1C). In contrast, primary P7NI
tumors in female mice initiated significantly faster than in male mice (median 15.6 weeks for
the 12 female mice versus 21.2 weeks for the 16 male mice, respectively) (Figures 3E and S1C).
Similarly, longitudinal growth curves of primary P7NI tumors resembled those of PBS-treated
NIMS allografts, with tumors in females trending toward slower growth than those in males
(Figure 3G). P7KP primary tumors, in contrast, showed no growth differences between male
and female mice (Figure 3F).

Table 1. KRIMS and NIMS allograft development, growth, and treatment.

KRIMS-3 (F)
Sex Initiated Regressed Reached 3× Treatment
M Yes No Yes PBS
M Yes No Yes PBS
M Yes No Yes VCR
M Yes No Yes VCR

M Total 4/4 0/4 4/4 2:2
F Yes No Yes PBS
F Yes No Yes PBS
F Yes No Yes PBS
F Yes No Yes PBS
F Yes No Yes VCR
F Yes No Yes VCR
F Yes No Yes VCR
F Yes No Yes VCR

F Total 8/8 0/8 8/8 4:4
NIMS-1 (F)

Sex Initiated Regressed Reached 3× Treatment
M Yes No Yes PBS
M Yes No Yes PBS
M Yes No Yes PBS
M Yes No Yes PBS
M Yes No Yes PBS
M Yes No Yes PBS
M Yes No Yes VCR
M Yes No Yes VCR
M Yes No Yes VCR
M Yes No Yes VCR
M Yes No Yes VCR
M Yes No Yes VCR

M Total 12/12 0/12 12/12 6:6
F Yes No Yes PBS
F Yes No Yes PBS
F Yes Yes Yes PBS
F Yes Yes No PBS
F Yes No Yes VCR
F Yes No Yes VCR
F Yes No Yes VCR
F Yes Yes No VCR
F No - - -

F Total 8/9 3/8 6/8 4:4

217



Curr. Issues Mol. Biol. 2023, 45

Table 1. Cont.

NIMS-2 (M)
Sex Initiated Regressed Reached 3× Treatment
M Yes No Yes PBS
M Yes No Yes PBS
M Yes No Yes PBS
M Yes No Yes PBS
M Yes No Yes PBS
M Yes No Yes PBS
M Yes No Yes VCR
M Yes No Yes VCR
M Yes No Yes VCR
M Yes No Yes VCR
M Yes No Yes VCR
M Yes No Yes VCR
M Yes No Yes VCR

M Total 13/13 0/13 13/13 6:7
F Yes No Yes PBS
F Yes No Yes PBS
F Yes No Yes PBS
F Yes No Yes VCR
F Yes No Yes VCR
F Yes Yes No VCR
F No - - -
F No - - -
F No - - -
F No - - -

F Total 6/10 1/6 5/6 3:3

3.4. Both P7KP and P7NI Allografts Are Resistant to Vincristine

For KRIMS allografts, the impact of VCR treatment was assessed using combined
groups of males and females since sex affects neither the P7KP primary tumor nor KRIMS-3
allograft initiation or growth (Figures 3E,F, 4A,B and S1B). Given the substantial sex-
dependent differences in NIMS allograft tumor initiation and growth, we assessed the
impact of VCR treatment on males and females separately (Figure 4C–H). A single dose of
VCR (1.0 mg/kg) was administered at the time of tumor initiation.

This dose was chosen since it is close to the maximum-tolerated dose in a previous
study reporting that doses of VCR greater than 1.0 mg/kg in mice are associated with total
body weight loss greater than 10% and death (LD50 = 3.8 mg/kg) [28]. We found that at
this dose, VCR treatment did not impact KRIMS-3 allograft growth (Figure 4B) or survival
(Figure 4E). Likewise, VCR did not affect the growth or survival of NIMS-1 and NIMS-2
allografts in male mice (Figure 4C–E). In female mice with NIMS-1 allografts, VCR had
no appreciable effect, although one mouse treated with VCR experienced complete and
sustained tumor regression, similar to one of the PBS-treated female NIMS-1 allograft mice
described above (Figure 4F, Table 1). Similarly, in VCR-treated female mice with NIMS-2 al-
lografts, one mouse experienced complete and sustained regression. However, this effect is
not generalizable, as two VCR-treated NIMS-2 tumors in female mice showed rapid growth.
Importantly, VCR did not extend survival in female mice with either NIMS-1 or NIMS-2
allografts (Figure 4H). Taken together, these data indicate that VCR has a minimal impact
on tumor growth and survival in both P7KP and P7NI orthotopic syngeneic allografts,
suggesting these tumors are models of chemotherapy-resistant rhabdomyosarcoma.
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mice. (H) Survival of NIMS-1 and NIMS-2 allografts in female mice and KRIMS-3 allografts (same
KRIMS-3 allografts shown in D). Log-rank (Mantel-Cox) test used to analyze sets of PBS versus VCR
treated in mice E and H. ns = not significant.

4. Discussion

The heterogeneity of genetic alterations in RMS necessitates the development of
new mouse models to better understand RMS biology and to test promising therapeutic
regimens more rigorously. In this study, we have described a new mouse model of ERMS
driven by the loss of Nf1 and Ink4a/Arf in muscle satellite cells (P7NI mice). To assess the
characteristics of the model, we compared it to a previously validated murine ERMS model
that relies on activation of oncogenic KrasG12D and a loss of Trp53 (P7KP mice). We found
that the primary P7NI tumors had delayed onset and grew more slowly than P7KP tumors.
Cell lines derived from P7KP and P7NI tumors (KRIMS and NIMS, respectively) behaved
similarly in vitro, but orthotopic syngeneic allografts generated from these cells did not
follow this pattern. Unexpectedly, NIMS allografts displayed sex-dependent differences
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in tumor initiation and growth that were not present in KRIMS allografts. These findings
prompted us to reanalyze data from the primary genetically engineered tumors. We found
that the onset of P7NI tumors was five weeks earlier in female mice than in male mice. To
better understand the utility of the P7NI models in preclinical studies, we assessed the
sensitivity of cell lines and orthotopic syngeneic allografts to the microtubule inhibitor VCR.
We found that in vitro P7KP and P7NI cell lines were equally sensitive to VCR. However,
in vivo studies in orthotopic syngeneic allografts demonstrated that neither genotype
was responsive to 1.0 mg/kg VCR treatment, a previously-reported maximum tolerated
dose [28]. These immune-competent preclinical models of drug-resistant RMS will be a
valuable tool to better understand the mechanisms underlying resistance and to identify
new means of overcoming resistance.

As previously stated, to the best of our knowledge, this is the first animal model of
NF1-mutated RMS, which accounts for 15% of all ERMS tumors [10]. In human ERMS,
the impact of individual mutations on tumorigenesis and the age of diagnosis is not well-
documented. However, mutations in TP53 have been associated with worse outcomes
(shortened event-free survival times) [10]. The preservation of Trp53 in P7NI mice may
partially explain the slowed tumorigenesis and tumor growth in this model compared to
P7KP tumors. Other ERMS genetic signatures associated with decreased overall survival
and failure-free survival include increased expression of EPHA2 (ephrin type-A receptor 2),
NSMF (NMDA receptor synaptonuclear signaling and neuronal migration factor), and
EPB41L4B (erythrocyte membrane protein band 4.1 like 4b) [29]. The impact of these genetic
alterations on the response to specific treatments such as vincristine is not well understood
due to the variable rates of genetic testing and regional differences in treatment regimens.
Mouse models of ERMS, such as those described in this study, are critical for furthering
our understanding of the impact of genetic changes on ERMS biology and response to
treatment.

We also used this model to explore RMS response to vincristine in vitro and in vivo.
Importantly, RMS patients are commonly treated with a multidrug chemotherapy regimen
comprised of vincristine, actinomycin D, and cyclophosphamide (termed VAC). We chose
to focus our studies on vincristine monotherapy for several reasons. First, we wanted to
directly compare responses between in vitro and in vivo models. Since cyclophosphamide
is a prodrug and requires exogenous activation to work in tissue culture, it is difficult
to properly control its activity experimentally. Second, we were concerned about the
cumulative toxicities of the VAC regimen and instead chose to use vincristine alone at
the published maximum tolerated dose. Our data determined that both the P7KP and
P7NI models are resistant to vincristine in vivo. Both intrinsic and acquired resistance to
chemotherapy is common occurrences in human RMS. Recently, the upregulation of the
Zinc finger protein GLI1 was identified in vincristine-resistant RMS and Ewings Sarcoma
cell lines [30]. Other groups developed a series of 34 RMS xenografts to evaluate intrinsic
and acquired chemotherapy resistance to the VAC regimen [31]. Studies such as ours de-
scribing intrinsically resistant immune-competent RMS models complement this previous
work on acquired resistance using in vitro systems and immune-deficient xenografts.

The P7NI model uniquely models sex-dependent differences in tumor initiation and
growth. Of note, ERMS incidence is slightly higher in males compared to females [2], although
this male predominance is also seen in the majority of other childhood cancers [1,32]. However,
in cohorts of pediatric patients, rates of NF1-mutated cancers are significantly higher in females
than in males [33,34]. Though most of these differences were in cancers originating in the
central nervous system such as optic pathway gliomas, it was possible that a similar Nf1-
associated mechanism was promoting the earlier tumorigenesis in female P7NI mice. Of note,
very few studies have examined sex-dependent differences in NF1-mutated tumor initiation
and growth. Though studies of NF1-mutated tumors in human patients typically contain both
males and females, data from the two sexes are often combined, likely due to limited cohort
sizes. Additional studies are needed to better understand the impact of sex on NF1-mutated
tumor biology in human and in animal models.
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The newly described P7NI model has both strengths and limitations. The strengths
discussed above include the unique genetics of the model, the ability to examine chemother-
apy resistance, and the sexual dimorphism of tumor growth. A limitation of the primary
GEMM P7NI model is slow tumor onset (median time 18 weeks) and a wide range of tumor
initiation times. These factors make treatment studies in the primary model cumbersome.
Though their derivative allografts had much shorter times to tumor initiation, they also
displayed inconsistent initiation rates in female mice. These strengths and limitations
should be taken into account when considering the use of P7NI primary or allograft tu-
mors in experimental designs. Future studies with this model could examine the in vivo
response to the VAC chemotherapy regimen and compare these outcomes to vincristine
monotherapy data. Similarly, this model could be used to test targeted therapies in tumors
with different initiating mutations.

In conclusion, we have demonstrated that a new mouse model of ERMS driven by the
loss of Nf1 and Ink4a/Arf histologically resembles previously-published ERMS models while
also displaying unique features, including delayed tumor initiation and sex-dependent growth
patterns. The new P7NI primary tumor model, cell lines, and orthotopic syngeneic allografts
will be useful tools in furthering our understanding of the impact of genetic heterogeneity
on RMS biology. Additionally, this model may be of use in evaluating mechanisms under-
lying intrinsic resistance to VCR. Further investigation is needed to better understand the
mechanisms driving observed sex-dependent differences in tumor growth.
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tumor growth.

Author Contributions: Conceptualization, R.D.D. and W.R.G.; methodology, W.R.G., J.D.R., A.S.,
G.A.R., N.C.C., K.Y.V., G.R.M., Q.R.B. and V.K.-A.; data curation, W.R.G.; writing—original draft
preparation, W.R.G. and R.D.D.; writing—review and editing, W.R.G. and R.D.D.; supervision, R.D.D.;
funding acquisition, R.D.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Iowa Sarcoma Multidisciplinary Oncology
Group, T32 GM067795 [W.R.G.], T32 GM007337 [W.R.G.], University of Iowa Dance Marathon
Funding [R.D.D.], American Cancer Society Research Scholar Award [R.D.D.], and an NCI Core
Grant P30 CA086862 [University of Iowa Holden Comprehensive Cancer Center].

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee at the University of Iowa, Iowa City, IA, USA (protocol # 9101838
approved 15 October 2019) and was carried out in accordance with ARRIVE guidelines.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References
1. Martin-Giacalone, B.A.; Weinstein, P.A.; Plon, S.E.; Lupo, P.J. Pediatric Rhabdomyosarcoma: Epidemiology and Genetic Suscepti-

bility. J. Clin. Med. 2021, 10, 2028. [CrossRef]
2. Ognjanovic, S.; Linabery, A.M.; Charbonneau, B.; Ross, J.A. Trends in Childhood Rhabdomyosarcoma Incidence and Survival in

the United States (1975–2005). Cancer 2009, 115, 4218–4226. [CrossRef]
3. Siegel, D.A.; King, J.; Tai, E.; Buchanan, N.; Ajani, U.A.; Li, J. Cancer Incidence Rates and Trends among Children and Adolescents

in the United States, 2001–2009. Pediatrics 2014, 134, e945–e955. [CrossRef] [PubMed]
4. Skapek, S.X.; Ferrari, A.; Gupta, A.; Lupo, P.J.; Butler, E.; Shipley, J.; Barr, F.G.; Hawkins, D.S. Rhabdomyosarcoma. Nat. Rev. Dis.

Prim. 2019, 5, 1. [CrossRef] [PubMed]
5. Smith, M.A.; Altekruse, S.F.; Adamson, P.C.; Reaman, G.H.; Seibel, N.L. Declining Childhood and Adolescent Cancer Mortality.

Cancer 2014, 120, 2497–2506. [CrossRef]
6. Punyko, J.A.; Mertens, A.C.; Baker, K.S.; Ness, K.K.; Robison, L.L.; Gurney, J.G. Long-Term Survival Probabilities for Childhood

Rhabdomyosarcoma. A Population-Based Evaluation. Cancer 2005, 103, 1475–1483. [CrossRef] [PubMed]

221



Curr. Issues Mol. Biol. 2023, 45

7. Stewart, E.; McEvoy, J.; Wang, H.; Chen, X.; Honnell, V.; Ocarz, M.; Gordon, B.; Dapper, J.; Blankenship, K.; Yang, Y.; et al.
Identification of Therapeutic Targets in Rhabdomyosarcoma through Integrated Genomic, Epigenomic, and Proteomic Analyses.
Cancer Cell 2018, 34, 411–426.e19. [CrossRef]

8. Lagutina, I.; Conway, S.J.; Sublett, J.; Grosveld, G.C. Pax3-FKHR Knock-in Mice Show Developmental Aberrations but Do Not
Develop Tumors. Mol. Cell. Biol. 2002, 22, 7204–7216. [CrossRef]

9. Keller, C.; Arenkiel, B.R.; Coffin, C.M.; El-Bardeesy, N.; DePinho, R.A.; Capecchi, M.R. Alveolar Rhabdomyosarcomas in
Conditional Pax3:Fkhr Mice: Cooperativity of Ink4a/ARF and Trp53 Loss of Function. Genes Dev. 2004, 18, 2614–2626. [CrossRef]

10. Shern, J.F.; Selfe, J.; Izquierdo, E.; Patidar, R.; Chou, H.-C.; Song, Y.K.; Yohe, M.E.; Sindiri, S.; Wei, J.; Wen, X.; et al. Genomic
Classification and Clinical Outcome in Rhabdomyosarcoma: A Report From an International Consortium. JCO 2021, 39, 2859–2871.
[CrossRef]

11. Sharp, R.; Recio, J.A.; Jhappan, C.; Otsuka, T.; Liu, S.; Yu, Y.; Liu, W.; Anver, M.; Navid, F.; Helman, L.J.; et al. Synergism
between INK4a/ARF Inactivation and Aberrant HGF/SF Signaling in Rhabdomyosarcomagenesis. Nat. Med. 2002, 8, 1276–1280.
[CrossRef] [PubMed]

12. Nanni, P.; Nicoletti, G.; De Giovanni, C.; Croci, S.; Astolfi, A.; Landuzzi, L.; Di Carlo, E.; Iezzi, M.; Musiani, P.; Lollini, P.-L.
Development of Rhabdomyosarcoma in HER-2/Neu Transgenic P53 Mutant Mice. Cancer Res. 2003, 63, 2728–2732. [PubMed]

13. Blum, J.M.; Añó, L.; Li, Z.; Van Mater, D.; Bennett, B.D.; Sachdeva, M.; Lagutina, I.; Zhang, M.; Mito, J.K.; Dodd, L.G.; et al. Distinct
and Overlapping Sarcoma Subtypes Initiated from Muscle Stem and Progenitor Cells. Cell Rep. 2013, 5, 933–940. [CrossRef]
[PubMed]

14. Van Mater, D.; Añó, L.; Blum, J.M.; Webster, M.T.; Huang, W.; Williams, N.; Ma, Y.; Cardona, D.M.; Fan, C.-M.; Kirsch, D.G. Acute
Tissue Injury Activates Satellite Cells and Promotes Sarcoma Formation via the HGF/c-MET Signaling Pathway. Cancer Res. 2015,
75, 605–614. [CrossRef]

15. Dodd, R.D.; Añó, L.; Blum, J.M.; Li, Z.; Van Mater, D.; Kirsch, D.G. Methods to Generate Genetically Engineered Mouse Models of
Soft Tissue Sarcoma. Methods Mol. Biol. 2015, 1267, 283–295. [CrossRef]

16. Mater, D.V.; Xu, E.; Reddy, A.; Añó, L.; Sachdeva, M.; Huang, W.; Williams, N.; Ma, Y.; Love, C.; Happ, L.; et al. Injury Promotes
Sarcoma Development in a Genetically and Temporally Restricted Manner. JCI Insight 2018, 3, e123687. [CrossRef] [PubMed]

17. Gutierrez, W.R.; Scherer, A.; McGivney, G.R.; Brockman, Q.R.; Knepper-Adrian, V.; Laverty, E.A.; Roughton, G.A.; Dodd, R.D.
Divergent Immune Landscapes of Primary and Syngeneic Kras-Driven Mouse Tumor Models. Sci. Rep. 2021, 11, 1098. [CrossRef]

18. Fleischmann, A.; Jochum, W.; Eferl, R.; Witowsky, J.; Wagner, E.F. Rhabdomyosarcoma Development in Mice Lacking Trp53 and
Fos: Tumor Suppression by the Fos Protooncogene. Cancer Cell 2003, 4, 477–482. [CrossRef]

19. Hatley, M.E.; Tang, W.; Garcia, M.R.; Finkelstein, D.; Millay, D.P.; Liu, N.; Graff, J.; Galindo, R.L.; Olson, E.N. A Mouse Model of
Rhabdomyosarcoma Originating from the Adipocyte Lineage. Cancer Cell 2012, 22, 536–546. [CrossRef]

20. Comiskey Jr, D.F.; Jacob, A.G.; Sanford, B.L.; Montes, M.; Goodwin, A.K.; Steiner, H.; Matsa, E.; Tapia-Santos, A.S.; Bebee, T.W.;
Grieves, J.; et al. A Novel Mouse Model of Rhabdomyosarcoma Underscores the Dichotomy of MDM2-ALT1 Function in Vivo.
Oncogene 2018, 37, 95–106. [CrossRef]

21. Ragab, N.; Bauer, J.; Botermann, D.S.; Uhmann, A.; Hahn, H. Oncogenic NRAS Accelerates Rhabdomyosarcoma Formation When
Occurring within a Specific Time Frame during Tumor Development in Mice. Int. J. Mol. Sci. 2021, 22, 13377. [CrossRef]

22. Nakahata, K.; Simons, B.W.; Pozzo, E.; Shuck, R.; Kurenbekova, L.; Prudowsky, Z.; Dholakia, K.; Coarfa, C.; Patel, T.D.;
Donehower, L.A.; et al. K-Ras and P53 Mouse Model with Molecular Characteristics of Human Rhabdomyosarcoma and
Translational Applications. Dis. Model. Mech. 2022, 15, dmm049004. [CrossRef] [PubMed]

23. Shern, J.F.; Chen, L.; Chmielecki, J.; Wei, J.S.; Patidar, R.; Rosenberg, M.; Ambrogio, L.; Auclair, D.; Wang, J.; Song, Y.K.; et al.
Comprehensive Genomic Analysis of Rhabdomyosarcoma Reveals a Landscape of Alterations Affecting a Common Genetic Axis
in Fusion-Positive and Fusion-Negative Tumors. Cancer Discov. 2014, 4, 216–231. [CrossRef]

24. Li, H.; Sisoudiya, S.D.; Martin-Giacalone, B.A.; Khayat, M.M.; Dugan-Perez, S.; Marquez-Do, D.A.; Scheurer, M.E.; Muzny, D.;
Boerwinkle, E.; Gibbs, R.A.; et al. Germline Cancer Predisposition Variants in Pediatric Rhabdomyosarcoma: A Report From the
Children’s Oncology Group. J. Natl. Cancer Inst. 2021, 113, 875–883. [CrossRef] [PubMed]

25. Dodd, R.D.; Mito, J.K.; Eward, W.C.; Chitalia, R.; Sachdeva, M.; Ma, Y.; Barretina, J.; Dodd, L.; Kirsch, D.G. NF1 Deletion Generates
Multiple Subtypes of Soft-Tissue Sarcoma That Respond to MEK Inhibition. Mol. Cancer Ther. 2013, 12, 1906–1917. [CrossRef]
[PubMed]

26. Lepper, C.; Conway, S.J.; Fan, C.-M. Adult Satellite Cells and Embryonic Muscle Progenitors Have Distinct Genetic Requirements.
Nature 2009, 460, 627–631. [CrossRef] [PubMed]

27. Gutierrez, W.R.; Scherer, A.; Rytlewski, J.D.; Laverty, E.A.; Sheehan, A.P.; McGivney, G.R.; Brockman, Q.R.; Knepper-Adrian, V.;
Roughton, G.A.; Quelle, D.E.; et al. Augmenting Chemotherapy with Low-Dose Decitabine through an Immune-Independent
Mechanism. JCI Insight 2022, 7, e159419. [CrossRef]

28. Harrison, S.D. An Investigation of the Mouse as a Model for Vincristine Toxicity. Cancer Chemother. Pharmacol. 1983, 11, 62–65.
[CrossRef] [PubMed]

29. Hingorani, P.; Missiaglia, E.; Shipley, J.; Anderson, J.R.; Triche, T.J.; Delorenzi, M.; Gastier-Foster, J.; Wing, M.; Hawkins, D.S.;
Skapek, S.X. Clinical Application of Prognostic Gene Expression Signature in Fusion Gene-Negative Rhabdomyosarcoma: A
Report from the Children’s Oncology Group. Clin. Cancer Res. 2015, 21, 4733–4739. [CrossRef]

222



Curr. Issues Mol. Biol. 2023, 45

30. Yoon, J.W.; Lamm, M.; Chandler, C.; Iannaccone, P.; Walterhouse, D. Up-Regulation of GLI1 in Vincristine-Resistant Rhab-
domyosarcoma and Ewing Sarcoma. BMC Cancer 2020, 20, 511. [CrossRef]

31. Ghilu, S.; Morton, C.L.; Vaseva, A.V.; Zheng, S.; Kurmasheva, R.T.; Houghton, P.J. Approaches to Identifying Drug Resistance
Mechanisms to Clinically Relevant Treatments in Childhood Rhabdomyosarcoma. Cancer Drug Resist. 2022, 5, 80–89. [CrossRef]
[PubMed]

32. Williams, L.A.; Richardson, M.; Kehm, R.D.; McLaughlin, C.C.; Mueller, B.A.; Chow, E.J.; Spector, L.G. The Association between
Sex and Most Childhood Cancers Is Not Mediated by Birthweight. Cancer Epidemiol. 2018, 57, 7–12. [CrossRef] [PubMed]

33. Uusitalo, E.; Rantanen, M.; Kallionpää, R.A.; Pöyhönen, M.; Leppävirta, J.; Ylä-Outinen, H.; Riccardi, V.M.; Pukkala, E.;
Pitkäniemi, J.; Peltonen, S.; et al. Distinctive Cancer Associations in Patients With Neurofibromatosis Type 1. JCO 2016, 34,
1978–1986. [CrossRef] [PubMed]

34. Peltonen, S.; Kallionpää, R.A.; Rantanen, M.; Uusitalo, E.; Lähteenmäki, P.M.; Pöyhönen, M.; Pitkäniemi, J.; Peltonen, J. Pediatric
Malignancies in Neurofibromatosis Type 1: A Population-Based Cohort Study. Int. J. Cancer 2019, 145, 2926–2932. [CrossRef]

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.

223





Citation: Kim, H.-R.; Seo, C.W.; Han,

S.J.; Lee, J.-H.; Kim, J. Zinc Finger

E-Box Binding Homeobox 2 as a

Prognostic Biomarker in Various

Cancers and Its Correlation with

Infiltrating Immune Cells in Ovarian

Cancer. Curr. Issues Mol. Biol. 2022,

44, 1203–1214. https://doi.org/

10.3390/cimb44030079

Academic Editors: Peter C. Hart and

Dumitru A. Iacobas

Received: 30 January 2022

Accepted: 27 February 2022

Published: 1 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

Article

Zinc Finger E-Box Binding Homeobox 2 as a Prognostic
Biomarker in Various Cancers and Its Correlation with
Infiltrating Immune Cells in Ovarian Cancer
Hye-Ran Kim 1, Choong Won Seo 1, Sang Jun Han 2 , Jae-Ho Lee 3,* and Jongwan Kim 1,*

1 Department of Biomedical Laboratory Science, Dong-Eui Institute of Technology, 54 Yangji-ro, Busanjin-gu,
Busan 47230, Korea; hrkim@dit.ac.kr (H.-R.K.); seo3711@dit.ac.kr (C.W.S.)

2 Department of Biotechnology, College of Fisheries Sciences, Pukyong National University, 45 Yongso-ro,
Nam-gu, Busan 48513, Korea; sjhan@pknu.ac.kr

3 Department of Anatomy, Keimyung University School of Medicine, 1095 Dalgubeol-daero, Dalseo-gu,
Daegu 42601, Korea

* Correspondence: anato82@dsmc.or.kr (J.-H.L.); dahyun@dit.ac.kr (J.K.); Tel.: +82-53-580-3833 (J.-H.L.);
+82-51-860-3525 (J.K.)

Abstract: This study investigated the expression of zinc finger E-box binding homeobox 2 (ZEB2), its
prognostic significance in various cancers, and the correlation between ZEB2 and infiltrating immune
cells and ZEB2-related proteins in ovarian cancer (OV). The Gene Expression Profiling Interactive
Analysis tool was used to analyze RNA sequencing data and cancer survival rates, based on normal
and tumor tissue data available in The Cancer Genome Atlas (TCGA) database. The Kaplan–Meier
plotter and PrognoScan databases were used to analyze the prognostic value of ZEB2 in OV (n = 1144).
The Tumor Immune Estimation Resource was used to investigate the correlation between ZEB2 and
infiltrating immune cells in various cancers, including OV. High ZEB2 expression was associated
with a poorer prognosis in OV. In OV, ZEB2 is positively correlated with CD8+T cells, neutrophils,
macrophages, and dendritic cell invasion; and ZEB2 is negatively correlated with tumor-infiltrating B
cells. The STRING database was used to investigate the correlations with ZEB2-related proteins. The
results reveal that ZEB2 was positively correlated with SMAD1 and SMAD2 in OV. Our findings may
serve as a potential prognostic biomarker, and provide novel insights into the tumor immunology in
OV. Thus, ZEB2 may be a potential diagnostic and therapeutic target in OV.

Keywords: ovarian cancer; ZEB2; prognosis; biomarker; immune cells

1. Introduction

Ovarian cancer (OV) accounts for only 3% of cancers in women. However, it is the fifth
most common cause of mortality in women after lung, breast, colorectal, and pancreatic
cancers [1]. According to the World Health Organization (WHO), OV is reported as one of
the main causes of cancer-related deaths, and is considered a significant source of disease
and death in women worldwide [2]. Moreover, OV, a major public health concern, is
the most fatal gynecological malignancy, and, despite surgery and aggressive frontline
treatments, most cancers ultimately recur, leading to chemotherapy-resistant diseases [3].
Recent studies have shown that this cancer recurs in approximately 50% of patients within
16 months, with a five-year overall survival rate of less than 50% [4]. Although surgery
and chemotherapy have advanced significantly, the reported overall survival rates are
very low. Therefore, many studies have been conducted to identify the prognostic factors,
such as tumor biomarkers, to improve the prognosis of ovarian cancer. Recently, efforts
have been made to improve new biomarkers, such as antibodies, cyclic tumor DNA, and
micro-RNAs [5].
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Zinc finger E-box binding homeobox 2 (ZEB2) gene, which is a member of the ZEB
family, encodes the ZFHX1B gene and is located on chromosome 2q22 [6]. ZEB2 is a
DNA-binding transcription factor that is mainly involved in epithelial-to-mesenchymal
transition (EMT). EMT is a conserved process that transforms a mature epithelial-like state
into a mobile mesenchymal state. It is a cellular program that is important for embryonic
development, wound healing, and malignant progression of cancer. EMT plays a crucial
role in the metastatic dissemination events of cancer cells: EMT confers cancer cells with
a motile and invasive phenotype [7–9]. In addition to the transforming growth factor-
β signaling pathway (TGF-β), which is a key inducer of EMT, the activation of several
transcription factors, including ZEB1, ZEB2, SNAI1, SNAI2, TWIST1, and TWIST2, either
directly or indirectly, regulate the E-cadherin promoter [10]. ZEB2 is a major transcription
factor that promotes EMT under both normal and pathological conditions [11]. Emerging
evidence suggests that ZEB2 plays a crucial role in EMT-induced processes, including
development, differentiation, and malignant mechanisms, such as drug resistance, cancer
stem cell-like characteristics, apoptosis, survival, cell cycle arrest, tumor recurrence, and
metastasis [12]. ZEB2 is associated with the progression and development of malignancies
such as liver cancer, cervical cancer, gastric cancer, and breast cancer [13–17]. Recent
studies have shown that ZEB2 promotes peritoneal metastasis, through the process of
regulating invasive cells and tumorigenesis of cancer cells in high-grade serous ovarian
cancers (HGSOCs) [18]. In addition, ZEB2 had a significant correlation with poor prognosis
and could improve EMT conversion in OV [19]. Thus, we performed a meta-analysis to
evaluate the prognostic biomarker value of ZEB2, which is involved in the progression and
development of various types of cancer, including OV.

The immune system plays a significant role in the onset and progression of cancer.
Recent research has revealed that ZEB2 is expressed by the lymphatic system cells, such as
T lymphocytes, B lymphocytes, and NK cells, as well as by the immune cells in myeloid
systems, such as dendritic cells and macrophages, and that ZEB2 has the ability to control
the transcriptional networks needed for cell differentiation and maintenance [20]. The
interaction between ZEB2, which is associated with immune cells, and the immune cells
that infiltrate OV is unclear. Thus, we investigated whether there was a correlation between
ZEB2 and the infiltrating immune cells in various cancers, including OV.

In the present study, we investigated ZEB2 in various types of cancer, based on The
Cancer Genome Atlas (TCGA) data from public databases. We investigated the correlation
of ZEB2 with prognosis and infiltrating immune cells in various types of cancer, including
OV. Furthermore, we focused the correlation between ZEB2-related proteins in OV.

2. Materials and Methods
2.1. Gene Expression Profiling Interactive Analysis (GEPIA)

The GEPIA database, which is a web server tool consisting of normal and tumor tissue
samples from the TCGA and GTEx projects [21–23], was used to analyze the differences in
ZEB2 expression between normal and tumor tissues, based on RNA sequencing.

2.2. Kaplan–Meier Plotter Database Analysis

The Kaplan–Meier plotter is based on an online database [24] and is capable of assess-
ing the association of genes with survival in various types of cancer, including ovarian
cancer (n = 1144). It includes survival rates, such as progression-free survival (PFS), overall
survival (OS), and post-progression survival (PPS), and clinical data (including stage, grade,
and TP53 mutation). The correlations between ZEB2 expression and survival in ovarian
cancer were examined and presented with the hazard ratio, 95% confidence intervals, and
log rank p-value computed.

2.3. PrognoScan Database Analysis

The PrognoScan database is widely used to evaluate biological relationships between
gene expression and survival rates, such as disease-free survival, overall survival, and
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relapse-free survival [25]. It includes a large-scale collection of publicly available cancer mi-
croarray datasets with clinical information. We used this database to identify the correlation
between ZEB2 mRNA expression and survival in ovarian cancer with a Cox p-value < 0.05.

2.4. Tumor Immune Estimation Resource (TIMER) Analysis

TIMER is used to analyze tumor-infiltrating immune cells in ovarian cancer [26].
TIMER assesses the tumor-infiltrating immune cells based on the statistical analysis of
gene expression profiles [27]. We analyzed the correlation between ZEB2 and infiltrating
immune cells, such as CD4+T cells, CD8+T cells, neutrophils, macrophages, dendritic cells,
and B cells in different cancer types, including ovarian cancer.

2.5. STRING Analysis

The STRING protein network database can aid in the prediction of potential protein
interactions. It is a precomputed global resource for the exploration and analysis of protein
interactions. We used the STRING database to investigate whether ZEB2 has any protein-
protein interactions.

2.6. Statistical Analysis

All statistical analyses were performed using the Statistical Package for the Social
Sciences (SPSS), version 25.0, for Windows (IBM, Armonk, NY, USA). Survival results
are presented with p-values from a log-rank test, and Kaplan–Meier survival curves were
generated using PrognoScan online tools. The correlation of gene expression was evaluated
in the TIMER database using Spearman’s correlation analysis. A two-tailed p-value of <0.05
was considered to indicate statistical significance.

3. Results
3.1. mRNA Levels of ZEB2 in Various Types of Cancer

To determine differences in ZEB2 mRNA expression between tumor and normal tis-
sues, ZEB2 expression in normal samples and multiple cancer types, including ovarian
cancer, was analyzed using the GEPIA database. The results revealed that ZEB2 expres-
sion was lower in adrenocortical carcinoma (ACC), bladder urothelial carcinoma (BLCA),
breast invasive carcinoma (BRCA), cervical squamous cell carcinoma (CESC), colon ade-
nocarcinoma (COAD), kidney chromophobe (KICH), lung adenocarcinoma (LUAD), lung
squamous cell carcinoma (LUSC), ovarian serous cystadenocarcinoma (OV), pheochromo-
cytoma and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum adenocarci-
noma (READ), thyroid carcinoma (THCA), thymoma (THYM), uterine corpus endometrial
carcinoma (UCEC), and uterine carcinosarcoma (UCS) than in normal tissue. However,
ZEB2 expression was higher in acute myeloid leukemia (LAML), brain lower grade glioma
(LGG), pancreatic adenocarcinoma (PAAD), and skin cutaneous melanoma (SKCM) than in
normal tissue (Figure 1). These results suggest that the expression of ZEB2 was lower in
OV compared to normal tissue. In addition, it was confirmed that the mRNA level of ZEB2
was different in various cancers.
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Figure 1. The mRNA levels of ZEB2 in different types of cancer. The expression levels of ZEB2 were 
analyzed using the GEPIA database. (A–D) Low expression of ZEB2 in various cancer tissues com-
pared with normal tissue. (E) High expression of ZEB1 in various cancer tissues compared with 
normal tissue. Adrenocortical carcinoma, ACC; bladder urothelial carcinoma, BLCA; breast inva-
sive carcinoma, BRCA; cervical squamous cell carcinoma, CESC; colon adenocarcinoma, COAD; 
kidney chromophobe, KICH; lung adenocarcinoma, LUAD; lung squamous cell carcinoma, LUSC; 
ovarian serous cystadenocarcinoma, OV; pheochromocytoma and paraganglioma, PCPG; prostate 
adenocarcinoma, PRAD; rectum adenocarcinoma, READ; thyroid carcinoma, THCA; thymoma, 
THYM; uterine corpus endometrial carcinoma, UCEC; uterine carcinosarcoma, UCS; acute myeloid 
leukemia, LAML; brain lower grade glioma, LGG; pancreatic adenocarcinoma, PAAD; skin cutane-
ous melanoma, SKCM (* p < 0.05). 

3.2. The Prognostic Value of ZEB2 Expression in Various Types of Cancer 
We investigated whether ZEB2 expression correlated with the prognosis of OV. 

Therefore, the effect of ZEB2 expression on survival rates was evaluated using the 
Kaplan–Meier plotter and PrognoScan databases. Survival rates, such as PFS, OS, and PPS 
of ZEB2 in OV, were analyzed. The findings revealed that high ZEB2 expression had sig-
nificantly shorter survival times than those with low expression (Figure 2). High ZEB2 
expression was associated with poorer prognosis in OV (PFS, HR = 1.35, p = 0.0015; OS, 
HR = 1.35, p = 0.0036; PPS, HR = 1.33, p = 0.0018; Figure 2A–C). These findings demonstrate 
the prognostic significance of ZEB2 in OV. Next, we investigated the relationship between 
ZEB2 and the clinicopathological characteristics of ovarian cancer using the Kaplan–Meier 

Figure 1. The mRNA levels of ZEB2 in different types of cancer. The expression levels of ZEB2
were analyzed using the GEPIA database. (A–D) Low expression of ZEB2 in various cancer tissues
compared with normal tissue. (E) High expression of ZEB1 in various cancer tissues compared
with normal tissue. Adrenocortical carcinoma, ACC; bladder urothelial carcinoma, BLCA; breast
invasive carcinoma, BRCA; cervical squamous cell carcinoma, CESC; colon adenocarcinoma, COAD;
kidney chromophobe, KICH; lung adenocarcinoma, LUAD; lung squamous cell carcinoma, LUSC;
ovarian serous cystadenocarcinoma, OV; pheochromocytoma and paraganglioma, PCPG; prostate
adenocarcinoma, PRAD; rectum adenocarcinoma, READ; thyroid carcinoma, THCA; thymoma,
THYM; uterine corpus endometrial carcinoma, UCEC; uterine carcinosarcoma, UCS; acute myeloid
leukemia, LAML; brain lower grade glioma, LGG; pancreatic adenocarcinoma, PAAD; skin cutaneous
melanoma, SKCM (* p < 0.05).

3.2. The Prognostic Value of ZEB2 Expression in Various Types of Cancer

We investigated whether ZEB2 expression correlated with the prognosis of OV. There-
fore, the effect of ZEB2 expression on survival rates was evaluated using the Kaplan–Meier
plotter and PrognoScan databases. Survival rates, such as PFS, OS, and PPS of ZEB2 in OV,
were analyzed. The findings revealed that high ZEB2 expression had significantly shorter
survival times than those with low expression (Figure 2). High ZEB2 expression was associ-
ated with poorer prognosis in OV (PFS, HR = 1.35, p = 0.0015; OS, HR = 1.35, p = 0.0036; PPS,
HR = 1.33, p = 0.0018; Figure 2A–C). These findings demonstrate the prognostic significance
of ZEB2 in OV. Next, we investigated the relationship between ZEB2 and the clinicopatho-
logical characteristics of ovarian cancer using the Kaplan–Meier Plotter database, and the
results are shown in Table 1. High ZEB2 expression correlated with poorer PFS in stages
II (HR = 2.5, p = 0.043), II + III (HR = 1.34, p = 0.0056), II + III + IV (HR = 1.33, p = 0.0034),
III (HR = 1.29, p = 0.017), III + IV (HR = 1.37, p = 0.0017), and IV (HR = 1.37, p = 0.0017). In
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addition, high ZEB2 expression correlated with poorer OS in stages II + III + IV (HR = 1.29,
p = 0.025) and III + IV (HR = 1.26, p = 0.048). High ZEB2 expression correlated with poorer
PPS in stages II + III (HR = 1.31, p = 0.041) and II + III + IV (HR = 1.29, p = 0.034). High
ZEB2 expression correlated with poorer PFS, OS, and PPS in Grade II + III (PFS, HR = 1.33,
p = 0.0061; OS, HR = 1.31, p = 0.0016; PPS, HR = 1.31, p = 0.033) and III (PFS, HR = 1.38,
p = 0.012; OS, HR = 1.29, p = 0.044; PPS, HR = 1.37, p = 0.035). These findings revealed the
prognostic significance of ZEB2 expression based on clinicopathological characteristics,
especially in Grade II + III and Grade III OV. Moreover, the tumor suppressor gene p53
(TP53) mutation was associated with poorer OS in the wild type (HR = 2.83, p = 0.046). To
further examine the prognostic potential of ZEB2 in different cancer types, we analyzed the
PrognoScan database. Poor prognosis was identified in cancers of the blood, brain, breast,
colorectal, and lung cancers, including ovarian cancer (Supplementary Table S1). Taken
together, ZEB2 expression was associated with poorer prognosis in OV and other cancers.
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Figure 2. The prognostic significance of high expression of ZEB2 in cancers. The prognostic value of
ZEB2 was analyzed using the Kaplan–Meier plotter. Survival curves OS (A), PFS (B), and PPS (C)
of ZEB2 in OV. Overall survival, OS; progression-free survival, PFS; post-progression survival, PPS;
ovarian serous cystadenocarcinoma, OV.

Table 1. Association between ZEB2 and clinicopathological characteristics in ovarian cancer. The
clinicopathological characteristics of ZEB2 were analyzed using the Kaplan–Meier plotter.

Clinicopathological
Characteristics

Progression-Free Survival
(n = 614)

Overall Survival
(n = 1144)

Post-progression Survival
(n = 138)

n Hazard Ratio p-Value n Hazard Ratio p-Value n Hazard Ratio p-Value

STAGE

I 74 1.3 (0.36–4.7) 0.68 51 1.57 (0.39–6.32) 0.52 7 - -
I+ II 115 2.13 (0.94–4.8) 0.064 83 1.2 (0.43–3.4) 0.73 20 1.85 (0.52–6.7) 0.33

II 14 2.5 (1.0–6.4) 0.043 32 2.7 (0.52–14) 0.22 13 5.26 (0.59–48) 0.093
II + III 465 1.34 (1.09–1.64) 0.0056 458 1.21 (0.95–1.54) 0.13 325 1.31 (1.01–1.7) 0.041

II + III + IV 535 1.33 (1.1–1.61) 0.0034 519 1.29 (1.03–1.61) 0.025 374 1.29 (1.02–1.64) 0.034
III 424 1.29 (1.05–1.6) 0.017 426 1.26 (0.99–1.62) 0.063 312 1.25 (0.96–1.62) 0.097

III + IV 494 1.37 (1.12–1.66) 0.0017 487 1.26 (1.0–1.58) 0.048 361 1.22 (0.96–1.56) 0.099
IV 70 1.65 (0.99–2.75) 0.05 61 1.13 (0.63–2.01) 0.69 49 1.1 (0.59–2.1) 0.76

GRADE

I 54 4.16 (0.86–20) 0.054 41 1.12 (0.39–3.22) 0.84 9 - -
I+ II 189 1.38 (0.97–1.96) 0.074 203 1.17 (0.78–1.75) 0.44 118 1.12 (0.72–1.74) 0.62

II 161 1.27 (0.88–1.83) 0.19 162 1.18 (0.76–1.83) 0.46 109 1.09 (0.68–1.74) 0.71
II + III 476 1.33 (1.08–1.64) 0.0061 554 1.31 (1.05–1.62) 0.016 349 1.31 (1.02–1.68) 0.033

III 315 1.38 (1.07–1.77) 0.012 392 1.29 (1.01–1.66) 0.044 240 1.37 (1.02–1.84) 0.035
IV 18 - - 18 1.06 (0.39–2.9) 0.91 18 - -
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Table 1. Cont.

Clinicopathological
Characteristics

Progression-Free Survival
(n = 614)

Overall Survival
(n = 1144)

Post-progression Survival
(n = 138)

n Hazard Ratio p-Value n Hazard Ratio p-Value n Hazard Ratio p-Value

TP53 mutation

Mutated 124 1.26 (0.87–1.84) 0.22 124 1.18 (0.81–1.73) 0.38 116 1.02 (0.7–1.5) 0.92
Wild type 19 2.2 (0.77–6.33) 0.13 19 2.83 (0.98–8.16) 0.046 17 2.02 (0.7–5.8) 0.18

Bold values indicate p < 0.05.

3.3. Correlation between ZEB2 and Infiltrating Immune Cells in Various Types of Cancer

The survival times of patients with several cancers are determined by the quantity
and activity status of tumor-infiltrating lymphocytes [28,29]. We explored the correlation
between ZEB2 and infiltrating immune cells in various cancers, including OV, using the
TIMER database. We analyzed this correlation in various types of cancer, including OV.
The results revealed that ZEB2 was significantly positively correlated with the infiltration
levels of CD8+T cells (R = 0.24, p = 132 × 10−6), neutrophils (R = 0.576, p = 224 × 10−25),
macrophages (R = 0.475, p = 197 × 10−17), and dendritic cells (R = 0.232, p = 222 × 10−6).
However, ZEB2 was significantly negatively correlated with the infiltration levels of B
cells (R = −0.194, p = 214 × 10−5) in OV (Figure 3). Moreover, ZEB2 correlates with the
infiltration levels of CD4+T cells in 20 cancer types, CD8+T cells in 24 cancer types, B cells
in 18 cancer types, neutrophils in 29 cancer types, macrophages in 26 cancer types, and
dendritic cells in 28 cancer types (Supplementary Table S2). These findings suggest that
ZEB2 expression correlates with the infiltration of immune cells in different cancer types,
including OV.
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Figure 3. Correlation between ZEB2 expression and infiltrating immune cells in ovarian cancer. The
correlation between ZEB2 and infiltrating immune cells (CD4+T cells, CD8+T cells, neutrophils,
macrophages, dendritic cells, and B cells) was analyzed using the TIMER database.
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3.4. Correlation between ZEB1 and ZEB2 Expression in Various Types of Cancer

To identify the correlation between ZEB1 and ZEB2 expression, we analyzed this
correlation in 32 cancer types using the TIMER database (Table 2). Interestingly, these
findings revealed that ZEB1 and ZEB2 were positively correlated in all cancer types.

Table 2. Correlation between ZEB1 and ZEB2 expression in various types of cancer.

Cancer Type R p

Adrenocortical carcinoma 0.30 0.007
Bladder urothelial carcinoma 0.82 0.000

Breast invasive carcinoma 0.80 0.000
Cervical squamous cell carcinoma andendocervical

adenocarcinoma 0.71 0.000

Cholangiocarcinoma 0.70 0.000
Colon adenocarcinoma 0.85 0.000

Lymphoid neoplasm diffuse large B-cellLymphoma 0.79 0.000
Esophageal carcinoma 0.87 0.000

Glioblastoma multiforme 0.49 0.000
Head and neck squamous cell carcinoma 0.87 0.000

Kidney chromophobe 0.71 0.000
Kidney renal clear cell carcinoma 0.75 0.000

Kidney renal papillary cell carcinoma 0.47 0.000
Brain lower grade glioma 0.54 0.000

Liver hepatocellular carcinoma 0.57 0.000
Lung adenocarcinoma 0.78 0.000

Lung squamous cell carcinoma 0.76 0.000
Mesothelioma 0.51 0.000

Ovarian serous cystadenocarcinoma 0.78 0.000
Pancreatic adenocarcinoma 0.88 0.000

Pheochromocytoma and paraganglioma 0.12 0.097
Prostate adenocarcinoma 0.86 0.000
Rectum adenocarcinoma 0.89 0.000

Sarcoma 0.14 0.029
Skin cutaneous melanoma 0.20 0.000
Stomach adenocarcinoma 0.82 0.000

Testicular germ cell tumors 0.76 0.000
Thyroid carcinoma 0.69 0.000

Thymoma 0.22 0.017
Uterine corpus endometrial carcinoma 0.71 0.000

Uterine carcinosarcoma 0.52 0.000
Uveal melanoma 0.61 0.000

Bold values indicate p < 0.05.

3.5. Correlations with ZEB2-Related Proteins in Various Types of Cancer

We investigated the correlations with ZEB2-related proteins using the TIMER and
STRING databases. We analyzed this correlation in various types of cancer, includ-
ing OV. These findings reveal that ZEB2 protein was positively correlated with ZEB1
(R = 0.776, p = 345 × 10−64), SMAD1 (R = 0.271, p = 171 × 10−8), and SMAD2 (R = 0.282,
p = 602 × 10−9) in OV. However, ZEB2 did not significantly affect other SMADs proteins in
OV. In addition, ZEB2 did not significantly affect CTBPs in the OV (Figure 4). Moreover,
ZEB2 correlates with SMAD1 in 28 cancer types, SMAD2 in 27 cancer types, SMAD3 in 22
cancer types, SMAD5 in 28 cancer types, CTBP1 in 14 cancer types, and CTBP2 in 22 cancer
types (Supplementary Table S3). These findings indicate that ZEB2 correlates with SMADs
and CTBPs in various types of cancer.
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Figure 4. Correlations with ZEB2-related proteins in ovarian cancer. ZEB2 network database in OV
was analyzed using the STRING online database (A). The correlation between ZEB2 and ZEB2-related
proteins (ZEB1, SMAD1, SMAD2, SMAD3, SMAD5, CTBP1 and CTBP2) was analyzed using the
TIMER database (B).

4. Discussion

OV, the most common gynecological malignancy, is characterized by a relatively high
incidence and poor prognosis. In this study, the correlation with ZEB2 was confirmed
by factor investigation to improve the prognosis of OV. ZEB2 is a transcription factor
belonging to the human ZEB family. ZEB2 regulates gene expression by interacting with
specific activators or repressors in various cancers. It is related to the development of
cancer stem cell characteristics and treatment resistance, and is recognized as a reliable
prognostic marker for cancer patient outcomes [30]. ZEB2 plays a significant role in EMT
during tumor invasion and metastasis in a variety of human malignancies. EMT is a
biological process characterized by the transformation of an epithelial cell phenotype to
a mesenchymal phenotype, which is associated with increased cell motility and invasion.
ZEB2 overexpression is known to have an aggressive correlation in a variety of cancers that
may be involved in malignant transformation. Our results show that ZEB2 expression was
lower in OV and many cancers compared to normal tissue. However, ZEB2 is relatively
highly expressed in tumors such as leukemia, brain glioma, pancreatic adenocarcinoma,
and melanoma. Previous studies suggest that ZEB2 is associated with a bad prognosis in
numerous kinds of cancer [18,19,31]. Nevertheless, the prognostic significance of ZEB2
in OV remains unclear. Thus, we performed a comprehensive meta-analysis to evaluate
the prognostic value of ZEB2 in different types of cancer, including OV. Our results show
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that high ZEB2 expression correlates with poorer PFS, OS, and PPS in OV. Moreover, it
correlates with worse PFS, OS, and PPS in grades II + III and III. This result is in agreement
with previous studies in OV patients, suggesting its metastatic potential [18,19]. Although
its expression was decreased in OV compared to normal tissue, higher EZH2 expression
induced peritoneal metastasis, such as cancer stem cells. The tumor-suppressing gene
TP53 is involved in cell cycle control and apoptosis after DNA damage. However, when
mutations occur, DNA-damaged cells can escape apoptosis and turn into cancer cells [32].
We showed that TP53 mutations were associated with unfavorable OS in the wild type.
These findings suggest that ZEB2 is a potential prognostic marker for OV.

Cancer is caused by a variety of causes over a long period of time and is originally
caused by cancer cells avoiding the immune system with the advantage of being one’s own
cells. Moreover, these cancer cells are known to affect the onset, growth, and metastasis
of tumors by interacting with immune cells, such as T and B lymphocytes, macrophages,
neutrophils, and dendritic cells in the body [33]. Cancer cells, by engaging in a dynamic
crosstalk with immune cells, exhibit EMT plasticity to adapt to the changing microen-
vironment they encounter in the primary tumor, during metastasis, and at distant sites.
Tumorigenicity and invasiveness are important acquired characteristics for the develop-
ment and progression of cancer, and could be regulated by transcription factors associated
with EMT, such as ZEB1, ZEB2, SNAI1, SLUG, and STAT3 [34]. Elevated ZEB2 is known to
correlate with the acquisition and function of CSCs. Moreover, ZEB2 plays an essential role
in NK cell maturation, CD8+T cell differentiation, and dendritic cell development [35–37].
To the best of our knowledge, our study is the first to explore the correlation between ZEB2
and the immune infiltrate in OV. Our findings reveal that ZEB2 is positively correlated
with the infiltration levels of CD8+T cells, neutrophils, macrophages, and dendritic cells in
OV. However, ZEB2 is negatively correlated with B cell infiltration levels. These findings
suggest that ZEB2 may be a potential diagnostic and therapeutic target in patients with
OV. Further research is needed to confirm the correlation between ZEB2 expression and
infiltrating immune cells.

ZEB1 and ZEB2 have many similarities in transcriptional regulation; they have dif-
ferent expression patterns and molecular and biological roles, such as cell differentiation
and disease progression regulation [38,39]. Both ZEB1 and ZEB2 induce EMT and enhance
cancer progression. They transform into mesenchymal cells during the EMT process; ep-
ithelial cells lose their adhesiveness and become migratory and invasive [40,41]. TGF-β is a
crucial cytokine that promotes EMT [42]. TGF-β promotes their expression in some types of
normal and malignant cells, as well as certain other EMT-related transcription factors such
as Snail and Slug [43,44]. TGF-β reduces E-cadherin expression in mammary epithelial cells
via inducing ZEB1 and ZEB2. In recent years, ZEB1 and ZEB2 have been found in a variety
of malignancies [45,46]. However, the correlation between ZEB1 and ZEB2 in cancer is yet
to be elucidated. Herein, we identified a correlation between ZEB1 and ZEB2 in various
cancers. Interestingly, our findings reveal that ZEB2 has a positive correlation in all cancers.
ZEB1 and ZEB2 may have multiple functions that will be elucidated by analyses of specific
cancer types in the future. The detailed mechanisms of ZEB1 and ZEB2 in cancer should
be elucidated.

According to published studies, EMT is an essential mechanism for tumor progression,
intrusion, and metastasis, and ZEB2 has been reported as a key transcription factor for
EMT [41,47]. ZEB2 has been identified as a protein that interacts with receptor-active
SMAD in the pathway related to signals from other members of the TGF-β superfamily [48].
In addition, the TGF-β pathway has been found in breast cancer, non-small cell lung cancer,
and other tumors that promote EMT progression [49]. TGF-β stimulates the expression
of other EMT-related transcription factors. TGF-β binds to type I and type II receptors,
and transduces signals via SMAD and non-SMAD signaling pathways. The TGF-β type
I receptor is activated by ligand stimulation and phosphorylates the receptor-regulated
SMADs, SMAD2, and SMAD3, which form trimeric complexes with the common partner
SMAD and SMAD4. Activation of TGF-β receptors causes the phosphorylation and nuclear
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translocation of SMAD proteins, which then participate in the regulation of target gene
expression. ZEB2 can also mediate transcriptional repression via cooperation with activated
SMADs, or through recruitment of the corepressor CTBP, as well as histone deacetylase
complexes [50]. Our results show that ZEB2 was positively correlated with SMAD1 and
SMAD2 proteins in OV.

5. Conclusions

In conclusion, our results demonstrate a lower expression of ZEB2 in OV; however,
patients with high ZEB2 expression may induce poor prognosis. To understand its clinical
significance, the criteria of high ZEB2 expression should be investigated in OV, since
the majority of OV did not have ZEB2 expression. Moreover, we suggest that increased
ZEB2 expression is correlated with infiltrating immune cells and SMAD1 and SMAD2
in OV. Taken together, our findings suggest that ZEB2 could be a potential prognostic
biomarker and may provide novel insights into tumor immunology. However, depending
on intratumor heterogeneity, the expression level and prognosis of numerous genes may
differ even within tumors. Therefore, transcriptome analysis of single cancer cells in tumor
heterogeneity will be required to demonstrate the possibility as a potential prognostic
biomarker of ZEB2 in various cancers including OV. In addition, the detailed mechanisms
by which ZEB2 contributes to the correlation in cancer should be elucidated further.
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proteins in various types of cancer using STRING network database.
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Abstract: The aim of the study was to develop a new diagnostic biomarker for identifying serum
exosomal miRNAs specific to epithelial ovarian cancer (EOC) and to find out target gene of the
miRNA for exploring the molecular mechanisms in EOC. A total of 84 cases of ovarian masses
and sera were enrolled, comprising EOC (n = 71), benign ovarian neoplasms (n = 13). We detected
expression of candidate miRNAs in the serum and tissue of both benign ovarian neoplasm group
and EOC group using real-time polymerase chain reaction. Immunohistochemistry were constructed
using formalin fixed paraffin embedded (FFPE) tissue to detect expression level of suppressor of
cytokine signaling 4 (SOCS4). In the EOC group, miRNA-1290 was significantly overexpressed
in serum exosomes and tissues as compared to benign ovarian neoplasm group (fold change ≥ 2,
p < 0.05). We observed area under the receiver operating characteristic curve (AUC) for miR-1290,
using a cut-off of 0.73, the exosomal miR-1290 from serum had AUC, sensitivity, and specificity values
of 0.794, 69.2 and 87.3, respectively. In immunohistochemical study, expression of SOCS4 in EOC
was lower than that in benign ovarian neoplasm. Serum exosomal miR-1290 could be considered as
a biomarker for differential diagnosis of EOC from benign ovarian neoplasm and SOCS4 might be
potential target gene of miR-1290 in EOC.

Keywords: ovarian cancer; exosomal microRNA; biomarker; early diagnosis

1. Introduction

Ovarian cancer is the second most common cancer among in women worldwide,
accounting for about 2.5% of all cancers in women, but has the highest mortality rate
of about 5 percent of all cancers; the 5-year survival rate of ovarian cancer is 90% in
stage I and 75% in stage II, but less than 30% in stages III and IV [1]. Ovarian cancer,
unlike other gynecologic cancers, is difficult to diagnose in early stages because it has few
specific symptoms, and at the time of diagnosis more than 75% of the cases are found in
advanced stages III or IV of the International Federation of Gynecology and Obstetrics
(FIGO) stages [2]. As the death rate has not reduced by more than the incidence rate,
this suggests that the improvements and advancements in ovarian cancer screening and
treatment have only a modest impact in lowering ovarian cancer death rate.
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A representative biomarker in the early screening of epithelial ovarian cancer is serum
levels of cancer 125 (CA125). Since it was first described in 1983 by Bast et al. that CA125
was expressed increasingly in epithelial ovarian cancer, CA125 has been widely used as
an early screening test for ovarian cancer [3]. However, it is elevated in more than 80% of
patients with advanced stage ovarian cancer but only elevated in 50~60% of patients with
stage I ovarian cancer, which is somewhat less sensitive in the early stage [4]. Although
reproductive-age women with elevated levels of serum CA125 are more likely to develop
malignant ovarian tumors, the usefulness of elevated levels of serum CA125 decrease in
distinguishing malignant and benign conditions such as endometriosis, uterine fibroids,
and pelvic inflammatory disease, pregnancy and menstruation [5]. To compensate for this,
in 2009, Moore et al. described the risk of malignant ovarian cancer can be predicted by
using ROMA (risk of malignancy) scores calculated from CA125 and human epididymis
secretory protein 4(HE4) but Van Gorp et al. reported that the ROMA score is not superior
for detecting ovarian cancer when compared to CA125 alone [6,7]. OVA1 is the first test
cleared by the U.S. Food and Drug Administration (FDA) for aiding in the pre-surgical
evaluation of a woman’s ovarian mass for cancer. According to a recent prospective clinical
trial, OVA1 test was more sensitive in detecting ovarian cancer than clinical impression
and CA125 [8]. Thus, there is a need for useful biomarkers to detect ovarian cancer in early
stages. Exosomes are membrane-bounded extracellular vehicles, 30–100 nm in size, which
are produced in endosomes of almost all eukaryotic cells [9,10]. Exosomes and extracellular
vesicles are found in body fluids including blood (plasma or serum), urine, feces, ascites,
etc. Cancer cells produce more exosomes than normal cells, and it is reported that cancer-
derived exosomes can promote invasion and proliferation by intercellular communication
in tumor microenvironment [10,11]. Recently, many biomolecules such as mRNAs, proteins,
miRNAs have been identified in exosomes; therefore, researchers have had a great deal
of interest in exosomes mainly because exosomes may play a role in cell to cell signaling
through the transport of miRNAs, growth factors, and other small molecules [12]. miRNA-
carrying exosomes secreted by tumor cells are likely to be non-invasive biomarkers and
potential targetable factors [13]. Recent studies have shown that detection of specific
exosomes could be a novel diagnostic tool. In fact, research is underway to apply exosome
contents as biomarkers and capsules for therapeutic delivery [14,15]. The aim of the study
was to identify serum exosomal miRNAs as a biomarker for early and differential diagnosis
of EOC and we compared its expression both in tissues and exosome in serum of patients
with EOC and benign ovarian neoplasm, and also tried to find out the expression of the
target gene of the miRNA in tissues of EOC and benign ovarian neoplasm.

2. Materials and Methods
2.1. Serum and Tissues Specimens from Patients

All serum and tissue samples were obtained from patients who underwent primary
cyto-reductive surgery or tumor resection for EOC and benign ovarian neoplasm, respec-
tively, in Soonchunhyang University Cheonan Hospital and Gangnam Severance Hospital
at Yonsei University between 2000 and 2019. Written informed consent was obtained from
all patients. The present study was approved by the Institutional Review Board (IRB) of
Soonchunhyang University Cheonan Hospital (IRB Number: 2019-10-013-008).

2.2. RNA Isolation and Assessment

Total RNA, including miRNA, was isolated from tissue samples using miRNeasy Mini
kit (Qiagen, Hilden, Germany). Tissues were homogenized (IKA Works, Staufen, Germany)
with 700 µL QIAzol lysis buffer (Qiagen). Homogenates were processed according to the
manufacturer’s instructions. RNA was eluted with RNase-free water. The integrity of the
RNA was confirmed using Agilent RNA 6000 Pico Kit and Small RNA Kit on Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
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2.3. Serum Exosomal RNA Isolation and Assessment

For exosomal RNA sequencing, serum samples from the patients with 3 benign
ovarian neoplasm and 5 EOC were used. Exosomes were isolated from serum using
ExoQuick isolation agent (System Bioscience, Palo Alto, CA, USA) in accordance with
the manufacturer’s instructions. Serum samples (1000 µL) were centrifuged at 3000× g
for 15 min to remove cells and cell debris. The supernatants were mixed with ExoQuick
reagent (System Biosciences, Palo Alto, CA, USA) and incubated for 30 min at 4 ◦C. After
incubation, the samples were centrifuged at 1500× g for 30 min to generate an exosome
pellet that was resuspended in 100 µL of sterile phosphate-buffered saline (PBS). Total
RNA was extracted from the exosomes using the miRNeasy Mini Kit (Qiagen, Hilden,
Germany). Exosome suspensions were mixed with 700 µL QIAzol lysis buffer (Qiagen),
and the mixtures were processed according to the manufacturer protocol. The RNA was
eluted in 20 µL RNase-free water (Qiagen). The size distribution of purified RNA was
assessed using an Agilent 2100 Bioanalyzer with an RNA Pico Chip and Small RNA Chip
(Agilent Technologies, Santa Clara, CA, USA).

2.4. Small RNA Library Preparation and Sequencing

The samples were processed to produce exosomal RNA (10 ng) as the input for
each library. Small RNA libraries were constructed using the SMARTer smRNA-Seq
Kit for Illumina (Takara Bio, Kusatsu, Japan) following the manufacturer’s directions.
Validation of libraries was performed using Agilent Technologies 2100 Bioanalyzer and
DNA High Sensitivity Chips. We assessed the quantity of libraries using qPCR according
to qPCR Quantification Protocol Guide (KAPA Library Quantification kits for Illumina
Sequencing platforms). These libraries were qualified using TapeStation D1000 ScreenTape
(Agilent Technologies, Waldbronn, Germany). Pooled libraries were sequenced on an
Illumina HiSeq 2500 (Illumina, San Diego, CA, USA) for generating 101 bp single-end reads.
Image decomposition and quality values calculation were performed using modules of
the Illumina pipeline. Macrogen (Seoul, Korea) processed all steps for next-generation
sequencing analysis.

2.5. Identification of Known and Novel miRNAs

Sequence alignment and detection of known and novel miRNAs were performed
using miRDeep2 algorithm (Berlin Institute for Medical Systems Biology at the Max-
Delbruck-Center for Molecular Medicine, Berlin-Buch, Germany). Prior to performing
sequence alignment, Homo sapiens hg19 reference genome was retrieved from UCSC genome
browser and indexed using Bowtie (1.2.3-07/05/2019; http://bowtie-bio.sourceforge.net/,
accessed on 20 November 2021) to align sequencing reads to reference sequences. Sequence
alignment was then performed for Homo sapiens matured and precursor miRNAs obtained
from miRBase v21 (http://www.mirbase.org/, accessed on 20 November 2021).

2.6. Proportions of miRNAs and Other RNAs

Uniquely clustered reads were aligned to the reference genome, miRBase v21, and
non-coding RNA database RNA central release 10.0 (https://rnacentral.org/, accessed on
20 November 2021) to classify known miRNAs and other types of RNAs, respectively.

2.7. Statistical Analysis of Differential miRNA Expression

Reads for miRNAs were subjected to Relative Log Expression (RLE) normalization
with DESeq2 R library (Genome Biology Unit, European Molecular Biology Laboratory,
Heidelberg, Germany). For preprocessing, mature miRNAs with zero counts across more
than 60% of all samples were excluded. We added 1 with normalized read count of filtered
miRNAs to facilitate log2 transformation to make the correlation plot. For each miRNA,
logCPM (Counts Per Million) and log fold change were calculated between the test and
control. A statistical hypothesis test for the comparison of the two groups was conducted
using binomial Wald Test in DESeq2. |Fold change| ≥ 2 and p < 0.05 were used to identify
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differentially expressed miRNAs between two groups. Hierarchical clustering analysis us-
ing complete linkage and Euclidean distance was performed to display expression patterns
of differentially expressed miRNAs that satisfied |fold change| ≥ 2 and p < 0.05. Differen-
tially expressed genes were analyzed and visualized using R 3.6.1 (The R Foundation for
Statistical Computing, Vienna, Austria).

2.8. miRNA Preparation and Validation by qRT-PCR

Two independent validations using qRT-PCR in FFPE and serum samples from the
same patients were performed. In FFPE validation, 15 benign and 67 malignant FFPE sam-
ples were used. Total RNA, including miRNA, was extracted from Formalin-fixed, paraffin-
embedded (FFPE) samples using miRNeasy FFPE kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. In serum validation, 13 sera from benign patients and
71 sera from malignant patients were utilized for qRT-PCR. The RNA concentrations were
quantified using a NanoDrop™2000 (Thermo, Waltham, MA, USA). Subsequently, RNA
was reverse-transcribed using the TaqMan MicroRNA Reverse Transcription Kit (Applied
Biosystems) for two upregulated (miR-1246 and miR-1290) miRNAs. The quantitative
RT-PCR was performed on StepOnePlus® Real-Time PCR System (Applied Biosystems)
following the manufacturer’s recommendation with a standard relative quantification
thermal cycling program. RNU48 (Applied Biosystems, Waltham, MA, USA) was served as
an endogenous control. The relative expression level of each miRNA between two groups
was determined by the −∆∆Ct method.

2.9. Cell Transfection & Inhibition of miR-1290

We used SKOV3-seeded cell density 5 × 105 per well for 6-well cell culture plate and
cultured in 37 ◦C CO2 incubator for 24 h miR-1290 inhibitor (mirVana miRNA inhibitor,
Life Technologies, Carlsbad, CA, USA) and Lipofectamine RNAiMAX Transfection Reagent
(Life Technologies, Carlsbad, CA, USA) were diluted in serum-free media of the 1:1 ratio.
Prepared Transfection reagent-miR inhibitor solution was treated 250 µL per well. The
cells were transfected by 25 pM of inhibitor in triplicate on 6-well cell culture plate and
incubated for 72 h. Additionally, to exclude the influence of transfection reagents on gene
expression, we used the untreated cell line SKOV3 as a control. Thereafter, transfected cells
were treated with trypsin to harvest cell pellets.

2.10. miRNA Preparation and Validation by qRT-PCR

Total RNA was isolated from cell lines using the Hybrid-R™ RNA extraction kit
(GeneAll, Seoul, Korea). Reverse transcription was performed using the ReverTra Ace®

qPCR RT kit (Toyobo, Osaka, Japan). Real time PCR was performed using the SYBR® Green
Real-time PCR Master Mix kit (Toyobo) and the following primer pairs: SOCS4 forward:
5′-ACC AAG AAA GGA AGC ACA GC-3′ and reverse 5′-TGA TCG AGG TGG GAA AGG
AC-3′; and GAPDH forward: 5′-TGT TCG TCA TGG GTG TGA AC-3′ and reverse: 5′-GCA
GGG ATG ATG TTC TGG AG-3′. The PCR cycle included one cycle at 95 ◦C for 3 min,
followed by 40 cycles at 95 ◦C for 15 s, 60 ◦C at 15 s, and 72 ◦C for 25 s.

2.11. Western Blotting

Cells were washed in phosphate-buffered saline (PBS) and lysed in Pro-Prep™ pro-
tein extraction solution (INtRON, Seongnam, Korea). The lysate was centrifuged and the
supernatant was denatured by boiling. The protein concentration was determined by the
bicinchoninic acid (BCA) assay. Equal quantities of protein (30 µg/lane) were resolved by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto an Immobilon polyvinylidene difluoride membrane (Millipore, Billerica, MA,
USA). The membrane was then blocked for 1 h in 5% skim milk. Membranes were incubated
overnight at 4 ◦C with anti-human SOCS4 antibody (Mybiosource, San Diego, CA, USA,
MBS7043907) diluted 1:1000 and incubated with the diluted 1:1000 secondary antibody for
2 h at room temperature. The signal was detected using ECL Western detection reagents

240



Curr. Issues Mol. Biol. 2022, 44

(Advansta, San Jose, CA, USA, K-12049-D50) and a Molecular Images were captured by
CheBi (Cellgentek, Deajeon, Chemi-luminescence Bioimaging Instrument (Thermo Fischer,
Waltham, MA, USA)).

2.12. Immunohistochemistry

Paraffin-embedded patient tissue blocks sectioned at 4 µm thickness. The slides were
allowed to dry for a day and were left to warm at 60 ◦C degrees for an hour. For antigen
retrieval, 3% H2O2 and 95 ◦C antigen retriever buffer were used. For permeability, 0.2%
triton solution was treated and for blocking, 5% BSA in PBS was treated for 15 min. The
1st antibody was treated with Rabbit Polyclonal antibody SOCS4 (1:100, Mybiosource,
MBS7043907) and incubated at 4 ◦C overnight. Additionally, Goat anti-Rabbit IgG (H + L),
HRP (1:100, Thermofisher, A11008) was treated as a secondary antibody for 1 h at room
temperature. Stained with DAB Substrate Kit (3,3′-diaminobenzidine, VECTORLABS,
SK-4100) and counterstaining with 50% Hematoxylin for 30 s. Then, the slide was dried at
37 ◦C for 1 h (Mounted with Eukitt® Quick-hardening mounting medium (Sigma Aldrich,
St. Louis, MO, USA, 03989-100)). Slides were interpreted twice by two pathologists.

2.13. Statistical Analysis

Statistical evaluation was performed with IBM® SPSS Statistics 21 (Chicago, IL, USA)
and GraphPad Prism Software version 6.0 (San Diego, CA, USA). Statistical relevance
of the relative expression between benign and malignant samples was analyzed by the
unpaired t test. The values were presented as the median, the interquartile range and
the standard deviation. A p-value ≤ 0.05 was considered to be statistically significant.
Receiver operating characteristic (ROC) curve analysis and the area under the curve (AUC)
were used to assess diagnostic performance for each biomarker individually (estimate the
feasibility of using the serum exosomal miRNA expression levels as diagnostic markers
for discriminating OC patients from benign patients). The results were presented as odds
ratios with 95% confidence intervals and p-values.

3. Results
3.1. Baseline Clinical Characteristics

First, we have confirmed the baseline clinical characteristics of the patients with
EOC group and benign ovarian neoplasm group. Most of the histology in malignancy
group and benign ovarian neoplasm group is high-grade serous carcinoma and serous
cystadenoma, respectively. The median age was 51 years (range 24–81). 33 and 30 (44.26
and 42.25%) patients were FIGO stage I and II, 34 and 41 (50.75 and 57.75%) patients were
FIGO stage ≥ III at diagnosis from FFPE and serum samples (Tables 1 and 2). Tumor
marker CA125 was above normal range around 80% in EOC group and over 25% in benign
ovarian neoplasm group (p < 0.001).

Table 1. Characteristics of the FFPE sample from patients.

FFPE
Total

(n = 82)

Type
p-Value

Benign (n = 15) EOC (n = 67)

Age (years, mean ± SD) 51.80 ± 11.74 46.27 ± 15.72 53.04 ± 10.4 0.1297

FIGO stage (%) n (%) n (%) n (%)

Stage1 26 (38.81) - 26 (38.81) -
Stage2 7 (10.44) - 7 (10.44)
Stage3 26 (38.81) - 26 (38.81)
Stage4 8 (11.94) - 8 (11.94)
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Table 1. Cont.

FFPE
Total

(n = 82)

Type
p-Value

Benign (n = 15) EOC (n = 67)

CA 125 (U/mL)

≥35 60 (73.17) 4 (26.67) 56 (83.58) <0.001
<35 22 (26.83) 11 (73.33) 11 (16.42)

miR-1290

≥1.71 66 (80.49) 65 (97.01) 1 (6.67) <0.001
<1.71 16 (19.51) 2 (2.99) 14 (93.33)

Table 2. Characteristics of the serum sample from patients.

Serum
Total

(n = 84)

Type
p-Value

Benign (n = 13) EOC (n = 71)

Age (years, mean ± SD) 51.81 ± 11.66 45.46 ± 14.36 52.97 ± 10.82 0.0933

FIGO stage (%) n (%) n (%) n (%)

Stage1 25 (35.21) - 25 (35.21) >0.99
Stage2 5 (7.04) - 5 (7.04)
Stage3 34 (47.89) - 34 (47.89)
Stage4 7 (9.86) - 7 (9.86)

CA 125 (U/mL)

≥35 64 (76.19) 6 (46.15) 58 (81.69) 0.011
<35 20 (23.81) 7 (53.85) 13 (18.31)

miR-1290

≥0.73 66 (78.57) 4 (30.77) 62 (87.32) <0.001
<0.73 18 (21.43) 9 (69.23) 9 (12.68)

3.2. Differentially Expressed miRNAs in Malignant Ovarian Cancer Patients Based on RNA
Sequencing: Identification of Candidate miRNAs

To investigate the tissue origin of miRNAs, we compared the miRNA expression
between matched serum and tissue samples. Based on this, we identified 81 miRNAs
(44 upregulated and 37 downregulated miRNAs) in the tissues of six patients with EOC
compared with patients with benign ovarian neoplasm. Furthermore, a total of 26 ex-
osomal miRNAs (15 upregulated and 11 downregulated miRNAs) were identified as
differentially expressed between sera of EOC group and benign ovarian neoplasm group
(|Fold change| ≥ 2 and p < 0.05; Figure 1).

Results are also shown in a volcano plot from serum and tissue samples (Figure 2).
Only seven miRNAs (hsa-miR-1246, hsa-miR-1290, has miR-21-5p, hsa-miR-7-5p, hsa-miR-
93-5p, hsa-miR-16-5p and hsa-miR-29c-3p) were identified as differentially expressed in
both matched tissue and serum samples (Table 3).
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Figure 2. (A) Serum. (B) FFPE: Volcano plot showing differences in microRNAs (miRNAs) expression
between benign and malignant ovarian cancer patients. Yellow dots represent upregulated miRNAs
and blue dots represent downregulated miRNAs.

Table 3. Fold change of miRNAs expressions in EOC group compared to benign ovarian neo-
plasm group.

Mature miRNA Fold Change in Tissue Fold Change in Serum

has-miR-1246 6.78 27.61
has-miR-1290 3.66 27.04
has-miR-21-5p 4.1 −3.43
has-miR-7-5p 41.33 −4.27

has-miR-93-5p 3.76 −4.39
has-miR-16-5p 2.63 −8.58
has-miR-29c-3p −2.4 −3.05
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3.3. Validation of Candidate miRNAs by qRT-PCR

From the differentially expressed miRNAs, we chose to focus on miR-1246 and miR-
1290 which were the topmost upregulated miRNAs among common miRNAs between
tissue and serum exosome. To demonstrate the expression levels of candidate miRNAs
to ovarian cancer tissues and sera, their levels were examined by qRT-PCR in FFPE and
sera of patients with EOC. Both miR-1246 and miR-1290 showed consistent upregulation
in EOC FFPE samples (n = 67) compared with benign ovarian neoplasm FFPE samples
(n = 15) (p < 0.01 for miR-1246 and miR-1290). In serum, the expression level of miR1246
and miR-1290 was higher in EOC patients (n = 71) compared to benign ovarian neoplasm
patients (n = 13). The p-value of miR-1290 was 0.0005 but miR-1246 was not significant
(Figure 3).
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Figure 3. Evaluation of the two selected miRNA expression values in FFPE and serum samples by
quantitative RT-PCR (A,B) FFPE: A total of 45 (15 benign ovarian neoplasm, 67 EOC) (C,D) Serum:
A total of 84 (13 benign ovarian neoplasm, 71 EOC) were used for qRT-PCR. * p < 0.05, ** p < 0.01,
*** p < 0.001. ns: not significant.

3.4. Diagnostic Value of Exosomal miRNA 1290 for Epithelial Ovarian Cancer

The diagnostic performance value of serum miR-1290 was calculated by ROC curve
analysis to discriminate EOC group from benign ovarian neoplasm group. Using a cut-
off of 1.71, the miR-1290 from tissue had AUC, sensitivity, specificity positive predictive
(PP) and negative predictive (NP) values of 0.988, 93.3, 97.0, 87.5 (0.616–0.985) and 98.5%
(0.918–1.000), respectively. Using a cut-off of 0.73, the exosomal miR-1290 from serum had
AUC, sensitivity, specificity, PP and NP values of 0.794, 69.2, 87.3, 50 (0.26–0.74) and 94%
(0.852–0.983), respectively (Figure 4 and Supplementary Figure S3). Although the diagnostic
performance of serum exosomal miRNA-1290 was not better than CA125, the combination
of serum exosomal miR-1290 and CA125 significantly improved AUC value from 0.775
to 0.856 compared to serum exosomal miR-1290 alone (p < 0.001; Figure 4); however
comparing to CA125 alone, neither serum exosomal miR-1290 alone nor the combination
of serum exosomal miR-1290 and CA125 improved AUC value (Supplementary Figure S1).
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Figure 4. ROC curves for the identification of patients with EOC vs. benign ovarian neoplasm
controls based on the expression of CA125, miR-1290, and the combination of both. The AUC values
are shown on the graphs. (A–C) FFPE, (D–F) Serum.

3.5. Decreased Expression of SOCS4 in Malignancy Group That Was Negatively Regulated by
miRNA 1290

To determine the targets of miR-1290 were used web tools include Targetscan and
miRanda, SOCS4 was selected as a potential target of miR-1290. After treatment with miR-
1290 inhibitor, miR-1290 expression level in SKOV3 cells was decreased (Figure 5A) whereas
mRNA and protein expression of SOCS4 was significantly increased in SKOV cells (p < 0.001;
Figure 5B,C and Supplementary Figure S2). In the present study, immunohistochemistry
revealed that expression of SOCS4 decreased significantly in EOC group (n = 38) compared
to benign ovarian neoplasm group (n = 12) (p < 0.001; Figure 5D,F). In benign ovarian
neoplasm group, there were no patients with grade 0 or grade 1 SOCS4 expression, while
63% of EOC has grade 0 or grade 1 expression.
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Figure 5. SOCS4 was a target of miR-1290. (A) The miR-1290 expression level was decreased after
treatment of miR-1290 inhibitor in SKOV3 cell lines by RT-qPCR. (B,C) SOCS4 expression was
increased in miR-1290 inhibitor treated SKOV3 cells by RT-qPCR and Western blot. B-Actin was used
as the loading control. Representative images of nuclear SOCS4 immunohistochemistry staining in
EOC and benign ovarian neoplasm (scale bar = 50 µm). (D) Benign ovarian neoplasm and (E) Ovarian
cancer, detection of SOCS4 protein expressions in patients’ tissues via immunohistochemistry method.
(F) The expression level of SOCS4 in ovarian cancer tissues is significantly decreased compared with
that of benign ovarian tumor. SOCS, suppressor of cytokine signaling. ** p < 0.0001.

4. Discussion

In this study, based on RNA sequencing, analysis of serum exosomal miRNA ex-
pression profiles revealed that three miRNAs including hsa-miR-1246, hsa-miR-1290 and
hsa-miR-29c-3p exhibited the same regulation direction in both tumor tissues and sera.
We think it is extremely important that if certain exosomal miRNA increases in the serum,
same miRNA should increase in the cancer tissue. Therefore, we performed qRT-PCR to
detect expression levels of hsa-miR-1246, hsa-miR-1290 and hsa-miR-29c-3p both in the
serum and the tissue of patients with epithelial ovarian cancer (EOC) and benign ovarian
neoplasm, and we confirmed that the expression of tissue miR1246 and miR-1290 were
statistically higher in patients with EOC than in patients with benign ovarian neoplasm,
whereas the expression of serum exosomal miR-1290 was statistically higher in patients
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with EOC than in patients with benign ovarian neoplasm. Serum and tissue miR-1290
was significantly elevated in patients with EOC compared to patients with benign ovarian
neoplasm and could discriminate malignancy versus benign ovarian neoplasm with an
area under the curve (AUC) of 0.932 and 0.812, respectively, suggesting its potential as
both a useful biomarker for differential diagnosis and prognostic factor. The combination
of miR-1290 and CA125 significantly improved the AUC value from 0.812 to 0.95.4. The
OVA1 test seems to be more sensitive than CA125 or miR-1290 in the preoperative clinical
setting; however, a higher false positive rate is still an unresolved issue.

In 2008, Taylor et al. reported eight exosomal miRNAs (miR-21, miR-141, miR-200a,
miR-200b, miR-200c, miR-203, miR-205, miR-214) extracted from serum of ovarian cancer
patients. It was reported for the first time that there was an increase compared to benign
ovarian tumors. In that study, circulating tumor exosomes were isolated using an anti-
EpCAM-modified MACS procedure, and the microRNA profile of ovarian tumors was
compared with that of tumor exosomes isolated from the same patient. These results mean
that circulating miRNA profiles accurately reflects the tumor profiles [16]. In a cohort of
56 high-grade serous ovarian cancer (HGSOC) patients, Shah et al. reported that Serum
miR-375, along with Ca125, is a biomarker that discriminates between normal women and
patients with ovarian cancer [17].

Kobayashi et al. also reported that miR-1290 is a specific discriminator for HGSOC
suggesting the potential of this miRNA as a biomarker for HGSOC. However, they did
not use next generation RNA sequencing but used miRNA microarray to detect candidate
miRNAs, and they validated these miRNAs not in tumor tissues from patients but only in
cell lines [18].

miR-1290 was first reported in human embryonic stem cells [19]. It was reported that
upregulation of miR-1290 was associated with progression of various cancers, including
pancreatic cancer [20], esophageal squamous cell carcinoma [21] and colon cancer [22].
Zhang et al. indicated that miR-1290 was a tumor-initiating, cell-specific RNA, which
were crucial drivers of tumor initiation and progression in non-small cell lung cancer
(NSCLC) [23]. A previous study reported that miR-1290 was upregulated in tissues and
serum samples from patients with lung adenocarcinoma and correlated with poor progno-
sis, and suppressor of cytokine signaling 4 (SOCS4) was target of miR-1290, by targeting
SOCS4, miR-1290 facilitated the JAK/STAT3 and PI3K/AKT pathways [24].

SOCS family is a group of cytokine-inducible negative regulators by inhibiting multiple
signaling pathways, especially the JAK/STAT signaling pathway [25,26]. SOCS4 was
previously shown to be associated with earlier tumor stage and better clinical prognosis in
breast cancer [27].

In this study, the expression levels of SOCS4 were examined in EOC and benign
ovarian neoplasm. Decreased expression of SOCS4 was shown in EOC compared to benign
ovarian neoplasm. Although we did not undertake clinic pathological analysis due to
limited patients’ medical information and small sample size, to our knowledge this is first
report that showed difference of SOCS4 expression in EOC and benign ovarian neoplasm.
Several limitations should be acknowledged. The sample size is too small to reach a solid
conclusion. Large and prospective registry-embedded trials would be needed to strengthen
our hypothesis that serum miR-1290 can serve as a biomarker of EOC. Additionally, the
mechanisms and potential pathways between miR-1290 and other target genes, including
SOCS4 in EOC, need to be explored. Despite the small sample size, our results show that
miR-1290 might be a useful biomarker which can discriminate epithelial ovarian cancer
from benign ovarian neoplasm. Further studies would be required to explore other target
genes of miR1290 and to identify the true target genes of miR-1290 in EOC, in order to
clarify its role.
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//www.mdpi.com/article/10.3390/cimb44010021/s1, Figure S1: The comparison diagnostic perfor-
mance of miR-1290 with CA125 alone (A), CA125 with the combination (B), and miR-1290 with the
combination (C). Figure S2: SOCS4 Western blotting full image. Figure S3: The dot plot data for the
identification of patients with EOC vs. benign ovarian neoplasm controls based on the expression of
CA125 and miR-1290. (A,B) FFPE, (C,D) Serum.
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Abstract: Many years and billions spent for research did not yet produce an effective answer to
prostate cancer (PCa). Not only each human, but even each cancer nodule in the same tumor, has
unique transcriptome topology. The differences go beyond the expression level to the expression
control and networking of individual genes. The unrepeatable heterogeneous transcriptomic organi-
zation among men makes the quest for universal biomarkers and “fit-for-all” treatments unrealistic.
We present a bioinformatics procedure to identify each patient’s unique triplet of PCa Gene Master
Regulators (GMRs) and predict consequences of their experimental manipulation. The procedure
is based on the Genomic Fabric Paradigm (GFP), which characterizes each individual gene by the
independent expression level, expression variability and expression coordination with each other
gene. GFP can identify the GMRs whose controlled alteration would selectively kill the cancer
cells with little consequence on the normal tissue. The method was applied to microarray data on
surgically removed prostates from two men with metastatic PCas (each with three distinct cancer
nodules), and DU145 and LNCaP PCa cell lines. The applications verified that each PCa case is
unique and predicted the consequences of the GMRs’ manipulation. The predictions are theoretical
and need further experimental validation.

Keywords: AP5M1; BAIAP2L1; CRISPR; ENTPD2; master regulator; LOC145474; MTOR; PRRG1;
VIM; WFDC3

1. Introduction

For decades, cancer genomists have struggled to identify gene biomarkers whose al-
tered sequence (e.g., Reference [1]) or/and expression (e.g., Reference [2]) is/are indicative
for the prostate cancer (PCa) and could serve in active surveillance [3] of PCa develop-
ment. The skillful handling of biomarkers was hoped to increase the survival rate (e.g.,
Reference [4]), destroy the cancer cells (e.g., Reference [5]) and reduce their proliferation
(e.g., Reference [6]) and spreading (e.g., Reference [7]). Biomarkers’ “smart” manipula-
tion was also thought to block the PCa recurrence after various types of treatments (e.g.,
References [8,9]).

However, increasing evidence indicates that most cancerous prostates harbor ge-
netically distinct independently developing malign clones [10]. This tumor heterogene-
ity [11,12], both at the histopathological and transcriptomic [13,14] levels, within the
prostate of one patient, as well as among patients, complicates significantly the diag-
nostic and treatment options [15–17]. Moreover, together with the biomarker(s) whose
altered sequence or expression level is thought indicative for that cancer type, hundreds of
other genes are mutated or/and regulated in each cancer nodule with respect to the sur-
rounding cancer-free tissue [18]. The unique combination of affected genes in each human
is the direct result of the never-repeatable association of favoring factors affecting the entire
body: race, age, medical history, habits, diet, stress, climate, etc. The set of the affected
genes depends also on the specific local conditions (microbiome and cellular environment).
This explains the observed wide diversity of PCa forms and the large spectrum of treatment

251



Curr. Issues Mol. Biol. 2022, 44

outcomes. Therefore, it is imperious to go beyond precision medicine [12,19] to treatments
tailored to the unrepeatable characteristics of every single patient at each moment of his or
her life.

This report presents the Gene Master Regulator (GMR) method [20,21] to identify the
most legitimate targets for a gene therapy that would selectively kill the cancer cells from
the prostate [22]. Although we present three-gene panels to erase three distinct cancer
clones in the profiled prostate, the method could be used for as many as relevant cancer
nodules are found in the tissue. The GMR of a cell phenotype in a tissue is the gene whose
strictly controlled expression level regulates the major functional pathways by coordinating
the expressions of most of their genes. Owing to the uniqueness of the transcriptome, each
cell phenotype of the tumor has a distinct gene hierarchy. Therefore, the GMR approach
personalizes the gene treatment for each patient to destroy as many as possible cancer
nodules of his affected prostate.

The GMR method is based on the Genomic Fabric Paradigm (GFP) [23] that takes
advantage of profiling thousands of genes at a time on multiple biological replicates. GFP
assigns to each quantified gene the independent variables: average expression level (AVE),
relative expression variability (REV) and correlation (COR) with expression of each other
gene [24]. Regardless of (microarray or RNA-sequencing) platform, adding REVs and
CORs values increases by four orders of magnitude the amount of useful information
provided by the transcriptomic study.

AVE is used by all oncogenomists to determine whether that gene was up/downregulated
or turned on/off by cancer with respect to the normal tissue. In almost all publications,
AVE is the single variable considered for individual genes.

Although profiling additional biological replicas was required initially only for statis-
tical relevance of the results, it also gives us very important clues about the cell priorities in
controlling the random fluctuations of the gene expression. The biological replicas can be
formally considered as instances of the same system subjected to (non-significantly regu-
lating) different environmental conditions. Thus, REV indicates how sensitive that gene
is to slight environmental changes beyond the inherent stochastic nature of the chemical
reactions involved in the transcription. In all transcriptomic studies, we found genes that
are very stably expressed (low REV) and genes with high expression variability (high REV)
across biological replicas. Low REV indicates strong control of the expression level by
cellular the homeostatic mechanisms, most likely because the right expression of that gene
is critical for the cell phenotypic expression, survival, proliferation and integration in the
multicellular tissue. By contrast, expressions of other genes are left to fluctuate (high REV)
to ensure cell adaptation to the environmental continuous changes [25].

The profiling expressions of thousands of genes at a time on biological replicas
allows us to quantify how many fluctuations in the expression of one gene are corre-
lated/coordinated with fluctuations of each other gene across biological replicas. COR
analysis responds to the “Principle of Transcriptomic Stoichiometry” [25], a generalization
of the Law of Multiple Proportions from chemistry [26]. The principle requires coordinated
expression of genes whose encoded products are linked in functional pathways.

2. Materials and Methods
2.1. Prostate Tissues and Cell Lines

This report uses transcriptomic profiles generated in the NYMC IacobasLab by profil-
ing the surgically removed prostates of two men, hereafter denoted as patients “ABCN” and
“PQMZ”. For comparison, we added the expression data from two human prostate cancer
cell lines: the androgen-sensitive LNCaP [27] and the not-hormone-sensitive DU145 [28].
Expression data obtained in our lab from the LNCaP cells (hereafter denoted by “L”) were
deposited at Reference [29], and those from the DU145 cells (hereafter denoted by “D”)
were deposited at Reference [30].

From the “ABCN” patient, we profiled the primary cancer nodule “A” (Gleason Score
GS = 4 + 5 = 9); the secondary cancer nodules “B” and “C”, each with GS = (4 + 4 = 8);
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and the surrounding normal tissue “N”. Gene-expression data of “ABCN” were deposited
at Reference [31] for the primary nodule “A” and the cancer-free margins “N”, and at
Reference [32] for the secondary nodules “B” and “C”, and partially analyzed in a recent
paper [33]. Patient “PQMZ” had prostatic adenocarcinoma involving 75% of bilateral
lobes, with extensive perineural invasion, multifoci of extraprostatic extension that affected
also the bilateral seminal vesicles. Gene-expression data from this patient are available at
Reference [34] for the nodule “M” (GS = 4 + 5 = 9) and the cancer-free resection margins
“Z”, and at Reference [35] for the cancer nodules “P” and “Q”, each with GS = 4 + 5 = 9.
From each nodule, we collected a ~2 mm area from the center and then split it into 4 parts
to limit the possibility that the collected quarters contain cells from different clones.

The study, conducted according to the guidelines of the Declaration of Helsinki, was
part of Dr. Iacobas’s project approved by the Institutional Review Boards (IRBs) of the New
York Medical College (NYMC) and Westchester Medical Center (WMC) Committees for
Protection of Human Subjects. The approved IRB (L11,376 from 2 October 2015) granted
access to frozen cancer specimens from the WMC Pathology Archives and depersonalized
pathology reports, waiving the patients’ informed consent.

The experimental protocol (RNA extraction, fluorescent labeling, hybridization with
the microarray and washing and scanning the chip), as well as the primary analysis of the
fluorescent values (filtering, background subtraction and normalization to the median of
valid spots in all profiled samples) are detailed on the Gene Expression Omnibus website
hosting the deposited datasets [29–32,34,35].

2.2. Transcriptomic Characteristics of Individual Genes

AVE, REV and COR values were computed to account for the non-uniform numbers
of spots probing redundantly numerous genes in Agilent (Agilent, Santa Clara, CA, U.S.A.)
4 × 44 k human dual-color microarrays (configuration G2519F, platform GPL13497 [36]).
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χ2(ri; α)= chi-square for ri(= 4Ri − 1 = number of degrees of freedom) and probability α
µik= average expression of gene i probed by spot k (= 1, . . . , Ri) in the 4 biological replicas
sik = standard deviation of the expression level of gene i probed by spot k

(2)

The correction coefficient is the mid chi-square interval estimate of the unit standard
deviation and takes values from 2.15 for genes probed by one spot each to 1.05 for genes
probed by 11 spots (e.g., TP53).
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In Equation (3), COR (−1 ≤ COR ≤ 1) is the Pearson product-momentum correlation
coefficient between the (log2) expression levels of genes “i” and “g”. For genes probed
by 1 spot each, p < 0.05 significant synergistic/antagonistic expression was assigned if
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|COR| ≥ 0.95. If the genes are probed by 2 spots each, then significant coordination occurs
for |COR| ≥ 0.71, and so on with cutoff diminishing for larger numbers of spots probing
each gene [25].

REV and COR were used to determine the Gene Commanding Height (GCH) [33],
which establishes the gene hierarchy in the profiled phenotype:
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〈 〉= median, ( )2= average of the square values
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The top gene of the hierarchy (highest GCH) is the Gene Master Regulators (GMRs)
of that phenotype, whose altered expression should have the largest consequences. The
hierarchies of the four groups of samples were used to identify the top 3 genes whose
GCH scores in the three cancer nodules are far above the corresponding scores in the
cancer-free tissue.

2.3. Transcriptomic Alterations in Cancer

A gene was considered as statistically (p < 0.05) significantly regulated in a cancer
nodule (“cancer”) with respect to the normal tissue from the same tumor if the absolute
fold-change x and the p-value (p(normal→cancer)

i ) of the heteroscedastic t-test of the means
equality in the two regions satisfied the composite criterion Equation (5). Our cutoff of
the absolute fold-change considers the combined effects of the biological variability and
technical noise, providing a much accurate criterion for expression regulation than any
other arbitrary (1.5×, 2.0) fold-change requirement.
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The p-value was computed with Bonferroni correction for multiple testing [37] in the
case of several spots probing redundantly the same gene.

Instead of the uniform ±1 contribution to the altered transcriptome used in the tradi-
tional percentage measure of the significantly up/downregulated genes, we considered
the Weighted Individual Gene Regulation (WIR). WIR analysis is not limited to the signifi-
cantly regulated genes; it is applied to any gene. WIR was used to compute the Weighted
Pathway Regulation (WPR) to average the contributions of all genes assigned to that
functional pathway:
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3. Results
3.1. Overview

In total, we quantified the expression of 14,203 distinct unigenes in all three cancer
nodules and the surrounding cancer-free tissue from the surgically removed prostate of
the “PQMZ” man. The 403,620,854 (total number of AVE, REV and COR) values resulted
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from this experiment were used to illustrate the analyses below. In order to show the
uniqueness of the three-gene target panel, we used also the expression values in the three
cancer nodules and cancer-free surroundings of the “ABCN” man (14,908 genes), in the “L”
cells (15,278 genes) and in the “D” cells (16,126 genes).

Table 1 presents the three genes with the largest expression levels in each of the
four profiled regions of patient “PQMZ” and in the four regions of the patient “ABCN”.
Remarkably, RPL13 was among the three genes with the largest expressions in all regions,
and in both patients, it was downregulated in all cancer nodules with respect to the
corresponding normal tissues. The robust downregulation of RPL13 in all six cancer nodules
(by −1.70×/−1.38×/−1.36× in “P”/”Q”/“M” vs. “Z” and by −2.15×/−1.30×/−1.50×
in “A”/”B”/”C” vs. “N”) explains the reduced immune response in cancer. Our results
add new evidence about the extra-ribosomal roles of RPL13, particularly in activating the
innate response [38].

Table 1. Three genes with the largest average expression levels (AVE) in each of the four profiled
regions of the “PQMZ” patient and in the four regions of the “ABCN” patient. The largest 3 AVE
values in each phenotype have a gray background.

Gene Description AVE-P AVE-Q AVE-M AVE-Z

CYTB mitochondrially encoded
cytochrome b 231 237 186 266

RPL13 ribosomal protein L13 215 2365 269 366

ACTG2 actin, gamma 2, smooth
muscle, enteric 204 126 119 325

NPY neuropeptide Y 76 471 10 123
RPL13 ribosomal protein L13 215 265 269 366
RPL7A ribosomal protein L7a 106 310 141 241
RPL13 ribosomal protein L13 215 265 269 366

ZNF865 zinc finger protein 865 182 267 203 292
PQLC2 PQ loop repeat containing 2 172 179 199 203
RPL13 ribosomal protein L13 215 265 269 366

ACTG2 actin, gamma 2, smooth
muscle, enteric 204 126 119 325

MYH11 myosin, heavy chain 11,
smooth muscle 137 101 139 307

Gene Description AVE-A AVE-B AVE-C AVE-N
RPL13 ribosomal protein L13 288 477 415 621
PQLC2 PQ loop repeat containing 2 227 266 338 490

CYTB mitochondrially encoded
cytochrome b 215 173 146 382

RPL13 ribosomal protein L13 288 477 415 621
RPS27 ribosomal protein S27 158 365 294 212
RPL32 ribosomal protein L32 164 315 299 359
RPL13 ribosomal protein L13 288 477 415 621

ZNF865 zinc finger protein 865 132 215 395 600
RPS8 ribosomal protein S8 153 233 348 504

RPL13 ribosomal protein L13 288 477 415 621
ZNF865 zinc finger protein 865 132 215 395 600

RPS2 ribosomal protein S2 164 260 337 517

Table 2 lists the three genes with the most controlled expression (low REV) in each
of the four profiled regions of the patient “PQMZ” and in the four regions of the pa-
tient “ABCN”. Supplementary Table S1 presents the three genes with the most variable
expression (high REV) across biological replicas in all profiled regions of the two patients.
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Table 2. Three most stably (low REV, darker gray background) expressed genes in each of the four
profiled regions of patients “PQMZ” and “ABCN”.

Gene Description REV-P REV-Q REV-M REV-Z
FKBP9 FK506 binding protein 9 0.32 8.80 10.87 9.27

ZBTB2 zinc finger and BTB domain
containing 2 0.50 12.39 5.03 16.51

NUBPL nucleotide binding protein-like 0.69 12.19 5.48 10.73

TBRG4 transforming growth factor beta
regulator 4 11.07 0.59 1.56 8.06

DNAJC24 DnaJ (Hsp40) homolog, subfamily C,
member 24 11.62 0.85 7.19 4.16

UBE3B ubiquitin protein ligase E3B 5.32 1.00 6.51 9.46
TMEM186 transmembrane protein 186 9.32 20.45 0.28 12.49
NDUFA6-

AS1
NDUFA6 antisense RNA 1 (head to

head) 28.15 8.46 0.50 15.82

LMAN2L lectin, mannose-binding 2-like 8.05 8.20 0.52 8.00
COPS5 COP9 signalosome subunit 5 51.46 27.83 7.37 0.12

ARPC5L actin related protein 2/3 complex,
subunit 5-like 19.90 22.18 7.13 0.14

DAZAP1 DAZ associated protein 1 7.14 18.87 3.84 0.22

Gene Description REV-A REV-B REV-C REV-N

ENTPD2 ectonucleoside triphosphate
diphosphohydrolase 2 0.29 33.36 15.97 8.66

COMMD9 COMM domain containing 9 1.04 23.01 4.49 3.82
MIEN1 migration and invasion enhancer 1 1.14 13.78 9.01 8.67

SSX3 synovial sarcoma, X breakpoint 3 39.80 0.94 17.16 12.18
FCRL5 Fc receptor-like 5 121.40 1.41 36.36 38.96

RANBP2 RAN binding protein 2 48.44 1.63 11.21 10.48
BAIAP2L1 BAI1-associated protein 2-like 1 64.94 11.35 0.40 8.03

FAM71E1 family with sequence similarity 71,
member E1 41.61 48.01 0.81 11.93

LILRB3 leukocyte immunoglobulin-like
receptor, subfamily B, member 3 22.77 32.51 0.91 27.55

MRPS12 mitochondrial ribosomal protein S12 34.96 42.93 11.21 0.32
TOR1A torsin family 1, member A 11.09 17.64 6.28 0.42

DENND1B DENN/MADD domain containing 1B 8.18 45.86 15.79 0.47

Table 2 has some very interesting results. First, each of the four regions from each of
the two patients appears to have different priorities in controlling the transcripts’ abun-
dances. Our results indicate that the most controlled genes are critical for preserving
the phenotype. Thus, FKBP9, the most controlled gene in nodule “P”, is known for
promoting malignant behavior of glioblastoma cells [39] and poor prognosis of PCa pa-
tients [40]. TBRG4, the most stably expressed gene in “Q”, was reported as being actively
involved in myeloma [41], squamous carcinoma [42], osteosarcoma [43], glioblastoma [44],
leukemia [45] and lung cancer [46]. The list of stably expressed genes also includes a long
noncoding RNA, NDUFA6-AS1, identified recently as a biomarker for the prognostic of
thyroid cancer [47]. We believe that the strict control of the expression of COPS5 is related
to its role in controlling the progression of PCa [48].

Supplementary Table S1, which presents the most variably expressed genes across
biological replicas, is also interesting by indicating that the adaptation to the environmental
fluctuations is carried out by distinct sets of genes in each profiled region. Thus, excepting
UBE2I, common for nodule “M” and normal tissue “Z”, there is no overlap of the most
variably expressed three genes in profiled regions.

3.2. Independent Variables

Figure 1 serves as an example of the independency of AVE, REV and COR for the
first 50 alphabetically ordered genes involved in the mTOR signaling [49] in the cancer
nodules “P”, “Q”, and “M” and the normal surrounding tissue “Z” of the “PQMZ” patient
prostate. Figure 1c presents the expression coordination with MTOR (mechanistic target of
rapamycin (serine/threonine kinase)).
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Although the MTOR gene and its partners in the mTOR signaling pathway were se-
lected for their roles in the development, proliferation and migration of cancer cells [50], any
other subset of genes would confirm the independence of the AVE, REV and
COR characteristics.

Within this selection, genes such as ATPase, H+ transporting, lysosomal 13 kDa and V1
subunit G2 (ATP6V1G2) have very low expression (AVE = 0.14 in “Q”), and genes such as
ATPase, H+ transporting, lysosomal 14 kDa and V1 subunit F (ATP6V1F) have much higher
expression (34.5 in “Q”). Likewise, there are very stably (e.g., DEP domain containing five
(DEPDC5), REV = 0.25% in “Z”) and very unstably (e.g., frizzled class receptor 10 (FZD10),
REV = 87.48% in “Q”) expressed genes.

In addition to the clear independence of the three variables, of note are also the differ-
ences among the three equally histopathologically ranked cancer nodules from the same
prostate. These findings prove both the transcriptomic heterogeneity of the PCa and the
uniqueness of each nodule. The transcriptomes of the three nodules differ not only by
expression levels of individual genes but also in their expression variability (indicating
different strengths of controlling mechanisms) and expression coordination (distinct gene
networking in pathways). For instance, FZD10, known for its role in breast cancer [51] was
very unstably expressed in “Q” and “P” (REV = 59.96%), but it was stably expressed enough
in “M” (REV = 6.16%). These values suggest that the right expression of FZD10 was more
important for the “M” cells than for the “P” and “Q” cells. Moreover, eukaryotic translation
initiation factor 4E (EIF4E) was synergistically expressed with MTOR in “Q”, but antago-
nistically expressed with MTOR in “P” and “M”, meaning that EIF4E might work as an
activator of MTOR in “Q” but as an inhibitor in “P” and “M”, which indicates that targeting
EIF4E may have opposite clinical results [52]. Warning: the “opposite roles”, suggested by a
pure theoretical speculation about in-phase and in-antiphase fluctuations of the expressions
of MTOR and EIF4E in distinct nodules, needs rigorous experimental validation.

3.3. The Power of the Weighted Individual (Gene) Regulation (WIR) Score to Identify the Main
Contributors to the Cancer Phenotype

Figure 2 presents the regulation of the first 50 alphabetically ordered mTOR signaling
genes in the three cancer nodules with respect to the cancer-free surrounding tissue. The
regulation of genes is presented as uniform ±1 contribution (as in the percentage of
significantly up/downregulated genes), expression ratio “x” and Weighted Individual
Gene Regulation (WIR).

The power of WIR to discriminate the genes according to their contribution is out-
standing. For instance, DEPTOR (DEP domain containing MTOR-interacting protein) and
DVL1 (disheveled segment polarity protein 1) have similar expression ratios in “Q” (2.03×
and 2.09×) but substantially different WIRs (1.10 and 17.13).

Remarkably, although most of the significant regulations go the same way in all three
nodules (e.g., ATP6V1AB2, ATP6V1C1, ATV6V1H, FLCN, FZD1 and FZD3), suggesting
a shared PCa transcriptomic signature. However, none of the similarly regulated genes
was listed among the PCa biomarkers in the NIH-NCI GDC Data Portal [53], and there are
also opposite regulations (AKT1, DVL2 and DVL3). The significant opposite regulations
presented in Table 3 and Figure 2 indicate that, even within the same tumor, each cancer
nodule has its own cancer transcriptomic topology. Of note is that almost all human genes
(20,237) were found to be altered in at least one case of PCa included in the portal [53],
and the top PCa biomarkers are among the top biomarkers for many other cancers. For
instance, TP53 (#1 for PCa) is also #1 for lung, breast, head and neck, ovary cancers and
among the top five for almost all other cancers. Therefore, we believe that it makes no
sense to continue using the transcriptomic signature in classifying the PCas and that
the commercially available assays for cancer diagnostic (e.g., References [54–56]) have
disputable prediction value, as discussed in a previous paper [33]).
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normal prostate tissue (“Z”). (a) Average expression levels (AVE) in expressions of the median gene.
(b) Relative expression variability (REV). (c) Expression correlation (COR) with MTOR.
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3.4. Each Cancer Nodule Has Its Own “Transcriptomic Signature”

Table 3 presents the three genes with the largest positive and the three genes with the
largest negative contributions to the transcriptomic alterations in each of the three cancer
nodules of the patients “PQMZ” and “ABCN”.

It is interesting to note that, in Table 3, each nodule has different sets of the three
largest contributors and that these contributors are involved in a wide diversity of func-
tional pathways. These data indicate a large spectrum of possible molecular mechanisms
responsible for the formation of cancer nodules in the prostate. Moreover, while some
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genes were regulated the same way in all three nodules (CNN1, RNA28S5, RLN1, and
ACTG2), others (RPS8, MARC1, and PSCA) were regulated in only one or two nodules.
There are also genes (e.g., NPY, IGKC, IGHG1, and SNORD3B-1) that were even oppositely
regulated in one nodule than in the other two. These results indicate the unique response
of each region to cancer and that restoration of the normal expression level of some genes
might have opposite effects on distinct nodules.

Table 3. Three genes with the largest positive and negative contributions to the transcriptomic
alterations in the cancer nodules of the “PQMZ” and “ABCN” patients.

Gene Description WIR-P WIR-Q WIR-M
PSCA prostate stem cell antigen 54 138 0
KLK12 kallikrein-related peptidase 12 40 121 0

BASP1 brain abundant, membrane attached signal
protein 1 32 39 0

RPS8 ribosomal protein S8 −383 0 −123

CNN1 calponin 1, basic, smooth muscle −403 −680 −568

RNA28S5 RNA, 28S ribosomal 5 −604 −314 −26

MARC1 mitochondrial amidoxime reducing
component 1 0 9180 0

NPY neuropeptide Y −50 348 −1345
PSCA prostate stem cell antigen 54 138 0
CNN1 calponin 1, basic, smooth muscle −403 −680 −568

LTF lactotransferrin −301 −1682 22
RLN1 relaxin 1 −86 −2658 −46
IGKC immunoglobulin kappa constant −51 −144 60

IGHG1 immunoglobulin heavy constant gamma 1 −29 −83 52
SNORD3B-1 small nucleolar RNA, C/D box 3B-1 −3 −35 49

ACTG2 actin, gamma 2, smooth muscle, enteric −170 −514 −561

CNN1 calponin 1, basic, smooth muscle −403 −680 −568

NPY neuropeptide Y −50 348 −1345

Gene Description WIR-A WIR-B WIR-C
IGLL5 immunoglobulin lambda-like polypeptide 5 59 141 56
TPM2 tropomyosin 2 (beta) 50 9 −9

ACTG2 actin, gamma 2, smooth muscle, enteric 46 2 −29
RPS8 ribosomal protein S8 −1139 −575 −190

RPL14 ribosomal protein L14 −1182 −734 −85

ZNF865 zinc finger protein 865 −2073 −1027 −239
IGLL5 immunoglobulin lambda-like polypeptide 5 59 141 56
MDK midkine (neurite growth-promoting factor 2) 28 133 148
RPS27 ribosomal protein S27 −51 127 56

NPIPB5 nuclear pore complex interacting protein
family, member B5 −937 −1077 −98

KLK3 kallikrein-related peptidase 3 −585 −1248 −439

SPON2 spondin 2, extracellular matrix protein −332 −1575 −1288
MDK midkine (neurite growth-promoting factor 2) 28 133 148
IFI27 interferon, alpha-inducible protein 27 13 55 123

HMGN2 high mobility group nucleosomal binding
domain 2 6 107 116

CYTB mitochondrially encoded cytochrome b −238 −446 −600

LOC101929612 mitochondrially encoded cytochrome c
oxidase III −97 −279 −800

SPON2 spondin 2, extracellular matrix protein −332 −1575 −1288
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3.5. Tumor Heterogeneity of Gene Networks

Figure 3 presents the expression coordinations of AKT2 (v-akt murine thymoma viral
oncogene homolog 2), with its partners central to the prostate-cancer development [57] in
all four profiled regions from the patients “PQMZ” and “ABCN”. Figure 3 also presents
the coordinations of MTOR with mTORC1 (RAPTOR, ACT1S1, DEPTOR, MLST8, TELO2
and TTI1) and mTORC2 (RICTOR, MAPKAP1, PRR5, DEPTOR, MLST8, TELO2 and TTI1)
partners [49] in the same regions.

Curr. Issues Mol. Biol. 2022, 2, FOR PEER REVIEW 12 
 

 

 

Figure 3. Expression coordinations of AKT2 with its partners, central to the prostate cancer devel-

opment, and the coordinations of MTOR with its partners from mTORC1 and mTORC2 in the four 

profiled regions of the (a) “PQMZ” patient and (b) the “ABCN” patient. A continuous red/blue line 

indicates a statistically (p < 0.05) significant synergistic/antagonistic expression of the linked gene, 

while a dashed black line indicates a statistically (p < 0.05) significant independent expression of the 

paired genes. Missing lines mean lack of statistical significance of the expression coordination be-

tween the two genes. Red/green background specifies significant up/downregulation of that gene 

in the indicated cancer nodule (“P”, “Q”, “M”, “A”, “B” and “C”) with respect to the corresponding 

cancer-free surrounding tissue (“Z” or “N”), while yellow background means that the expression 

difference was not significant according to our composite criterion. 

Of note, in Figure 3 are the substantial differences in both expression regulations with 

respect to the surrounding normal tissue and in expression coordination not only between 

the two patients but also among the cancer nodules of each patient. These results extend 

the notion of transcriptomic heterogeneity of the tumor [11–14] to the formation of gene 

networks that could be even more important for the cell behavior than the heterogeneity 

of the gene-expression levels. 

Interestingly, MTOR is not significantly coordinately expressed with any of its 

MTORC1 and MTORC2 alleged partners in the nodules “Q”, “M”, “B” and “C”, indicating 

Figure 3. Expression coordinations of AKT2 with its partners, central to the prostate cancer devel-
opment, and the coordinations of MTOR with its partners from mTORC1 and mTORC2 in the four
profiled regions of the (a) “PQMZ” patient and (b) the “ABCN” patient. A continuous red/blue line
indicates a statistically (p < 0.05) significant synergistic/antagonistic expression of the linked gene,
while a dashed black line indicates a statistically (p < 0.05) significant independent expression of
the paired genes. Missing lines mean lack of statistical significance of the expression coordination
between the two genes. Red/green background specifies significant up/downregulation of that gene
in the indicated cancer nodule (“P”, “Q”, “M”, “A”, “B” and “C”) with respect to the corresponding
cancer-free surrounding tissue (“Z” or “N”), while yellow background means that the expression
difference was not significant according to our composite criterion.
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Of note, in Figure 3 are the substantial differences in both expression regulations with
respect to the surrounding normal tissue and in expression coordination not only between
the two patients but also among the cancer nodules of each patient. These results extend
the notion of transcriptomic heterogeneity of the tumor [11–14] to the formation of gene
networks that could be even more important for the cell behavior than the heterogeneity of
the gene-expression levels.

Interestingly, MTOR is not significantly coordinately expressed with any of its MTORC1
and MTORC2 alleged partners in the nodules “Q”, “M”, “B” and “C”, indicating major
remodeling of the mTOR signaling in these cancer clones. Altogether, the differences in
gene networking among the profiled groups of samples show that the pathways built by
Kyoto Encyclopedia for Genes and Genomes (KEGG) [58] are not universal and can be
used only as a general reference. The same conclusion is valid for the pathways built by
other specialized software, such as Ingenuity Pathway Analysis [59], DAVID [60] and even
the old GenMapp and MAPPFinder [61].

3.6. Gene Master Regulators

Figure 4 presents the GMRs of all the profiled regions from the two patients and the
two cancer cell lines. For each GMR, the graph shows the GCH scores in all profiled sample
types. Note that each group of samples has a distinct GMR and the substantial difference
between the GCH score in the region the GMR commands and in the other regions from
the same tumor. For instance, FKBP9, the GMR of the region “P” has the GCHs: 158.86 (in
“P”), but 3.66 (in “Q”), 1.96 (in “M”), 2.59 (in “Z”), 8.24 (in “A”), 2.52 (in “B”), 2.36 (in “C”),
1.47 (in “N”), 7.46 (in “L”) and 16.59 (in “D”). The large difference between the GCH scores
in the cancer clone and the normal tissue indicates that manipulation of that gene would
have major transcriptomic consequences in the cancer but practically nothing in the healthy
tissue. This observation makes the GMR approach suitable to design cancer gene therapies.
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Figure 4. GMRs of the profiled regions from the prostates of the “PQMZ” and “ABCN” patients
and from the cancer cell lines “L” and “D”. Note that the GCH scores in the other samples are
substantially lower the score in the sample commanded by the GMR.

The GMRs of the cancer nodules are not necessary regulated with respect to the normal
tissue, but as evident from Table 2, they are among the most stably expressed genes in
that region. The expression level of the GMR is allowed to fluctuate within a very narrow
interval, because it regulates the expression of numerous other genes. For instance, FKBP9,
the GMR of “P”, was similarly downregulated in all three cancer nodules: x = −1.52
(WIR = −7.44) in “P”, x = −1.59 (WIR = −8.51) in “Q” and x = −1.49 (WIR = −6.97) in “M”.
TBRG4, the GMR of “Q”, was upregulated in “P” (x = 1.25, WIR = 0.46) and “Q” (x = 1.73,
WIR = 1.39) but not in “M”, while TMEM186, the GMR of “M”, was not regulated in any of
the profiled cancer nodules. ENTPD2, the GMR of “A”, was not regulated in “A”, but it
was upregulated in “B” and “C”; AP5M1, the GMR of “B”, was upregulated in “B” but not
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regulated in either “A” or “C”; and BAIAP2L1, the GMR of “C”, was upregulated in “B”
and “C”, but not in “A”.

3.7. What Experimental Manipulation of the GMR Would Do to the Cancer Nodule’s Metabolism?

We used our software #PATHWAY# [22] to identify all KEGG pathways [58] that
include genes with statistically significant synergistic/antagonistic expression correlation
with the GMR in each profiled cancer nodule. In all cancer nodules from both patients,
the most significantly correlated genes with the GMR were from the metabolic path-
ways, indicating that targeting the GMR would have most dramatic consequences on the
cell metabolism.

Figure 5 presents the significantly synergistically and antagonistically expressed genes
with the corresponding GMR in each of the nodules “P”, “Q” and “M” of the “PQMZ”
patient, and what one might expect from the significant manipulation of the GMR expres-
sion. Thus, by therapeutically increasing the expression of FKBP9 (downregulated in all
three cancer nodules with respect to “Z”), the expressions of its synergistic partner genes
would be pushed up, while the antagonistically expressed ones would be pushed down.
Although the proposed therapeutic overexpression will restore the normal expression of
FKBP9 in all three cancer nodules, while upregulating it in “Z”, it would have significant
consequences only on “P”, owing to the low FKBP9 GCH scores in the other three regions.
Large metabolic disturbances on the respective commanded cancer nodules, but not in the
other regions, are also expected by knocking down TBRG4 and TMEM186, as illustrated in
panels Figure 5b,c.

Figure 6 presents the significantly synergistically and antagonistically expressed genes
with the corresponding GMR in each of the nodules “A”, “B” and “C” of the “ABCN” pa-
tient, and what one might expect from the significant manipulation of the GMR expression.
Of note are, again, the different regulations of the metabolic genes in the cancer nodules of
the same tumor, as well as between the two tumors (compare with Figure 5).
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Figure 5. Significantly synergistically and antagonistically expressed metabolic genes with the
corresponding GMR in the nodules (a) “P”, (b) “Q” and (c) “M” of the “PQMZ” patient and the
predicted regulations after the therapeutic alteration of the GMR. The red/blue arrow indicates
the genes synergistically/antagonistically expressed with the GMR in that nodule. Gene symbol
background indicates the status of that gene in the mentioned cancer nodule with respect to the
surrounding normal tissue “Z” before (observed) and after the treatment (predicted). Note the
different regulations of the metabolic genes in the cancer nodules.
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Figure 6. Significantly synergistically and antagonistically expressed metabolic genes with the
corresponding GMR in the nodules (a) “A”, (b) “B” and (c) “C” of the “ABCN” patient and the
predicted regulations after the therapeutic alteration of the GMR. The red/blue arrow indicates
the genes synergistically/antagonistically expressed with the GMR in that nodule. Gene symbol
background indicates the status of that gene in the mentioned cancer nodule with respect to the
surrounding normal tissue “N”.

4. Discussion

The purpose of this study was to provide justification and a framework for the devel-
opment of a personalized gene-therapy approach for prostate-cancer management. The
manuscript detailed the theoretical foundations for a new and effective prostate cancer
treatment. As defined by the US Food and Drug Administration (FDA), the gene therapy
“seeks to modify or manipulate the expression of a gene or to alter the biological properties
of living cells for therapeutic use” [62]. The FDA also issued the Guidance for Industry
for “Long term follow-up after administration of human gene therapy products” [63].
According to the FDA [62], gene therapy replaces a disease-causing altered gene with a
healthy copy of it or/and inactivates a disease-causing altered gene that is not function-
ing properly or/and introduces a new or modified gene. Gene-therapy products can be
delivered as plasmid DNAs, using modified viral or bacterial vectors, or through gene
editing technology. As such, gene therapy is part of the targeted therapies that, in the
vision of the USA National Cancer Institute, include hormone therapies, signal transduc-
tion inhibitors, gene-expression modulators, apoptosis inducers, angiogenesis inhibitors,
immunotherapies and toxin-delivery molecules [64].

The development of effective PCa therapies targeting selected genes or their down-
stream products was the objective of many research groups, and numerous publications
detail their findings (e.g., References [65–69]. Some therapies that work against the conse-
quences of altered genes (e.g., use of olaparib for HRR gene-mutated metastatic castration-
resistant prostate cancer [70,71]) were already granted FDA approval (all FDA-approved
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therapies for PCa are listed in Reference [72] and partially discussed in Reference [73]).
Gene therapy targets not only protein-coding genes but also long non-coding RNAs [74]
and microRNAs [75]. PCa FDA-approved therapies also include inhibitors of the andro-
gen receptor signaling, such as enzalutamide [76,77] and darolutamide [78,79]. However,
the endless diversity and the strong impact of certain individual characteristics on the
PCa progression and treatment outcomes raise serious doubts about the value of such
“good-for-everybody” targeted therapies, refocusing the research on personalized solutions.

The report is based on transcriptomic data obtained in IacobasLab from 10 groups of
samples: three distinct cancer nodules and the surrounding normal tissue from each of two
PCa patients and two standard PCa cell lines. All experimental data were documented in
the NCBI Gene Expression Omnibus. Because we tailor our approach of the prostate-cancer
genomics and gene therapy on the uniqueness of each affected man, and the data clearly
show that, even within the same tumor, each cancer nodule has a distinct transcriptome,
the sample size is not important.

The power of the Genomic Fabric Paradigm [18] used here comes from extending the
workable transcriptomic information by four orders of magnitude by considering for each
quantified gene all the readily available independent characteristics, namely AVE, REV and
COR, with each other gene. While the AVE (the average expression level across biological
replicas) is used in all studies to determine whether the gene was significantly regulated
in cancer with respect to the normal tissue, the ignored REV and COR bring additional
fundamental information. Thus, REV (relative expression variability) tells about a cell’s
priorities in limiting the expression fluctuations of that gene, with genes critical for the
cellular phenotypic expression constrained within very narrow intervals (low REV). On the
other hand, COR (expression correlation) shows how much the expression fluctuations of
one gene are correlated with the fluctuations of another gene; such information is essential
for the formation and maintenance of gene networks.

The independence and complementarity of these types of characteristics was proved
in Figure 1 for the first 50 alphabetically ordered genes from the mTOR signaling pathway
in the three cancer nodules and the surrounding normal prostate tissue. These genes were
used only to illustrate the independence of AVE, REV and COR, but any other gene subset
would equally prove the independence. It was also proved in previous publications for
apoptosis in human thyroid [21], chemokine signaling in human kidney [18] and mouse
cortex [80], evading apoptosis in human prostate [33], ionic channels in mouse heart [81]
and PI3K–AKT signaling in mouse hippocampus [82]).

Our research confirmed the numerous reports about the heterogeneity of PCa tu-
mors at the gene-expression-profile level [10–17]. For this, we included Table 1 for the
genes with the largest expression in each profiled region, and Table 3 and Figure 2 for
the genes’ contributions to the cancer transcriptomic departure from the normal tissue.
Use of the Weighted Individual Gene Regulation (WIR) and of the Weighted Pathway
Regulation (WPR) provided more accurate measures of the transcriptomic alterations than
the traditional percentages of upregulated and downregulated genes. Our results with
distinct regulations even at the cancer nodule level within the same tumor (see Table 3 and
Figure 2 in the present report and Figures 2–4 in [18] and Figures 2–4 in Reference [33])
question the idea of “transcriptomic signature” that is believed to be common for large
cancer-affected populations. We consider such cancer transcriptomic signatures as artefacts
of the meta-analyses combining transcriptomic data from many individuals (not always
demographically grouped as race, age and other major criteria), collected by numerous
labs, using (some)times distinct transcriptomic platforms and experimental protocols.

More importantly, we proved that the heterogeneity extends to the expression control
(see Table 2 for the most stably and Supplementary Table S1 for the most unstably expressed
genes). It extends also to the expression coordination (see Figure 3 for the networking of
AKT2 and MTOR with their partners). These heterogeneities are even more important than
the heterogeneity of the expression level, because manipulation of the same gene may have
different consequences in the distinct regions of the tumor. Thus, experimental overex-
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pression or knockdown of one gene may trigger different responses of the homeostatic
control mechanisms (higher in regions with low REV) and may differently remodel the
gene networks.

The substantial heterogeneity of the gene-expression level and control and networking
other genes require us to go beyond the bulk tissue and profile each cancer clone in the
tumor separately. This strategy (when served by adequate analytical tools) is a pre-requisite
for designing personalized therapeutic strategies to selectively destroy the cancer clones
with minimal impact on the surrounding healthy tissue.

We have introduced the GCH (Gene Commanding Height) score to determine how
influential a gene is in a particular region/condition and identified the GMR (Gene Master
Regulator) of each profiled phenotype as its top gene (highest GCH). The GMR enjoys
the strongest protection of expression (lowest REV), while being coordinately expressed
with many other genes. As such, “smart” manipulation of the GMR expression beyond
critical limits is expected to selectively kill (or at least block the proliferation) of the cells it
commands. Since the GMRs of the cancer clones have very low GCH in the surrounding
healthy tissue, targeting the cancer GMRs would have little effect on the normal cells.
However, these are theoretical predictions that need further experimental validation.

Many investigators looked before us for transcription factors (e.g., References [83,84]) or
hormone receptors (e.g., Reference [85]) as master regulators that can be used in targeted
cancer therapies. However, our GMR approach is fundamentally distinct from the tradi-
tional quest for master regulators both by the selection method and by the gene coverage.
Thus, instead of the molecular affinity (same regardless the cell phenotype) used to identify
the transcription factors (see References [86–88]), we rank the genes according to their
expression control and coordination with other genes (GCH) in that particular specimen.
The GCH-based gene hierarchy is not only personalized for the profiled tissue, but it is
also dynamic, being reorganized during the progression of the disease, in response to a
treatment and to other environmental changes. Moreover, we do not restrict the GMR quest
to transcription factors and hormone receptors; any coding and non-coding RNA can be
chosen by the cell itself as its GMR if its strictly controlled expression level regulates major
functional pathways via expression coordination with their genes.

Figure 4 shows that the GMR in one region has practically very little role in any other
regions (much lower GCH), which is exceptionally important for designing a gene therapy
that would selectively affect the phenotype ruled by the GMR.

In this report for metabolism (Figures 5 and 6) and in previous publications for basal
transcription, RNA polymerase and cell cycle [18], apoptosis [21] and enzymes [33], we
included predictions of what might happen when targeting the GMR by a gene therapy.
Unfortunately, there was no possibility to experimentally validate any of these predictions
on the patients from which we have collected the prostate tissues. However, the GMR
approach involving a monotonically ascendant relationship between the GCH score and
the overall transcriptomic changes was validated by us on two human thyroid cancer
cell lines stably transfected with four genes [20,22]. Thus, transfection of the BCPAP
(papillary) and 850C (anaplastic) thyroid cancer cells with DDX19B (DEAD-Box Helicase
19B), NEMP1 (nuclear envelope integral membrane protein 1), PANK2 (pantothenate kinase
2) and UBALD1 (UBA-like domain containing 1) induced significantly larger transcriptomic
alterations in the cells where these genes had higher GCH.

The worst scenario of our GMR approach is when manipulation of a gene with top
GCH scores in two cancer nodules is beneficial for one cancer nodule but detrimental for
the other. Although this situation is very unlikely (never found something even close in
our studies), the solution is to go to the next in line gene that has either similar effects in
the two nodules or is irrelevant (low GCH) in the second nodule.

5. Conclusions

For now, the approved FDA PCa treatments [72] are considered effective for all men,
regardless of race, age, medical history, habits and other risk factors whose dynamic
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combination makes each of them unique at each stage. However, there is enough evidence
that each man responds differently to the same treatment, that the outcomes change in time
for the same person and that, in most cases, there is little improvement. In contrast, we
propose to identify the most legitimate gene targets that will selectively destroy the cancer
clones of the prostate of the current patient, now. Although a “good-for-everybody” drug
seems much more advantageous from economical point of view, in time, our approach may
become economically competitive. There are already numerous FDA-approved cellular and
gene therapy products [89], and, with the right stimulus, the industry will soon produce
drugs based on CRISPR or other types of constructs to target almost all genes. When this
will be the case, the oncologist will perform the transcriptomic analysis of tumor biopsies,
identify the GMR of the cancer clones, and order and administrate the right product to
his patient. The treatment will have similar costs as the actual gene therapy but would
be more efficient for the PCa-affected person. Certainly, there are many more men with
PCa (>3.1 mil diagnosed in the USA [90]) than protein-coding genes (~20,000), so that, on
average, 15 of them share the same protein-coding GMR in one cancer nodule. However,
we recommend a personalized three-gene cocktail to destroy the most aggressive three
cancer clones in the prostate, and the chance of two men sharing the same gene triplet is
less than 1 in one trillion.

Caution: Although very attractive, the GMR approach of the PCa therapy is still a
theory that needs rigorous experimental validation.

If the tumor heterogeneity is very high (as determined by scRNA-sequencing), then
one may have too many GMRs to consider. In such a case, one may use our method to
establish the gene hierarchy for the entire tumor, considering the average GCH scores across
the distinct nodules. The same could be performed by re-analyzing the gene expression
profiles of many persons from the GFP perspective. Although not lethal for any nodule, the
top genes will have enough influence on all of them. Apparently, this method will restore
the concept of “one gene fits all”, but with a totally different way to select the target gene(s).

Supplementary Materials: The following supporting information can be downloaded at https://
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Abstract: Gastric cancer is a common tumor with high morbidity and mortality. MicroRNA (miRNA)
can regulate gene expression at the translation level and various tumorigenesis processes, playing
an important role in tumor occurrence and prognosis. This study aims to screen miRNA associated
with gastric cancer prognosis as biomarkers and explore the regulatory genes and related signaling
pathways. In this work, R language was used for the standardization and differential analysis of
miRNA and mRNA expression profiles. Samples were randomly divided into a testing group and a
training group. Subsequently, we built the five miRNAs (has-miR-9-3p, has-miR-135b-3p, has-miR-
143-5p, has-miR-942-3p, has-miR-196-3p) prognostic modules, verified and evaluated their prediction
ability by the Cox regression analysis. They can be used as an independent factor in the prognosis of
gastric cancer. By predicting and analyzing potential biological functions of the miRNA target genes,
this study found that the AR gene was not only a hub gene in the PPI network, but also associated
with excessive survival of patients. In conclusion, this study demonstrated that hsa-miR-942-3p
could be a potential prognostic marker of gastric cancer associated with the AR and MAPK/ERK
signaling pathways. The results of this study provide insights into the occurrence and development
of gastric cancer.

Keywords: gastric cancer; prognosis; biomarker; hsa-miR-942-3p; AR; MAPK/ERK signaling pathway

1. Introduction

Gastric cancer is one of the most common tumors and its overall survival rate is only
about 10% [1]. Some treatments are developing rapidly, including surgery, radiotherapy,
chemotherapy, and targeted therapy. However, the recurrence rate and poor prognosis
remain a troubling issue. At present, some biomarkers related to the occurrence and
prognosis of gastric cancer have been found [2] but their reliability has not been completely
verified. Therefore, it is essential to screen new biomarkers or therapeutic targets for the
prognosis of gastric cancer patients.

MicroRNA (miRNA) is a non-coding molecule, which can regulate gene expression at
the translation level. Some studies have shown that miRNAs regulate various tumorigene-
sis processes (cell proliferation, cell differentiation, and cell apoptosis) by combining tumor
suppressor genes or oncogenes. Yang L et al. found that miR-9-3p was a down-regulated
gene of glioma cells. Its low expression resulted in increased levels of Herpud1 that could
protect glioma cells from apoptosis [3]. Chen Z et al. showed that miR-143-5p could
promote cadmium-induced apoptosis of LLC-PK1 cells by acting on the target gene AKT3
and inhibiting the Akt/Bad signaling pathway [4]. Ma R et al. verified that up-regulated
miR-196b could induce a proliferative phenotype, leading to a poor prognosis in glioblas-
toma patients [5]. Chen M et al. showed that miR-135b could play the role of oncogenes
by regulating the PI3K/Akt, HIF-1/FIH, Hippo, p53 signaling pathways, promote tumor
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cell proliferation, migration, invasion, promote tumor angiogenesis, affect the prognosis of
tumor patients, and reduce the total survival and survival time. Moreover, the expression of
miR-135b in serum can be used as a biomarker for the diagnosis of a tumor [6]. In addition,
miRNA also plays a great role in the treatment of gastric cancer [7]. Lin A et al. concluded
that miRNA-449b was associated with the occurrence of gastric cancer and lymph node
metastasis [8]. Ma X et al. found that the expression level of miRNA-375 in gastric cancer
was related to the degree of tumor differentiation, which could be considered a clinical
monitoring target [9]. Han W and Su X found that miRNA-30c showed low expression in
gastric cancer tissues and was involved in the occurrence and development of gastric cancer
by changing cell proliferation, apoptosis, and cell cycle [10]. With this in mind, the studies
of miRNA in gastric cancer still need to be pushed forward and further investigated.

In this study, we constructed, validated, and evaluated five miRNAs and the results
showed that they could be used as independent prognostic factors in gastric cancer. More
importantly, we detected the target gene AR of hsa-miR-942-3p which was the core target
gene and closely related to the prognosis and survival of gastric cancer patients. In short,
hsa-miR-942-3p may be a potential prognostic marker of gastric cancer related to the AR
and mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK)
signaling pathways.

2. Materials and Methods
2.1. Data Downloading and Processing

The miRNA and mRNA profiles data were gained from The Cancer Genome Atlas
(TCGA) database (https://www.cancer.gov, accessed on 20 August 2022 (Table 1). The
miRNA expression profiles included 45 normal and 446 tumor samples, and the mRNA
expression profiles included 32 normal and 375 tumor samples. Clinical information (443)
for all gastric cancer samples was also downloaded (Table 2).

Table 1. The miRNA and mRNA expression profiles information.

Variables miRNA Expression Profiles mRNA Expression Profiles

Case

Count 436 380
Primary Site Stomach stomach

Program TCGA TCGA
Project TCGA-STAD TCGA-STAD

Files

Count 491 407
Data Category Transcriptome Profiling Transcriptome Profiling

Data Type Isoform Expression Quantification Gene Expression Quantification
Workflow Type BCGSC miRNA Profiling HTSeq-Counts

Table 2. All patient information.

Variables Case Percentage (%)

Gender
Male 285 64.3

Female 158 35.7

Age (years) Range 30–90
Median 68 3.1

Futime (day) Range 0–3720
Median 422

Fustat
1 171 38.6
0 272 61.3

Clinical stage

I 59 13.2
II 130 29.2
III 183 41.1
IV 44 9.9

Unknown 27 6
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Table 2. Cont.

Variables Case Percentage (%)

T stage

T1 23 5
T2 93 20.8
T3 198 44.6
T4 119 26.7
TX 10 2.2

Lymph node stage

N0 132 29.7
N1 119 26.8
N2 85 19.1
N3 88 19.7
NX 17 3.8

Unknown 2 0.4

Metastatic
M0 391 88.2
M1 30 6.7
MX 22 4.9

2.2. Detection of Differentially Expressed miRNAs and mRNA Combined with
Clinical Information

Standardization and differential analysis of expression profiles were performed using
R language (p < 0.05 and |logFC| > 1.0) [11]. Thereafter, clinical information on patients
was combined with the disposed of miRNAs and mRNAs.

2.3. Construction of Sample Grouping and Prognostic Module

Samples were divided into training group and testing group randomly by R language
package. Univariate Cox regression analysis was used to detect the miRNAs with p < 0.05
in the training group. Multivariate Cox regression was used to build the miRNA module
prognostic biomarkers with different overall survival [12]. Then, we established the risk
score of a prognostic miRNA signature and detected the Proportional Hazards Assumption
of the Cox module. The module was used to assess the survival prognosis of patients in
three groups by the Kaplan–Meier curve. Log-rank tests were classified into a high-risk
and low-risk group according to the risk score of the median value grouping. R language
(“survivalROC” package) was used to evaluate miRNA predictive power by receiver
operating characteristic (ROC) curve [13].

2.4. Independent Prognostic Ability of miRNA

The univariate Cox regression was analyzed to test the relationship between the
prognostic miRNA and the overall survival of patients in the training group. Clini-
cal factors were also analyzed by multivariate Cox regression to serve as independent
prognostic elements.

2.5. miRNA Target Genes Prediction and Functions Analysis

The miRNA information was downloaded from three prediction databases (targetScan,
miRTarBase, and miRDB). The target genes of miRNA were obtained and crosschecked in at
least two databases. Using the Cytoscape and Venn software to draw the relation between
miRNAs and the target genes. Differentially expressed genes (DEGs) and target genes were
taken at the intersection to test whether these target genes were involved in the progression
of gastric cancer. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathway
and Gene Ontology (GO) analysis displayed the potential function of all the intersection
genes through R language (“org.Hs.eg.db” package and “clusterProfiler” package) [14].

2.6. Screening Core Target Genes and Survival Analysis

The protein–protein interaction (PPI) network between the target genes was obtained
from STRING websites [15] while the medium confidence is 0.400. Then, the top ten hub
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genes were detected through Cytoscape plug-in CytoHubba. In addition, Kaplan–Meier
curves were used to detect whether the intersection genes showed a relationship with
overall survival.

3. Results
3.1. Detection of Differentially Expressed miRNAs and Differentially Expressed mRNAs

The miRNA expression profiles displayed 267 differentially expressed miRNAs (DEmiR-
NAs) (185 up-regulated and 82 down-regulated) (Figures 1 and 2). The mRNA expression
profiles displayed 7531 differentially expressed mRNAs (DEmRNAs) (4395 up-regulated
and 3136 down-regulated) (adjust p-value < 0.05 and |logFC| > 1.0).
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3.2. Five miRNAs Associated with Overall Survival

All 389 groups (miRNA expression profiles) were divided into training group (196)
and testing group (193) randomly. Univariate Cox regression analysis revealed that fif-
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teen miRNAs were related to overall survival in the training group. Multivariate Cox
regression analysis selected five miRNAs (hsa-miR-9-3p, hsa-miR-135b-3p, hsa-miR-143-5p,
hsa-miR-942-3p, and hsa-miR-196b-3p) from the fifteen miRNAs finally (Table 3). Be-
sides, the Kaplan–Meier curve also showed that the five miRNAs were related to overall
survival (Figure 3).

Table 3. Univariate Cox regression and multivariate Cox regression of differentially expressed miRNAs.

ID
Univariate Cox Regression Multivariate Cox Regression

HR HR.95L HR.95H p-Value Coef HR HR.95L HR.95H p-Value

hsa-miR-96-5p 0.761 0.642 0.903 0.002
hsa-miR-7-5p 0.801 0.695 0.923 0.002
hsa-let-7e-3p 1.379 1.112 1.71 0.003

hsa-miR-143-5p 1.265 1.077 1.487 0.004 0.134 1.144 0.961 1.361 0.129
hsa-miR-942-3p 0.727 0.586 0.902 0.004 −0.178 0.837 0.663 1.056 0.132
hsa-miR-183-5p 0.806 0.69 0.942 0.007

hsa-miR-196b-3p 0.648 0.468 0.897 0.009 −0.307 0.736 0.527 1.027 0.072
hsa-miR-125a-5p 1.401 1.067 1.839 0.015
hsa-miR-135b-3p 0.799 0.665 0.96 0.017 −0.148 0.862 0.706 1.052 0.144
hsa-miR-30a-3p 1.21 1.024 1.428 0.025
hsa-miR-652-5p 0.784 0.623 0.986 0.037

hsa-miR-9-3p 1.17 1.008 1.359 0.039 0.147 1.159 0.989 1.358 0.069
hsa-miR-99a-3p 1.175 1.007 1.372 0.040
hsa-miR-139-5p 1.221 1.007 1.48 0.042
hsa-miR-137-3p 1.16 1.000 1.346 0.049
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3.3. Prediction and Assessment of Five miRNAs for Overall Survival in Three Groups

According to the median value grouping of risk score, the Kaplan—Meier curve
displayed that the high-risk group had worse survival than the low-risk group in the
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training group (p = 1.417 × 10−4), the testing group (p = 2.131 × 10−2), and the whole group
(p = 1.436 × 10−5; Figure 4a–c). The area under curve (AUC) of ROC for the five miRNAs
severally attained 0.719, 0.660, and 0.689 in the training group, the testing group, and the
whole group (Figure 4d–f), which indicated that the five miRNAs perform well in predicting
the overall survival of gastric cancer patients. Furthermore, patients with high-risk scores
had a higher death rate than those with low-risk scores in the three groups (Figure 4g–i).
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3.4. Independence of the Five miRNAs

Based on the univariate and multivariate Cox regression analysis, the five miR-
NAs were related to the overall survival of patients (HR = 1.726, 95% CI = 1.396–2.136,
p < 0.001). They were also independent in overall survival considering other clinical ele-
ments (HR = 1.971, 95% CI = 1.557–2.494, p < 0.001). Other clinical features include age,
gender, stage, T stage, metastasis, and lymph node stage (Table 4).
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Table 4. Univariate and multivariate Cox regression of clinical features.

Clinical Features
Univariate Cox Regression Multivariate Cox Regression

HR HR.95L HR.95H p-Value HR HR.95L HE.95H p-Value

Age 1.015 0.999 1.032 0.062 1.027 1.010 1.045 0.002
Gender 1.225 0.853 1.760 0.271 1.510 1.027 2.218 0.036
Grade 1.278 0.908 1.800 0.160 1.115 0.781 1.591 0.550
Stage 1.607 1.294 1.996 <0.001 1.210 0.807 1.815 0.357

T 1.288 1.038 1.599 0.022 1.215 0.911 1.621 0.186
M 1.880 1.013 3.489 0.045 1.818 0.844 3.917 0.127
N 1.361 1.170 1.584 <0.001 1.233 0.987 1.540 0.065

riskScore 1.726 1.395 2.136 <0.001 1.971 1.557 2.494 <0.001

3.5. Target Genes Prediction of Five miRNAs

The target genes were obtained and crosschecked in at least two databases. The
predicted results showed that the five miRNAs (has-miR-9-3hashsa-miR-196hasp, hsa-miR-
135b-3p, hsa-miR-942-3p, and hsa-miR-143-5p) overlapping target genes were 996, 54, 224,
457, and 767, respectively. The results were shown in Figure 5. Then, the above detected
7531 DEmRNAs (4395 up-regulated and 3136 down-regulated) were used to determine
whether these target genes were involved in the development of gastric cancer.
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Figure 6a displayed the regulatory network between five miRNAs and 196 target
genes. There are 121 overlapping genes between the target genes of down-regulated
miRNAs (hsa-miR-143-5p, hsa-miR-9-3p) (1661) and up-regulated mRNAs (4395). There
were 75 overlapping genes between the target genes of up-regulated miRNAs (hsa-miR-
135-3p, hsa-miR-196b-3p, hsa-miR-942-3p) (713) and down-regulated mRNAs (3136), as
shown in Figure 6b,c.
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3.6. Target Genes Functional Enrichment Analysis

The GO results in the top fifteen terms, including biological process (BP), cellular
component (CC), and molecular function (MF) were displayed in dot plot (Figure 7a–c).
BP mainly contained cell cycle G1/S phase transition, urogenital and renal system devel-
opment; CC mainly contained transmembrane transporter complex, transporter complex,
and apical part of cell; MF mainly contained ion channel and substrate-specific chan-
nel activity. KEGG pathways analysis results were mainly enriched in the neuroactive
ligand–receptor interaction, cAMP signaling pathway, and the MAPK signaling pathway
(Figure 7d and Table 5).
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Table 5. KEGG signaling pathways of the target genes.

ID Description p-Value Q-Value Count Gene

hsa04024 cAMP signaling pathway 0.0002 0.0272 9 TIAM1/FOS/GRIA2/MAPK10/PLN/MC2R/
ATP2B4/GABBR2/RAP1A

hsa05140 Leishmaniasis 0.0007 0.0603 5 FCGR3A/FOS/STAT1/IL1A/FCGR2A
hsa04380 Osteoclast differentiation 0.0011 0.0603 6 FCGR3A/FOS/MAPK10/STAT1/IL1A/FCGR2A
hsa05162 Measles 0.0017 0.0603 6 CDK6/FOS/MAPK10/STAT1/IL1A/IL2RA
hsa04350 TGF-beta signaling pathway 0.0017 0.0603 5 CDKN2B/RGMB/LEFTY1/BAMBI/RBL1
hsa04080 Neuroactive ligand-receptor

interaction 0.0039 0.1148 9 GRIA2/GRID2/MC2R/F2/GLRA2/GABRP/GRIK3/
GABBR2/OPRK1

hsa05152 Tuberculosis 0.0062 0.1570 6 FCGR3A/MAPK10/RIPK2/STAT1/IL1A/FCGR2A
hsa04658 Th1 and Th2 cell differentiation 0.0101 0.2256 4 FOS/MAPK10/STAT1/IL2RA
hsa04933 AGE-RAGE signaling pathway 0.0135 0.2506 4 MAPK10/STAT1/IL1A/COL4A1
hsa04218 Cellular senescence 0.0159 0.2506 5 CDK6/CDKN2B/IL1A/CCNA2/RBL1
hsa04978 Mineral absorption 0.0162 0.2506 3 SLC6A19/CYBRD1/ATP2B4
hsa04659 Th17 cell differentiation 0.0169 0.2506 4 FOS/MAPK10/STAT1/IL2RA
hsa04010 MAPK/ERK signaling pathway 0.0187 0.2554 7 CACNG8/FOS/MAPK10/IL1A/STMN1/FGF5/

RAP1A
hsa04917 Prolactin signaling pathway 0.0266 0.3244 3 FOS/MAPK10/STAT1
hsa04110 Cell cycle 0.0274 0.3244 4 CDK6/CDKN2B/CCNA2/RBL1
hsa04068 FoxO signaling pathway 0.0326 0.3247 4 CDKN2B/MAPK10/KLF2/RAG2
hsa05133 Pertussis 0.0329 0.3247 3 FOS/MAPK10/IL1A
hsa05212 Pancreatic cancer 0.0329 0.3247 3 CDK6/MAPK10/STAT1
hsa05418 Fluid shear stress and

atherosclerosis 0.0392 0.3471 4 FOS/MAPK10/KLF2/IL1A
hsa04742 Taste transduction 0.0410 0.3471 3 PDE1C/TAS2R5/GABBR2

3.7. Hub Genes of PPI Network and Survival Analysis of Target Genes

The PPI network included a total of 196 target genes. The ten hub genes (CCNA2,
GRIA2, FOS, AR, RACGAP1, RBFOX1, LIN28A, DSCC1, GRID2, OPRK1) from PPI network
were screened by Cytoscape plug-in CytoHubba (Figure 8 and Table 6). Besides, the Kaplan–
Meier curve indicated that the expression of eight genes (AKAP12, AR, DEIP1, PCDHA11,
PCDHA12, P115, SH3BGRL, TMEM108) was correlated with survival prognosis (Figure 9).
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3.8. The Working Mechanism of AR and Its Potential Relationship with the MAPK/ERK
Signaling Pathway

From the above, we can conclude that the Androgen Receptor (AR) was not only a
hub gene in the PPI network but also associated with excessive survival of patients. AR
can regulate the transcription of genes and express new proteins, ultimately changing the
function of cells. Figure 10 shows a typical AR working mechanism. AR usually forms a
complex with heat shock proteins (HSPs) in the cytoplasm. The binding of AR to androgen
(such as 5α-dihydrotestosterone, DHT) alters its conformation, and HSPs are subsequently
released. Under the action of coactivators, androgen–AR complexes are transferred to the
nucleus and recognize androgen response elements in the form of homodimer to regulate
downstream target gene expression.
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transcription factors; RNA pol II: RNA polymerase II.

In the absence of androgen, AR may depend on the MAPK/ERK signaling pathway to
play its role. Figure 11 shows the potential relationship between the AR and MAPK/ERK
signaling pathways. In the cytoplasm, AR can interact with several signaling molecules,
including phosphoinositide 3-kinase (PI3K), Src family kinase (Src), Ras GTPase (Ras),
and protein kinase C (PKC), which in turn converge on the MAPK/ERK pathway. Then,
the MAPK/ERK enters the nucleus, where it translocates and interacts with transcription
factors that regulate the expression of genes associated with cell proliferation.
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4. Discussion

Gastric cancer is one of the most common tumors with high morbidity and mortality.
Therefore, the detection of sensitive specific biomarkers for gastric cancer is urgent. Many
studies indicated miRNAs could regulate expression in vivo, and it plays an essential role
in the biological process of human malignancy [16]. Currently, some miRNAs have been
used as potential prognostic indicators for tumors, such as miR-191 [17], miR-1908 [18],
miR-217 [19], and miR-200c [20]. Previously, a variety of miRNAs were discovered in many
prognostic markers for tumors [21,22], especially for gastric cancer [23].

In this study, we obtained 267 DEmiRNAs. All samples were divided into training
group and testing group randomly. Then, the five miRNAs were constructed in the training
group. At the same time, based on the median grouping of risk score, these five miRNAs
were proved in the testing group and the whole group, respectively. Kaplan–Meier curves
showed that overall survival was significantly lower in the high-risk group than in the
low-risk group among the three groups. By ROC curve, the overall survival of the five
miRNAs among the three groups showed better predictive ability. Subsequently, the Cox
regression analysis indicated that the five miRNAs were independent of overall survival.

The target genes of five miRNAs were predicted in order to in-depth understand
the regulatory mechanisms of these five miRNAs. GO analysis showed that the target
genes were correlated with cell cycle G1/S phase transition, urogenital and renal system
development, transmembrane transporter complex, transporter complex and apical part
of the cell, ion channel, substrate-specific channel, and channel activity. The signaling
pathways were enriched in the cAMP and MAPK signaling pathways and the Neuroactive
ligand–receptor interaction. Park et al. pointed out that the cAMP signaling pathway
inhibited the degradation of the HDAC8 and the expression of TIPRL in lung cancer
cells, and also increased cisplatin-induced apoptosis [24]. Jagriti Pal et al. showed that
the neuroactive ligand–receptor interaction pathway had a poor prognosis in patients
with glioma [25]. The MAPK/ERK signaling pathway was essential in regulating cellular
processes, such as cell differentiation, division, proliferation, and apoptosis.

The top ten hub genes (CCNA2, GRIA2, FOS, AR, RACGAP1, RBFOX1, LIN28A,
DSCC1, GRID2, OPRK1) of target genes were detected by Cytoscape. Moreover, the
Kaplan–Meier curve showed that eight target genes (AKAP12, AR, DEIP1, PCDHA11,
PCDHA12, P115, SH3BGRL, TMEM108) were related to survival prognosis. Unexpectedly,
AR was a hub gene in the PPI network, and it had a relationship with the excessive survival
of patients. AR is a nuclear transcription factor, it can recognize and combine specific
DNA sequences on target factors, thereby regulating the transcription of the gene and
expressing new proteins, which ultimately changes the function of cells and promotes cell
differentiation and the development of tissues and organs [26–28]. Salma S et al. showed
that the p14ARF tumor suppressor could restrain AR activity and prevent apoptosis in
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prostate cancer cells [29]. Peng L et al. verified that AR could be directly combined with
LAMA4, and it was related to enhanced cisplatin resistance in gastric cancer, providing a
new mechanism for the treatment of drug-resistant gastric cancer [30]. In addition, AR may
depend on the MAPK/ERK signaling pathway to function. Specifically, AR can interact
with a variety of signaling molecules (PI3K, Src, Ras, and PKC) in the cytoplasm, which in
turn converge on the MAPK/ERK pathway [31,32]. MAPK/ERK then enters the nucleus,
where it translocates and interacts with transcription factors to regulate the expression of
genes involved in cell proliferation [33].

In a word, this study found that the MAPK/ERK signaling pathway may help AR
signal transduction and promote the interaction between AR and transcription factors,
leading to cell proliferation. At the same time, AR is a target gene of the has-miR-942-
3p, which well verifies the important role of the has-miR-942-3p in the occurrence and
prognosis of gastric cancer.

5. Conclusions

This study built the five miRNAs (has-miR-9-3p, has-miR-135b-3p, has-miR-143-5p,
has-miR-942-3p, has-miR-196-3p) prognostic modules, also verified and evaluated the
prediction ability of the five miRNAs by grouping. They can be used as an independent
factor in the prognosis of gastric cancer. By predicting the target genes to explore the
potential biological functions, our results could provide a deeper understanding of the
occurrence and development. This study identified the AR gene regulated by has-miR-942-
3p which may depend on the MAPK/ERK signaling pathway to promote the proliferation
of cancer cells. In future experiments, we will further explore the regulatory mechanisms
of other miRNAs (has-miR-9-3p, has-miR-135b-3p, has-miR-143-5p, has-miR-196-3p) to
provide effective prediction and treatment targets for gastric cancer patients.
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Abstract: TNM stage still serves as the best prognostic marker in gastric cancer (GC). The next step
is to find prognostic biomarkers that detect subgroups with different prognoses in the same TNM
stage. In this study, the expression levels of epidermal growth factor receptor (EGFR) and cyclin
D1 were assessed in 96 tissue samples, including non-tumorous tissue, adenoma, and carcinoma.
Then, the prognostic impact of EGFR and cyclin D1 was retrospectively investigated in 316 patients
who underwent R0 resection for GC. EGFR positivity increased as gastric tissue became malignant,
and cyclin D1 positivity was increased in all the tumorous tissues. However, there was no survival
difference caused by the EGFR positivity, while the cyclin D1-postive group had worse overall
survival (OS) than the cyclin D1-negative group in stage I GC (10-year survival rate (10-YSR): 62.8%
vs. 86.5%, p = 0.010). In subgroup analyses for the propensity score-matched (PSM) cohort, there were
also significant differences in the OS according to the cyclin D1 positivity in stage I GC but not in
stage II and III GC. Upon multivariate analysis, cyclin D1 positivity was an independent prognostic
factor in stage I GC. In conclusion, cyclin D1 may be a useful biomarker for predicting prognosis in
stage I GC.

Keywords: cyclin D1; epidermal growth factor receptor (EGFR); stage I gastric cancer; early gastric
cancer; node-negative gastric cancer

1. Introduction

Gastric adenocarcinoma, commonly referred to as gastric cancer (GC), is the third
most common cause of cancer death worldwide [1] and the second most common cause
of cancer death in Korea [2]. Tremendous efforts have been made to detect predictive
biomarkers [3], but the pathologic TNM stage still serves as one of the best prognostic
markers in GC. The TNM stages are determined from I to IV according to the depth of tumor
invasion, regional lymph node metastasis, and distant metastasis. However, we know
that heterogeneous subgroups with different prognoses exist within the same TNM stage;
widespread metastasis is sometimes observed several months after the surgical resection of
early gastric cancer (EGC) for which adjuvant chemotherapy is not applied, according to
clinical guidelines. In addition, we previously demonstrated that heterogeneous subgroups
with different prognoses exist in EGC by reporting that CD44 variant 9 and Ki-67 expression
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served as prognostic biomarkers in EGC [4,5]. Therefore, the next step is to find prognostic
biomarkers that detect subgroups with different clinical features and prognoses within
the same TNM stage. With a literature review, we also found that the poor prognostic
factors in GC would exhibit rapid growth, metastasis, and drug resistance for GC [6–8]. We
believe that the biomarkers that are associated with the above features are relevant to poor
prognosis in GC.

Epidermal growth factor receptor (EGFR) is a member of the ErbB family of receptors,
a subfamily of four closely related receptor tyrosine kinases. It is found to be overexpressed
in various cancers, including colorectal cancer, pancreatic cancer, and GC [9–12]. High
EGFR expression is associated with an increased risk of metastasis and drug resistance,
and the inhibition of EGFR leads to a reduction in cancer migration and angiogenesis and
an increase in drug sensitivity in cancers [13,14]. In addition, EGFR gene amplification is
related to lymph node metastases in GC [15]. Therefore, we thought that EGFR expression
deserves to be investigated to determine whether it is a biomarker in GC.

The next candidate is cyclin D1, a protooncogene that plays a positive regulation role
in cancer progression [16]. Increased cyclin D1 expression is an early cell proliferation event
that is stimulated by growth factors or other mitogens [17]. Cyclin D1 has previously been
used as a biomarker for cell proliferation and prognosis in various types of cancer as much
as the Ki-67 proliferation index has [18–21]. We considered it worthwhile to investigate the
role of cyclin D1 as a prognostic biomarker in GC.

Therefore, we planned this study to determine whether EGFR and the cyclin D1 protein
serve as prognostic biomarkers in GC. In addition, subgroup analysis and propensity score-
matched analysis were conducted to identify a specific group in which the biomarkers
could be applied usefully.

2. Materials and Methods
2.1. Patients and Specimens

First, as a pilot study to evaluate the associations between the biomarker expression
and tumor development, 96 tissue samples including 23 non-tumorous tissues (6 normal
mucosa, 5 Helicobacter pylori-related gastritis, and 12 intestinal metaplasia), 24 adenoma (12
low-grade adenoma and 12 high-grade adenoma), and 49 GC (23 EGC and 26 advanced
gastric cancer (AGC)) were used. Then, we retrospectively reviewed 316 consecutive pa-
tients who underwent R0 resection for GC from 2004 to 2013 at a single institution. Patients
who underwent R1/R2 resection or endoscopic mucosal resection and had metastasis to
a distant organ were excluded. The demographics, clinical data, and histologic findings
were obtained through an electronic medical record review. The TNM stage was classified
according to the 8th edition AJCC staging system for gastric cancer. Histologic classifica-
tion was performed using the WHO classification (G1 well differentiated, G2 moderately
differentiated, and G3 poorly differentiated and undifferentiated) and Lauren classification
(intestinal, diffuse, and mixed). EGC was defined as a tumor confined to the mucosa or
submucosa regardless of the presence of lymph node metastases. AGC was defined as a
tumor invading the muscularis propria or deeper layers.

The expression levels of each biomarker were determined by immunohistochemical
(IHC) staining of tissue microarray (TMA) sections. A 2 mm diameter core tissue in each
case was arrayed in a new recipient paraffin block. The TMA section of each slide was then
deparaffinized, rehydrated, and incubated in 3% H2O2 to prevent non-specific background
staining. After heating in a microwave oven at 700 W for 20 min with 10 mmol/L citrate
buffer (pH 6.0) and incubating for 10 min with Ultra V Block (Lab Vision, Fremont, CA, USA)
at room temperature, slides were incubated for 32 and 44 min with primary monoclonal
antibodies specific to Cyclin D1 and EGFR, respectively. The BenchMark XT (VENTANA,
Tucson, AZ, USA) was used for IHC staining. The expression level of the biomarkers was
scored and interpreted by two pathologists blind to the patients’ clinical data as follows:
negative (<1% of tumor cells were stained) and positive (≥1% of tumor cells were stained;
1+ (1–20%), 2+ (21–50%), and 3+ (>50%)) (Figure S1, see Supplementary Materials).
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2.2. Statistical Analysis

Overall survival (OS) was calculated as the time from surgery to cancer-related death
or last follow-up. Missing data on the date and cause of death in electronic medical records
were obtained from the National Statistical Office of Korea [21]. A Kaplan–Meier curve was
plotted for survival. A log-rank test was performed to compare the survival probability.
The median follow-up duration was calculated by the reverse Kaplan–Meier method. The
Cox regression model was used to analyze multiple variables influencing patient survival.
The final model was internally validated by bootstrap resampling (200 replications). If there
was a discrepancy in the variables listed as the baseline characteristics of patients between
the positive and negative groups for each biomarker, propensity score matching (PSM) was
performed to reduce the probability of selection bias. The expression of the biomarkers
(negative vs. positive) was regressed by a logistic regression analysis for the conventional
prognostic factors as follows: depth of invasion, nodal status, TNM stage, histologic
differentiation, and Lauren classification. A nearest-neighbor matching algorithm with a 1:1
ratio was applied to the PSM. A two-sided p-value < 0.05 was considered significant. The
MatchIt package in R software version 4.0.5 (The R Foundation for Statistical Computing,
Vienna, Austria) was used for the PSM. All other statistical analyses were performed with
the Stata software version 16.1 (Stata Corp., College Station, TX, USA).

3. Results
3.1. Baseline Characteristics

The baseline characteristics in the unmatched cohort are presented in Table 1. In an
unmatched cohort of 316 patients, the median age of patients was 65 years (interquartile
range (IQR), 56–70). The male-to-female ratio was about 2 to 1. The most frequent type of
surgery was subtotal gastrectomy (221/316, 69.9%), as the majority of the primary tumors
were located in the lower third of the stomach (215/316, 68.0%). The number of patients
with EGC and AGC was the same (158:158). Node-positive diseases were observed in 122
of 316 (38.6%) patients. The proportion of poorly differentiated histology in the WHO
classification and intestinal type in the Lauren classification was higher than other histologic
subtypes.

The cyclin D1 positivity was 19.3% (61 of 316). Fifty-seven and four patients had
1+ and 2+ cyclin D1 expressions, respectively. None of the patients had 3+ cyclin D1
expression. Patients were evenly distributed overall with respect to the variables presented
in the baseline characteristics, except that the cyclin D1-negative group tended to have
a more advanced stage (p = 0.088). EGFR positivity was 13.0% (41 of 316). Thirty-three,
two, and six patients had 1+, 2+, and 3+ expressions of EGFR, respectively. There were no
significant differences in the baseline characteristics between the EGFR-positive and EGFR-
negative groups. These findings suggest that cyclin D1 and EGFR expression positivity
were relatively low in GC and that there was an imbalance in terms of the cancer stage
between the cyclin D1-positive and cyclin D1-negative groups.

3.2. The Expression Patterns of Each Biomarker According to the Progression of Carcinogenesis and
Advancement of Malignancy in GC

The expression patterns of each biomarker are presented in Figure 1, which revealed
that EGFR expression increased with the progression of carcinogenesis and the advance-
ment of malignancy, whereas cyclin D1 expression was increased in all tumorous tissues
(adenoma, EGC, and AGC) compared to normal tissues and did not increase with advance-
ment from EGC to AGC. The positive expression rates of cyclin D1 were 8.7% (2/23), 33.3%
(8/24), 17.4% (4/23), and 38.5% (10/26) in the control tissue, adenoma, EGC, and AGC,
respectively (p = 0.061). In the tumor group (adenoma, EGC, and AGC), the positive expres-
sion rate of cyclin D1 was high compared to the control group (non-tumorous tissue) (30.1%
(22/73) vs. 8.7% (2/23), p = 0.038). The positive expression rates of EGFR were 0%, 0%,
8.7% (2/23), and 26.9% (7/26) in the control tissue, adenoma, EGC, and AGC, respectively
(p = 0.003). These findings indicate that EGFR expression positivity increased as the gastric
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tissue became malignant and that cyclin D1 expression positivity was increased in all of the
tumorous tissues.

Table 1. Baseline characteristics of patients.

Cyclin
D1-Negative

(n = 255)

Cyclin
D1-Positive

(n = 61)
p

EGFR-
Negative
(n = 275)

EGFR-Positive
(n = 41) p

Median (IQR) age, years 65 (56–70) 64 (54–70) 0.890 65 (56–70) 66 (56–69) 0.958

Sex 0.504 0.544
Male 164 (64.3) 42 (68.9) 181 (65.8) 25 (61.0)

Female 91 (35.7) 19 (31.2) 94 (34.2) 16 (39.0)

Location 0.117 0.997
Upper 26 (10.2) 12 (19.7) 33 (12.0) 5 (12.2)
Middle 51 (20.0) 12 (19.7) 55 (20.0) 8 (19.5)
Lower 178 (69.8) 37 (60.7) 187 (68.0) 28 (68.3)

Operation 0.957 0.699
Subtotal gastrectomy 180 (70.6) 41 (67.2) 190 (69.1) 31 (75.6)

Total gastrectomy 60 (23.5) 16 (26.2) 67 (24.4) 9 (22.0)
Proximal gastrectomy 12 (4.7) 3 (4.9) 14 (5.1) 1 (2.4)

Wedge resection 3 (1.2) 1 (1.6) 4 (1.5) 0

Depth of invasion 0.669 0.616
EGC 126 (49.4) 32 (52.5) 139 (50.6) 19 (46.3)
AGC 129 (50.6) 29 (47.5) 136 (49.5) 22 (53.7)

Nodal status 0.650 0.455
N0 155 (60.8) 39 (63.9) 171 (62.2) 23 (56.1)
N+ 100 (39.2) 22 (36.1) 104 (37.8) 18 (43.9)

AJCC 8th edition staging 0.088 0.577
I 141 (55.3) 35 (57.4) 156 (56.7) 20 (48.8)
II 43 (16.9) 16 (26.2) 51 (18.6) 8 (19.5)
III 71 (27.8) 10 (16.4) 68 (24.7) 13 (31.7)

Tumor size 0.819 0.367
≤4 cm 117 (45.9) 27 (44.3) 128 (46.6) 16 (39.0)
>4 cm 138 (54.1) 34 (55.7) 147 (53.5) 25 (61.0)

WHO classification 0.597 0.389
Well-differentiated 56 (22.0) 10 (16.4) 60 (21.8) 6 (14.6)

Moderately differentiated 77 (30.2) 21 (34.4) 82 (29.8) 16 (39.0)
Poorly differentiated and others * 122 (47.8) 30 (49.2) 133 (48.4) 19 (46.3)

Lauren classification 0.287 0.096
Intestinal 179 (70.2) 47 (77.1) 192 (69.8) 34 (82.9)

Diffuse or mixed 76 (29.8) 14 (23.0) 83 (30.2) 7 (17.1)

IQR: interquartile range; EGC: early gastric cancer; AGC: advanced gastric cancer; AJCC: American Joint Com-
mittee on Cancer. * Undifferentiated and mucinous adenocarcinoma as well as signet-ring cell carcinoma were
included.

3.3. Overall Survival According to Cyclin D1 and EGFR Expression in Whole Cohort

The median follow-up duration was 73 months. In the whole cohort, the median OS
was not reached, and the 5- and 10-YSRs were 70.4% and 58.7%, respectively. When survival
was compared according to the expression of each biomarker, there were no differences in
the OS between the negative and positive expression groups for each biomarker (Figure 2).
In subgroup analyses, the cyclin D1-positive group had shorter survival than the cyclin
D1-negative group in stage I GC (Figure 3). The 5- and 10-YSRs were 89.8% and 86.5% in the
cyclin D1-negative group and 84.4% and 62.8% in the cyclin D1-positive group in stage I GC,
respectively (p = 0.010, Figure 3C). In EGC, the cyclin D1-negative group had better survival
than cyclin D1-positive with borderline statistical significance (p = 0.062, Figure 3A), but
not in AGC (p = 0.541, Figure 3E). However, the EGFR positivity did not affect the survival
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in any subgroup (Figure 3B,D,F). On a forest plot, the cyclin D1-positive group showed a
poor prognosis compared to the cyclin D1-negative group in stage I and in node-negative
disease (Figure 4). Upon multivariate analysis in stage I GC, cyclin D1 positivity was an
independent poor prognostic factor (hazard ratio (HR) 2.801, 95% confidence interval (CI)
1.221–6.426, p = 0.015, Table 2)).
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3.4. Survival According to Cyclin D1 Expression in Propensity Score-Matched Cohort

Given the imbalance in tumor stages among the basic characteristics of patients the
between cyclin D1-positive and -negative groups, survival was reassessed between these
two groups in the PSM cohort. After PSM, tumor stage and histologic classification were
well balanced between the cyclin D1-negative and -positive groups (Table S1 and Figure
S2). In 122 patients from the PSM cohort, the 5- and 10-YSRs were 88.7% and 88.7% in the
cyclin D1-negative group and 74.8% and 54.4% in the cyclin D1-positive group, respectively
(p = 0.002, Figure 5). In subgroup analyses, similarly to the result in the pre-PSM cohort
(whole cohort), the cyclin D1-positive group had a poor prognosis compared to the cyclin
D1-negative group in patients with EGC or stage I GC (Figure 6A,B), while there were no
differences in the OS in patients with AGC or stage II-III GC (Figure 6C,D). Overall, the
cyclin D1-positive group had a worse prognosis than the cyclin D1-negative group in the
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majority of subgroups (Figure 7). In a multivariate analysis of the PSM cohort, cyclin D1
expression was an independent prognostic factor (HR 3.630, 95% CI 1.450–9.086, p = 0.006).
On bootstrap resampling, the statistical significance of the cyclin D1-positive group was
internally validated (Table 3).
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Table 2. Cox regression for overall survival in stage I gastric cancer.

Univariate Multivariate

HR 95% CI p HR 95% CI p p (Bootstrap)

Age (≥65 vs. <65) 2.623 1.087–6.328 0.032 2.679 1.110–6.466 0.028 0.042
Sex (male vs. female) 3.384 1.009–11.347 0.048 3.547 1.056–11.909 0.041 0.876

Location (upper/middle vs. lower) 1.086 0.465–2.538 0.849
Operation (total gastrectomy vs. others) 1.894 0.752–4.774 0.176

Depth of invasion (AGC vs. EGC) 0.651 0.153–2.770 0.561
Nodal status (positive vs. negative) 2.035 0.477–8.685 0.337

Tumor size (>4 cm vs. ≤4 cm) 0.687 0.273–1.730 0.425
WHO classification (others vs.

well-differentiated) 1.096 0.454–2.645 0.839

Lauren classification (diffuse/mixed vs.
intestinal) 1.055 0.419–2.658 0.910

Cyclin D1 (positive vs. negative) 2.836 1.238–6.498 0.014 2.801 1.221–6.426 0.015 0.023
EGFR (positive vs. negative) 1.250 0.372–4.200 0.718

HR: hazard ratio; CI: confidence interval; AGC: advanced gastric cancer; EGC: early gastric cancer.
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Table 3. Cox regression for overall survival after PSM.

Univariate Multivariate

HR 95% CI p HR 95% CI p p (Bootstrap)

Age (≥65 vs. <65) 0.833 0.385–1.803 0.643
Sex (male vs. female) 1.881 0.755–4.688 0.175

Location (upper/middle vs. lower) 1.266 0.575–2.791 0.558
Operation (total gastrectomy vs. others) 1.940 0.863–4.362 0.109

Depth of invasion (AGC vs. EGC) 2.564 1.139–5.769 0.023 1.033 0.328–3.255 0.956 0.960
Nodal status (positive vs. negative) 3.847 1.736–8.526 0.001 3.169 1.014–9.906 0.047 0.077

Tumor size (>4 cm vs. ≤4 cm) 2.102 0.913–4.838 0.081 1.403 0.576–3.414 0.456 0.479
WHO classification (others vs.

well-differentiated) 0.931 0.351–2.469 0.885

Lauren classification (diffuse/mixed vs.
intestinal) 1.313 0.551–3.126 0.539

Cyclin D1 (positive vs. negative) 3.831 1.532–9.578 0.004 3.630 1.450–9.086 0.006 0.030

HR: hazard ratio; CI: confidence interval; AGC: advanced gastric cancer; EGC: early gastric cancer.

4. Discussion

This study was designed to find biomarkers that detect subgroups with different
prognoses within the same stage. To accomplish this aim, we assessed the role of EGFR
and cyclin D1 according to the depth of invasion and cancer stage. We also assessed each
biomarker expression profile in normal cells, adenoma, EGC, and AGC to estimate the role
of the biomarkers in gastric carcinogenesis. From the above results, we found that EGFR
positivity was only observed in AGC (Figure 1). However, high EGFR expression failed
to select a group with poor prognosis in AGC, while many previous studies reported that
the overexpression of EGFR was related to tumor growth and drug resistance [13,22,23].
In addition, our result was different from previous data that suggested that EGFR am-
plification was associated with lymph node metastases [24–26]. This discrepancy can be
explained. First, there are many signals that induce EGFR positivity in IHC, not just EGFR
amplification [27–29]. Second, if the candidate biomarker is tested in the cohort including a
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subgroup in which the biomarker has no impact on predicting prognosis, the biomarker
may come out as ineffective by reducing the statistical effect size [30]. This means that
although EGFR positivity may play a role as a prognostic biomarker in a small subgroup,
its role as a biomarker with statistical significance could be hidden due to the heterogeneity
of the study group. Therefore, we also assessed the prognostic role of each biomarker’s role
in various subgroups stratified by clinically important variables such as age, sex, location,
operation type, depth of tumor, nodal status, number of lymph nodes dissected, tumor size,
and histologic classification. However, EGFR did not serve as a prognostic biomarker in
any subgroup even though EGFR prognostic roles were tested in various subgroups.

On the other hand, cyclin D1 positivity showed a role as a prognostic factor in the
node-negative GC as well as in TNM stage I GC, while cyclin D1 positivity was increased
in all of the tumorous tissues without any significant increase in the positivity with the
progression of carcinogenesis (adenoma to AGC). The statistical significance of this result
increased when the PSM was performed despite the decrease in the number of patients,
which means a significant reduction in statistical power. Cyclin D1 expression is tightly
regulated in normal cells but is overexpressed in various ways in cancer. The overexpression
of cyclin D1 contributes to uncontrolled cell proliferation and plays a central role in cancer
carcinogenesis [16,17]. The overexpression of cyclin D1 has already been used as a cell
proliferation and prognosis-related biomarker in several tumors together with the Ki-
67 proliferation index [31,32]. The Ki-67 proliferation index also serves as a prognostic
biomarker in EGC [4,33]. In addition, increased expression of Ki-67 and cyclin D1 has been
reported to be associated with the development of precancerous lesions such as pancreatic
intraepithelial neoplasia [34]. Therefore, in stage I GC, the proliferation index is considered
to play an important role in the prognosis.

The strength of the study is that we assessed the EGFR and cyclin D1 expression
profile from normal cells to cancer cells and then investigated its prognostic capability
in GC within the same TNM stage. In previous studies suggesting the association of
cyclin D1 expression with prognosis in GC, the prognostic impact of cyclin D1 by the
TNM stage was not reported [18,35]. In addition, to find the hidden predictive role of the
biomarkers, we also assessed the prognostic role of each biomarker in various subgroups.
In contrast, there are several limitations in the study. First, this study is retrospectively
designed. To overcome the potential bias caused by the retrospective study design, we
additionally analyzed the PSM cohort and internally validated the multivariate Cox regres-
sion model using bootstrap resampling. Second, our criteria for the positive expression
of each biomarker have not been validated in other studies. There are no standard crite-
ria, and various criteria indicating positive expression of EGFR and cyclin D1 have been
suggested [27,28,36,37]. A prospectively designed study using various criteria for positive
expression of the biomarkers is warranted to confirm our results.

In conclusion, this study suggests that cyclin D1, but not EGFR, can be a useful
biomarker in predicting the prognosis of stage I GC. Our results raise the question of
whether adjuvant therapy is needed in those with positive cyclin D1.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cimb44030093/s1, Figure S1: Representative findings of immuno-
histochemical staining for the biomarkers in gastric cancer cells (×200); Figure S2: Jitter plot to assess
the distribution of propensity scores; Table S1: Baseline characteristics of patients after propensity
score matching.
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PNU-74654 Suppresses TNFR1/IKB Alpha/p65 Signaling and
Induces Cell Death in Testicular Cancer
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Abstract: Testicular cancer (TC) is a rare malignancy worldwide and is the most common malignancy
in males aged 15–44 years. The Wnt/β-catenin signaling pathway mediates numerous essential
cellular functions and has potentially important effects on tumorigenesis and cancer progression. The
search for drugs to inhibit this pathway has identified a small molecule, PNU-74654, as an inhibitor
of the β-catenin/TCF4 interaction. We evaluated the therapeutic role of PNU-74654 in two TC cell
lines, NCCIT and NTERA2, by measuring cell viability, cell cycle transition and cell death. Potential
pathways were evaluated by protein arrays and Western blots. PNU-74654 decreased cell viability
and induced apoptosis of TC cells, with significant increases in the sub G1, Hoechst-stained, Annexin
V-PI-positive rates. PNU-74654 treatment of both TC cell lines inhibited the TNFR1/IKB alpha/p65
pathway and the execution phase of apoptosis. Our findings demonstrate that PNU-74654 can induce
apoptosis in TC cells through mechanisms involving the execution phase of apoptosis and inhibition
of TNFR1/IKB alpha/p65 signaling. Therefore, small molecules such as PNU-74654 may identify
potential new treatment strategies for TC.

Keywords: PNU-74654; TNF receptor-1; apoptosis; testicular cancer

1. Introduction

Testicular cancer is a rare malignancy in males worldwide and accounts for about 1%
of newly diagnosed male cancers every year [1]. It also shows a specific age distribution,
as it is most commonly encountered in males aged 15–44 years [2]. For unknown reasons,
the incidence of this male cancer has been increasing in many developed countries in the
last decades [3]. TC has a close relationship with cryptorchidism, but other known risk
factors include prior TC, a family history of a father or brother with TC, increased adult
height (per 5 cm increase), ethnicity and infertility [3,4]. Despite the increasing incidence,
the overall five-year survival is as high as 97% with effective treatment [4]. However, the
development of effective treatments depends on knowledge of the mechanisms that cause
testicular tissues to become cancerous.

Current evidence now implicates the Wnt/β-catenin signaling pathway as part of the
mechanism involved in the development of several malignancies. This pathway mediates
numerous essential cellular functions, such as proliferation, differentiation, apoptosis and
cell migration [5]. INT1, the first gene identified in the Wnt/β-catenin pathway, shows
high similarity in both humans and mice; therefore, it is considered a highly conserved
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pathway evolutionarily among various species [6]. Wnt proteins are secreted extracellularly
by cells and function through a receptor-mediated pathway [7]. By contrast, β-catenin is a
component of the cell adhesion complex and plays an essential role in cell–cell adhesion [8].
In the canonical Wnt/β-catenin signaling pathway, WNT proteins are activated by binding
to a transmembrane Frizzled family receptor and the LDL receptor-related protein (LRP)
co-receptor and this inhibits the activity of glycogen synthase kinase-3β (GSK-3β). In this
Wnt activation state, the β-catenin destruction complex is disrupted by activated Dishev-
elled protein (DVL) and the phosphorylation of β-catenin is prevented, thereby allowing
β-catenin accumulation to occur within the cytoplasm. Then, β-catenin translocates into the
nucleus, where it interacts with T-cell factor/lymphoid enhancer factor (TCF/Lef) to acti-
vate the TCF/Lef transcription complex [9–11]. In turn, the transcription of Wnt/β-catenin
target genes, such as c-myc, cyclin D1 and Bcl-w, is activated, followed by subsequent cell
proliferation that is closely related to tumorigenesis and cancer progression [12–14].

By contrast, in the absence of the extracellular Wnt needed for interaction with the
receptors, β-catenin is degraded by a destruction complex composed of GSK-3β, adeno-
matous polyposis coli protein (APC), casein kinase 1α (CK1α) and Axin [15]. During the
degradation process, β-catenin is initially phosphorylated by CK1α and GSK-3β, which
makes it recognizable by a ubiquitin E3 ligase via β-transducin repeat-containing pro-
teins (β-TrCP). Subsequent ubiquitination and proteasomal degradation of β-catenin occur,
thereby maintaining a low intracellular level of β-catenin [16]. In this normal condition,
TCF/Lef proteins are bound by repressors, such as CREB-binding protein or p300, and
abnormal cell proliferation does not occur.

The Wnt/β-catenin signaling pathway is involved in the tumorigenesis of several
malignancies, including colorectal cancers, non-colorectal gastrointestinal cancers, desmoid
tumors, breast cancers, adrenocortical tumors, melanoma, glioblastoma multiforme, renal
cell carcinoma, osteosarcoma and hematologic malignancies [5]. This pathway plays
an important role in the transcriptional regulation of multiple oncogenes; therefore, it
is essential for tumor occurrence and progression. Aberrant activation of this signaling
pathway has been verified in various types of cancer [17]. For example, β-catenin-stabilizing
mutations have been identified in colorectal cancers and have resulted in constitutive
nuclear localization of β-catenin and transcription of its target genes [18].

In addition, multiple fusion transcripts, including recurrent gene fusions involving
the R-spondin family members RSPO2 and RSPO3, have been identified in colon cancer
cells [19]. R-spondins are proteins that enhance Wnt signaling and serve as oncogenic
drivers in RSPO fusion tumors [19,20]. Hyperactivation of Wnt signaling has also been
identified in hepatocellular carcinoma, which is mediated by loss of function and inacti-
vation of the Wnt negative regulators AXIN1 and/or AXIN2 [21]. In breast and ovarian
cancer cell lines, autocrine production of various Wnt ligands has been reported and has
resulted in an increase in β-catenin stability [22].

Fortunately, in the last decade, many inhibitors, including biologics and small molecules,
that focus on the Wnt pathway have been discovered. The biologics, which include an-
tibodies and RNA interference molecules, mainly focus on targeting the Wnt protein
itself and on the use of recombinant proteins that target extracellular modulators of this
pathway [23–25]. By contrast, the small molecules fall into four categories based on their
functional mechanism: (1) β-catenin/TCF interaction inhibitors; (2) antagonists of transcrip-
tional co-activators, such as CBP and p300; (3) molecules binding to DVL; and (4) inhibitors
based on the stabilization of Axin protein [26]. All these drugs show promising anticancer
effects mediated by disrupting the signal transduction of the Wnt/β-catenin pathway.

One of the identified small molecule inhibitors of the β-catenin/TCF4 interaction is
PNU-74654, a compound that prevents TCF4 from binding to β-catenin; therefore, it acts as
a Wnt/β-catenin antagonist. This small molecule was discovered through virtual screen-
ing and confirmed by biophysical screening to disturb protein–protein interactions [27].
PNU-74654 competes with TCF4 for the binding site on β-catenin and its effective role as a

302



Curr. Issues Mol. Biol. 2022, 44

Wnt pathway antagonist has been proven by a luciferase activity assay for TCF transactiva-
tion [27].

TCF4 is the most important transcription factor in the TCF/Lef family, as it has the
ability to bind DNA and modulate the transcription of many oncogenes. Therefore, a
small molecule that can block the interaction between β-catenin and TCF4 can prevent the
transcription of a variety of tumor-related proteins, such as c-myc, cyclin D1, Bcl-w, MDR1,
IL-8 and ZEB1 [12–14,28–30]. PNU-74654 has been shown to significantly decrease cell
proliferation, increase tumor cell apoptosis, decrease nuclear β-catenin accumulation and
impair CTNNB1/β-catenin expression in adrenocortical tumors [31]. PNU-74654 has also
shown antitumor efficacy in breast cancers, where it causes tumor shrinkage and increased
tumor cell apoptosis [32]. To our knowledge, no study has yet explored the potential for
using PNU-74654 as a treatment in TC. Therefore, the aim of the current study is to evaluate
the antitumor activity of PNU74654 in TC cells.

2. Materials and Methods
2.1. Cell Culture

Two human testicular teratocarcinoma cell lines, NCCIT and NTERA2, were obtained
from BCRC (Bioresource Collection and Research Center, Taiwan). The cells were cultured
and stored according to the suppliers’ instructions. NTERA-2 cells were maintained in
high-glucose (4.5 g/L) Dulbecco’s modified Eagle medium containing 10% fetal bovine
serum, 1 mM sodium pyruvate, 100 U/mL of penicillin and 100 µg/mL of streptomycin.
NCCIT cells were maintained in RPMI supplemented as described above. Cells were
cultivated at 37 ◦C in a humidified 5% CO2 atmosphere [33].

2.2. MTT Assay

The MTT assay was used to detect cytotoxicity and cell growth, as described pre-
viously [33]. Briefly, TC cells were seeded at a density of 1 × 104 cells in each well of
96-well plates and incubated overnight. Then, the cells were treated with PNU-74654
(MedChemExpress, Monmouth Junction, NJ, USA) at 50–250 µM for 24 h. Then, an MTT
solution (0.5 mg/mL) was added to the wells and incubated for 3 h at 37 ◦C. The reaction
was stopped by removing the supernatant, followed by dissolving the formazan product in
DMSO. The absorbance at 570 nm was measured with an ELISA reader.

2.3. Flow Cytometry Analysis

A flow cytometer (FACSCanto II; BD Biosciences, San Jose, CA, USA) was used to
determine the cell cycle population and apoptosis percentage, as described previously [33].
An Annexin V/PI apoptosis detection kit (Elabscience Biotechnology Inc., Houston, TX,
USA) was used to mark apoptotic cells. Apoptosis rates were quantified by treating the
cells with PNU-74654 (0, 50 and 200 µM) for 48 h, then staining them with FITC-Annexin
V and PI in the dark at room temperature, according to the manufacturer’s protocol. The
fractions of cells in different phases of the cell cycle were determined by treating the cells
with PNU-74654 (0, 50 and 200 µM) for 24 h. Then, the supernatant and adherent cells were
harvested, washed with PBS and fixed overnight in 70% ice-cold ethanol at −20 ◦C. After
washing, the cells were resuspended in 0.4 mL of PBS containing 4 µg/mL of propidium
iodide and 0.5 of mg/mL RNase A and incubated for 30 min at 37 ◦C in the dark. Individual
cell suspensions were analyzed by flow cytometry and cell profiles were analyzed using
FlowJo software (BD Biosciences, USA).

2.4. Hoechst 33,342 Staining

Cells were plated in 6-well plates and incubated for 16 h. Different concentrations
of PNU-74654 were added to each well and incubated for 24 h. The cells were harvested
at 48 h and stained with Hoechst 33,342 (10 µg/mL) for 20 min at 37 ◦C. Images of the
Hoechst 33,342 fluorescence were captured using a fluorescence microscope (ImageXpress
PICO; excitation wavelength of 350–390 nm, emission wavelength of 420–480 nm) at
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20× magnification. Apoptotic cells emitted blue fluorescence and exhibited morphological
changes in the nuclei typical of apoptosis. The fluorescence staining percentage of positive
cells was calculated based on cell counts made from five random visual fields, as described
previously [33].

2.5. Human Apoptosis Array for Proteome Profiling

The Human Apoptosis Proteome Profiler™ array (R&D Systems, Minneapolis, MN,
USA), which examines changes in 35 apoptosis-related proteins, was used in this study.
Cells were treated with or without PNU-74654 (200 µM) for 24 h and 400 µg of total protein
obtained after cell lysis was used for each array and analyzed according to the manufac-
turer’s instructions. Membranes were imaged by chemiluminescence and the integrated
density of the spots was quantified using Image J software, as described previously [33].

2.6. Protein Extraction from Cells and Western Blotting

The cells were treated with PNU-74654 (0, 50 and 200 µM) for 24 h, then lysed in
RIPA buffer containing a protease inhibitor cocktail (Roche Molecular Biochemicals, Basel,
Switzerland). The lysate was centrifuged for 20 min at 10,400 rcf at 4 ◦C and the supernatant
was saved. The protein concentration was measured with the Bio-Rad Protein Assay (Bio-
Rad Laboratories Inc., Hercules, CA, USA). Equal amounts of protein (15 µg) per sample
were boiled in sample buffer, electrophoresed on sodium dodecyl sulfate–polyacrylamide
gels, then transferred onto an ImmobilonTM-P transfer membrane (Millipore, Burlington,
MA, USA). After blocking, the membranes were probed with antibodies at 4 ◦C for 16 h. The
membranes were washed with Tris-buffered saline with 0.1% Tween 20 detergent (TTBS),
then incubated for 1 h with horseradish peroxidase-conjugated secondary antibodies. The
membrane was washed with TTBS buffer and the Western blots were visualized with
ImmobilonTM-Western Chemiluminescent HRP Substrate (Millipore, USA). The results
were displayed on an AmershamTM Imager 680 (GE Healthcare, Chicago, IL, USA) and
the integrated density of the spots was quantified using Image J software, as described
previously [33].

2.7. Statistical Analysis

The statistical analyses were conducted using IBM SPSS software (version 20.0). The
data are presented as the mean ± S.D. The Student’s t-test was used for continuous or
discrete data analysis. All statistical tests were two-sided (SEM) and values of p < 0.05 were
considered statistically significant (*p < 0.05; ** p < 0.01; *** p < 0.001).

3. Results
3.1. PNU-74654 Had a Cytotoxic Effect on TC Cells and Elicited Cell Death

We confirmed the cytotoxic effect of PNU-74654 treatment on both the NCCIT and
NTERA2 testicular carcinoma cell lines (Figure 1A,B). The MTT assay revealed a dose-
dependent decrease in the viability of PNU-74654-treated TC cells after a 24 h exposure.
Therefore, we performed a cell cycle analysis by flow cytometry to seek the causes of this
cytotoxicity. Figure 1C–E shows a dose-dependent increase in the sub G1 group of TC
cells after 24 h treatment with 50 and 200 µM PNU-74654 compared with the untreated
control groups (NCCIT: control vs. 50 µM and 200 µM, p value = 0.002 and 0.001; NTERA2:
control vs. 50 µM and 200 µM, p value = 0.564 and 0.002). The proportions of NCCIT cells
in the sub G1 phase rose from 1.39% ± 0.24% (control group) to 2.58% ± 0.13% (50 µM
group) and 37.93% ± 2.80% (200 µM group). The proportions of NTERA2 cells in the sub
G1 phase rose from 5.41% ± 1.38% (control group) to 5.92% ± 0.24% (50 µM group) and
23.03% ± 0.12% (200 µM group). Therefore, the cytotoxicity of PNU-74654 was confirmed
to cause the death of both NCCIT and NTERA2 TC cells.
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Figure 1. PNU-74654 caused cell death in NCCIT and NTERA2 testicular cancer cell lines. (A,B) The
MTT assay determined reduced viabilities of TC cells after PNU-74654 treatment. (C) Flow cytometry
showed increased proportions of TC cells in sub G1 phase after PNU-74654 treatment. (D) Columns
illustrate the increased proportions of TC cells in sub G1 phase after PNU-74654 treatment. (E) Cell
cycle distributions are shown for TC cells after PNU-74654 treatment. Data are shown as mean ± S.D
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3.2. Apoptosis Induced by PNU-74654 in TC Cells

We further distinguished the types of cell death occurring in PNU-74654-treated TC
cells by Hoechst 33,342 staining and Annexin V/PI double staining (Figure 2). The Hoechst
33,342 staining (Figure 2A,B) revealed that the proportions of apoptotic TC cells rose
dose-dependently with PNU-74654 treatment compared to the control groups (NCCIT:
control vs. 50 µM and 200 µM, p value = 0.001 and 0.001; NTERA2: control vs. 50 µM and
200 µM, p value = 0.001 and 0.001). The proportions of apoptotic NCCIT cells rose from
0.24% ± 0.33% (control group) to 2.99% ± 0.56% (50 µM group) and 4.54% ± 0.46% (200 µM
group). The proportion of apoptotic NTERA2 cells rose from 1.69% ± 0.41% (control group)
to 8.91% ± 0.91% (50 µM group) and 21.83% ± 1.11% (200 µM group).

The Annexin V/PI double staining (Figure 2C,D) showed dose-dependent rises in the
proportion of early-apoptotic (Annexin V+/PI−) and late-apoptotic (Annexin V+/PI+) TC
cells with PNU-74654 treatment compared to the control groups (NCCIT: control vs. 50 µM
and 200 µM, p value = 0.053 and 0.008; NTERA2: control vs. 50 µM and 200 µM, p value
= 0.001 and 0.001). The proportions of apoptotic NCCIT cells rose from 4.91% ± 0.60%
(control group) to 10.92% ± 2.66% (50 µM group) and 50.13% ± 7.01% (200 µM group).
The proportions of apoptotic NTERA2 cells rose from 7.14% ± 0.06% (control group) to
56.47% ± 3.26% (50 µM group) and 77.87% ± 3.12% (200 µM group). In brief, the results
of Hoechst 33,342 staining and Annexin V/PI double staining confirmed apoptosis as the
major type of cell death in PNU-74654-treated TC cells.
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Figure 2. PNU-74654 caused apoptosis in TC cells. (A) Hoechst 33,342 staining showed apoptosis-
associated morphological changes and increased numbers of apoptotic cells in TC cell lines after
PNU-74654 treatment. (B) Bar chart shows increased proportions of apoptotic TC cells after PNU-
74654 treatment. (C) Flow cytometry after Annexin V/PI double staining showed distributions of
early apoptosis, late apoptosis and necrosis in TC cells after PNU-74654 treatment. (D) Columns
show proportions of Annexin V+/−/PI+/− TC cells after PNU-74654 treatment. Data are shown as
mean ± S.D (*** p < 0.001).

3.3. Inhibition of TNF R1 Triggered NF-κB Anti-Apoptotic Pathway and Execution Phase of
Apoptosis Contributed to PNU-74654-Induced Apoptosis in TC Cells

We explored the underlying mechanisms of PNU-74654-induced apoptosis in TC
cells using apoptosis arrays. As shown in Figure 3A–D, after 24 h treatment with 200 µM
PNU-74654, both TC cell lines showed notable upregulations of cleaved-caspase-3 and
downregulations of claspin and survivin, but only NCCIT cells showed downregulations
of TNF R1 and cIAP-1.

We sought a deeper understanding and ascertainment by conducting Western blots
to test the expressions of proteins involved in the execution phase of apoptosis and in
TNFR1/IKB alpha/p65 and apoptotic signaling (Figure 4A,B). We observed inhibition of the
TNFR1-triggered pathway (Figure 4A) in the form of downregulations of TNFR1, phospho-
IκBα and phosphor-p65. We observed inhibition of the execution phase of apoptosis
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(Figure 4B) in the form of downregulations of FLIPL and survivin and upregulations of
cleaved-caspase-3, cleaved-caspase-7 and cleaved-PARP.
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4. Discussion

The findings of the current study confirmed that PNU-74654 can exert a cytotoxic
effect on TC cells by inducing apoptosis. When treated with PNU-74654, TC cells showed
a dose-dependent decrease in viability, as determined by the MTT assay. Our cell cycle
analysis revealed a significant dose-dependent increase in the sub-G1 group of TC cells
treated with PNU-74654, indicating increased cell death. Our Hoechst 33,342 and Annexin
V/PI double staining results further confirmed apoptosis as the major type of cell death in
PNU-74654-treated TC cells. Our further analyses implicated Wnt/β-catenin signaling in
this response.

Wnt/β-catenin signaling has been implicated in both germ cell tumor (GCT) pro-
gression and in treatment resistance to cisplatin-based chemotherapy [34]. Another study
focusing on the aberrations of the adenomatous polyposis coli (APC) tumor suppressor in
GCT arising during childhood and adolescence discovered methylation of APC and loss
of heterozygosity at 5q21-22 in yolk sac tumor and teratomas [35]. To our knowledge, the
present study is the first to prove a direct cytotoxic ability of a small molecule inhibitor
targeting the β-catenin/TCF4 interaction in this signaling pathway.

The anti-apoptotic effect of nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) induced by tumor necrosis factor receptor 1 (TNF R1) has been confirmed for
decades [36]. We also examined the mechanisms behind PNU-74654-induced apoptosis in
NCCIT and NTERA2 cells by an apoptosis array and quantitative analysis. Upregulations
of cleaved-caspase-3 in TC cells, downregulations of claspin and survivin in TC cells and
downregulations of TNF R1 and cIAP-1 in NCCIT cells alone were disclosed. Caspase-3
serves as a marker of programmed cell death. It is cleaved and activated following the
initiation of apoptosis and its antibodies are now used as strong indicators of cell death
induction [37]. By contrast, claspin acts as an adaptor or scaffold protein that facilitates the
ATR-dependent activation of Chk1 [38]. Claspin undergoes cleavage and degradation by
caspases and the proteasome during apoptosis [39]. Conversely, survivin is a member of
the inhibitor of apoptosis (IAP) family and functions as an inhibitor of the activation of
caspases and as a negative regulator of programmed cell death [40].

Our Western blot data revealed the expression of proteins involved in the execution
phase of apoptosis and in the TNF R1-triggered NF-κB anti-apoptotic pathway. For the exe-
cution phase of apoptosis, we noted upregulations of cleaved-caspase-3, cleaved-caspase-7
and cleaved-PARP and downregulations of survivin and claspin. For the inhibition of
the TNF R1-triggered NF-κB anti-apoptotic pathway, we observed downregulations of
TNF R1, phospho-IκBα, FLIPL, phospho-p50 and phospho-p65. Therefore, we concluded
that the execution phase of apoptosis and the inhibition of the TNF R1-triggered NF-κB
anti-apoptotic pathway seem to be responsible for the apoptosis induced by PNU-74654
treatment of TC cells.

As already mentioned, the Wnt/β-catenin signaling pathway plays an essential role
in the regulation of the transcription of a variety of oncogenes and is involved in the
tumorigenesis of several cancers. Numerous medications targeting this signaling pathway
have been discovered in the past decade, including the small molecule inhibitor PNU-
74654 used in the current study. PNU-74654 interferes with the β-catenin/TCF4 interaction,
thereby blocking the ongoing transcription of various oncogenes. The evidence in our study
indicates that TC cells treated with PNU-74654 initiated a dose-dependent programmed
cell death through the execution phase of apoptosis and inhibition of the TNF R1-triggered
NF-κB anti-apoptotic pathway.

The Wnt signal transduction cascade mediates numerous essential cellular functions,
such as proliferation, differentiation, apoptosis and cell migration, across many species [5].
Wnts are also key factors for most types of tissue stem cells in mammals [41]. In normal
tissue, the β-catenin/TCF4 pathway is maintained in the “Wnt off” state, where β-catenin is
phosphorylated by the destruction complex and then undergoes proteasomal degradation.
This maintains a low intracellular level of β-catenin and prevents further abnormal cell
proliferation. PNU-74654 blocks the interaction between β-catenin and TCF4, thereby
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preventing the transcription of tumor-related proteins in the affected testis or in metastatic
lesions. Since the β-catenin/TCF4 pathway maintains the “Wnt off” state in normal tissue,
where the intracellular β-catenin is low, the β-catenin/TCF4 interaction is not turned on.
Therefore, the negative impact of PNU-74654 on the contralateral healthy testis or normal
tissue can be ignored.

This result is well explained by the process of Wnt/β-catenin signaling. In a breast can-
cer model, PNU-74654, either alone or in combination with fluorouracil (5-FU), was shown
to suppress breast cancer cell growth and to synergistically enhance the antiproliferative
activity of gemcitabine [32]. The PNU-74654/5-FU combination increased the percentage of
cells in the S-phase and significantly induced apoptosis in PNU-7465-treated breast cancer
cells. PNU-74654 also significantly decreased cell proliferation, increased early and late
apoptosis and impaired CTNNB1/β-catenin expression in an adrenocortical cancer cell
model [31]. In the setting of acute myeloid leukemia (AML), higher levels of β-catenin,
Ser675-phospho-β-catenin and GSK-3α were found in AML cells from intermediate- or
poor-risk patients and the patients presenting with a higher activity of Wnt/β-catenin
showed a shorter progression-free survival [42]. The authors of that study tested the com-
binatorial treatment between Wnt inhibitors and classic anti-leukemia drugs, both in vitro
and in vivo and found that in vitro administration of PNU-74654, niclosamide and LiCl
significantly reduced the bone marrow leukemic burden, with a synergistic effect on Ara-C,
thereby improving mouse survival. These results, combined with ours, demonstrate the
ability of PNU-74654 to specifically target the Wnt pathway, interfere with cell proliferation,
induce apoptosis and reduce tumor cell migration. These results indicate that PNU-74654
could represent a promising therapy against several cancers.

Due to the diversity of TC types, one limitation of the current study is our use of NCCIT
and NTERA2 cells only, as these two lines cannot represent all cancer cell types associated
with TC. In addition, the antibody array we used to select the possible pathway leading
to apoptosis has the potential flaw that we might have missed some other interesting
pathway. To compensate for this limitation, we performed Western blotting to examine
other interesting proteins that might be involved in apoptosis. Another limitation of our
work is the lack of experimentation on animals and the lack of evaluation of treatment
dosage and toxicity. In the published research works, various doses were used for different
types of cancer. Doses ranging from 10 to 200 µM were used in vitro and doses ranging
from 0.5 to 30 mg/kg were used in mouse models [31,32,42–44]. More precise evaluations
will be needed before considering clinical trials.

5. Conclusions

PNU-74654 can induce the apoptosis of NCCIT and NTERA2 TC cells through mech-
anisms involving the execution phase of apoptosis and the inhibition of TNFR1/IKB
alpha/p65 signaling. Along with previous studies on the antitumor effects of PNU-74654,
the present findings may provide preliminary evidence to support further experiments on
the use of PNU-74654 as a potential new treatment strategy for patients with TC.
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Abstract: Cancer is a multifactorial group of diseases, being highly incident and one of the leading
causes of death worldwide. In Brazil, there is a great variation in cancer incidence and impact among
the different geographic regions, partly due to the genetic heterogeneity of the population in this
country, composed mainly by European (EUR), Native American (NAM), African (AFR), and Asian
(ASN) ancestries. Among different populations, genetic markers commonly present diverse allelic
frequencies, but in admixed populations, such as the Brazilian population, data is still limited, which
is an issue that might influence cancer incidence. Therefore, we analyzed the allelic and genotypic
distribution of 12 INDEL polymorphisms of interest in populations from the five Brazilian geographic
regions and in populations representing EUR, NAM, AFR, and ASN, as well as tissue expression in
silico. Genotypes were obtained by multiplex PCR and the statistical analyses were done using R,
while data of tissue expression for each marker was extracted from GTEx portal. We highlight that
all analyzed markers presented statistical differences in at least one of the population comparisons,
and that we found 39 tissues to be differentially expressed depending on the genotype. Here, we
point out the differences in genotype distribution and gene expression of potential biomarkers for
risk of cancer development and we reinforce the importance of this type of study in populations with
different genetic backgrounds.

Keywords: INDEL; cancer; genetic ancestry; Amazon; biomarkers

1. Introduction

Cancer is one of the leading causes of death worldwide [1], being considered a group
of complex diseases that involve environmental, epigenetic, and genetic factors [2,3]. It is
estimated that, in 2018, around 18 million new cases of cancer occurred in the world [1].
In Brazil, the National Cancer Institute (INCA) estimates that, for each year from 2020 to
2022, there were 625 thousand new cases, although there is a great variation in magnitude
and in the cancer types among the different geographic regions of this country [4]. This
occurs partly because Brazil has one of the most genetically heterogeneous populations in
the world, composed mainly by Native American, European, and African contributions [5].
In addition, the biggest Japanese community outside Japan is in Brazil, estimated to be
around 1.5 million people [6], which allows a certain degree of admixture between this
population and the Brazilian population, mainly within the regions where this community
is concentrated, North and Southeast of Brazil.
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In the global literature, we may find several studies involving genetic markers related
to cancer, mostly in case-control association studies, in which these are used to predict risk
of development and/or prognosis of a certain type of cancer in different populations [7,8].
It is notable that, among different ethnic populations (also called continental populations),
genetic markers commonly present diverse allelic frequencies [9]. However, in admixed
populations, such as the Brazilian population, data on the distribution of this kind of
markers are still limited.

In this work, we describe the allelic and genotypic distribution of 12 Insertion/Deletion
(INDEL) polymorphisms, located in genes involved in important metabolic pathways asso-
ciated with carcinogenesis, in populations from the five Brazilian geographic regions and in
populations representing Europeans, Africans, Native Americans, and Asians. These genes
and polymorphisms have been studied and associated with various types of cancer in differ-
ent populations, such as bladder cancer [10], oral cancer [11], hepatocellular carcinoma [12],
breast cancer [13–15], chronic lymphoblastic leukemia [16], colorectal cancer [17–21], thy-
roid cancer [22] and gastric cancer [23,24]. Thus, these markers were chosen based on the
importance of each gene and their potential as an influence in tumor development.

The investigated markers were divided in three groups according to gene function: ge-
nomic stability and cell death (rs3834129, rs3730485, rs17878362, rs151264360, and rs3213239,
respectively in CASP8, MDM2, TP53, TYMS and XRCC1 genes); biometabolism and cell
energy (rs8175347, rs28892005 and a 96 pb-insertion, respectively in UGT1A1, CYP19A1 and
CYP2E1 genes); and immune response and inflammatory processes (rs3783553, rs79071878,
rs28362491 and rs11267092, respectively in IL1A, IL4, NFKB1 and PAR1 genes).

2. Materials and Methods

This study included a population of 1411 non-related and cancer-free adult individuals,
recruited in ten Brazilian states, in the years of 2009 and 2010, being 480 individuals from
Pará (n = 360), Amazonas (n = 60) and Rondônia (n = 60) representing the North region;
370 individuals from Ceará (n = 135), Rio Grande do Norte (n = 175), Maranhão (n = 8)
and Pernambuco (n = 52) representing the Northeast region; 186 individuals from Goiás
(n = 101), Mato Grosso do Sul (n = 49) and Distrito Federal (n = 36) representing the
Midwest region; 184 individuals from São Paulo representing the Southeast region; and
191 individuals from Rio Grande do Sul representing the South region. More details on the
sampling approach may be found in previous studies [25,26].

In addition, we investigated a sample of 896 individuals representative of the main
ethnic groups that contributed to the Brazilian population: 222 Native Americans (NAM)
from nine tribes of the Brazilian Amazon (Tiriyó, Waiãpi, Zoé, Urubu-Kaapor, Awa-Guajá,
Parakanã, Wai Wai, Gavião, Zoró) [27]; 211 Africans (AFR) from five different countries
(Angola, Mozambique, Congo Republic, Cameroon, Ivory Coast) [28]; 270 Europeans (EUR)
from two different countries (Portugal and Spain) [25,29]; and 193 Asians (ASN) from
Japan [30]. By using a panel of ancestry informative markers (AIM), we have previously
estimated the genomic ancestry of each group [30]. Informed consent for DNA analysis
was obtained from all participants. Project approval was given by the Ethics Committee of
Instituto de Ciências da Saúde, Universidade Federal do Pará.

2.1. DNA Extraction and Quantification

Samples of peripheral blood were collected from all individuals of the study and the
DNA extraction was performed accordingly [31]. DNA quantification was performed with
the NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).

2.2. Genotyping of Investigated Polymorphisms

Polymorphisms were genotyped by a single multiplex reaction with Master Mix
QIAGEN® Multiplex PCR kit (Qiagen, Hilden, Germany) and the primers are described
in Table 1. PCR preparation protocol was done as described by Cavalcante et al. [32]. All
polymorphisms are functional and correspond to INDEL of DNA fragments.
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Multiplex PCR products were separated and analyzed by capillary electrophoresis
on the ABI 3130 Genetic Analyzer instrument, using GS-500 LIZ as a pattern of molecular
weight, G5 virtual filter matrix and POP7 (instrument and reagents by Thermo Fisher
Scientific). Then, samples were analyzed with GeneMapper®3.7 software (also by Thermo
Fisher Scientific).

Table 1. Technical characterization of the investigated polymorphisms.

Gene ID Size (bp) Primers Amplicon (bp)

CASP8 rs3834129 6 F-5′CTCTTCAATGCTTCCTTGAGGT3′

R-5′CTGCATGCCAGGAGCTAAGTAT3′ 249–255

CYP2E1 - 96 F-5′TGTCCCAATACAGTCACCTCTTT3′

R-5′GGCTTTTATTTGTTTTGCATCTG3′ 397–493

CYP19A1 rs28892005 3 F-5′TGCATGAGAAAGGCATCATATT3′

R-5′AAAAGGCACATTCATAGACAAAAA3′ 122–125

IL1A rs3783553 4 F-5′TGGTCCAAGTTGTGCTTATCC3′

R-5′ACAGTGGTCTCATGGTTGTCA3′ 230–234

IL4 rs79071878 70 (1–3 repeats) F-5′AGGGTCAGTCTGGCTACTGTGT3′

R-5′CAAATCTGTTCACCTCAACTGC3′ 147/217/287

MDM2 rs3730485 40 F-5′GGAAGTTTCCTTTCTGGTAGGC3′

R-5′TTTGATGCGGTCTCATAAATTG3′ 192–232

NFKB1 rs28362491 4 F-5′TATGGACCGCATGACTCTATCA3′

R-5′GGCTCTGGCATCCTAGCAG3′ 366–370

PAR1 rs11267092 13 F-5′AAAACTGAACTTTGCCGGTGT3′

R-5′GGGCCTAGAAGTCCAAATGAG 265–277

TP53 rs17878362 16 F-5′GGGACTGACTTTCTGCTCTTGT3′

R-5′GGGACTGTAGATGGGTGAAAAG3′ 135–141

TYMS rs151264360 6 F-5′ATCCAAACCAGAATACAGCACA3′

R-5′CTCAAATCTGAGGGAGCTGAGT3′ 148–164

UGT1A1 rs8175347 2 (5–8 repeats) F-5′CTCTGAAAGTGAACTCCCTGCT3′

R-5′AGAGGTTCGCCCTCTCCTAT3′ 133/135/137/139

XRCC1 rs3213239 4 F-5′GAACCAGAATCCAAAAGTGACC3′

R-5′AGGGGAAGAGAGAGAAGGAGAG3′ 243–247

2.3. Data Analyses

Allelic and genotypic frequencies were obtained by direct counting. Hardy-Weinberg
Equilibrium (HWE) deviations were tested in Arlequin 3.1 software [33] and corrected
by Bonferroni method. Differences in genotypic frequencies among Brazilian regions and
parental populations were measured by chi-squared test (χ2 test, df = 2). FDR (False
Discovery Rate) method was used to correct multiple analyses. All statistical analyses were
performed in the statistical package R [34]. p-Value was considered significant if equal
or lower than 0.05. In addition, to infer possible influences on cancer development, we
assessed the Genotype-Tissue Expression (GTEx) Portal (https://gtexportal.org/home/,
accessed on 1 May 2022) [35] to obtain the expression of each variant in different tissues.

3. Results

The observed allele and genotype frequencies for the 12 markers investigated in the
Brazilian population and the continental populations (AFR, NAM, EUR and ASN) are
shown in Tables S1–S3; and the distribution of the genotypes is plotted in Figure 1.

When assessing HWE with correction for multiple testing for all markers in the
different populations, we did not find any deviation from HWE in the admixed populations
from Brazil. However, the markers in CASP8, TP53 and XRCC1 genes in Amerindian,
UGT1A1 gene in African, NFKB1 gene in European, as well as MDM2 and IL4 genes in
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Asian populations, presented HWE deviation, indicating the distribution of these markers
in such populations is not normalized according to HWE principles.
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XRCC1 and CASP8 were significantly different in all populations, except for AFR vs. EUR; 
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we observed significant differences for both IL4 and PAR1 in all comparisons; IL1A was 
different in all comparisons, but not in AFR vs. EUR; and NFKB1 was only different in 

Figure 1. Genotype distribution of the markers across the studied populations. Genotype distribution
of each marker in all analyzed populations: African, European, Asian, Native American and the
five regions of Brazil (North, Northeast, Midwest, Southeast and South). 11, deletion/deletion; 12,
deletion/insertion; 22, insertion/insertion.

We then compared the genotypic distribution of the 12 markers among continental
populations and the following results should be highlighted. Regarding biometabolism
and cell energy markers (in UGT1A1, CYP19A1 and CYP2E1 genes), CYP19A1 e UGT1A1
did not present differences among populations in most comparisons, only in EUR vs.
NAM, and CYP2E1 also did not differ in the comparisons, except for AFR vs. ASN. As
for genomic stability and cell death markers (TYMS, XRCC1, CASP8, MDM2 and TP53),
XRCC1 and CASP8 were significantly different in all populations, except for AFR vs. EUR;
TYMS and TP53 only presented statistical difference in AFR vs. ASN and NAM vs. ASN
comparisons, respectively; and marker MDM2 presented differences in the comparisons
between NAM and all the other groups, but not in the other comparisons. Concerning
markers of immune response and inflammatory processes (IL1A, IL4, NKFB1 and PAR1),
we observed significant differences for both IL4 and PAR1 in all comparisons; IL1A was
different in all comparisons, but not in AFR vs. EUR; and NFKB1 was only different in AFR
vs. EUR and NAM vs. EUR. Due to the table size, p-values for these comparative analyses
are shown in Table S4.

Moreover, we measured and analyzed δ (delta) values or mean frequencies among
continental populations (Table 2). Among the investigated markers, the difference of δ
values between NAM and AFR was 32%, between NAM and EUR was 23% and between
EUR and AFR was 19%. In the comparisons involving ASN, an average delta value of 14%
was estimated between ASN and NAM; 21% between ANS and EUR; and 26% between
ASN and AFR.
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Table 2. Frequency of the shortest alleles of the 12 polymorphisms in the AFR, EUR, NAM and ASN
populations, and the mean difference in frequency among populations (δ values).

Frequencies δ

Markers EUR ASN AFR NAM EUR/ASN AFR/ASN NAM/ASN EUR/AFR EUR/NAM AFR/NAM

IL1A 0.3 0.69 0.22 0.82 0.39 0.47 0.13 0.08 0.52 0.6
IL4 0.26 0.69 0.58 0.77 0.43 0.11 0.08 0.32 0.51 0.19
NFKB1 0.38 0.40 0.52 0.64 0.02 0.12 0.24 0.14 0.26 0.12
PAR1 0.77 0.96 0.5 0.95 0.19 0.46 0.01 0.27 0.18 0.45
UGT1A1 0.68 0.89 0.45 0.70 0.21 0.44 0.19 0.23 0.02 0.25
CYP19A1 0.42 0.3 0.32 0.37 0.12 0.02 0.07 0.1 0.06 0.05
CYP2E1 0.94 0.8 0.83 0.95 0.14 0.03 0.15 0.11 0.01 0.12
CASP8 0.47 0.18 0.5 0.23 0.29 0.32 0.05 0.03 0.24 0.27
TYMS 0.36 0.65 0.58 0.21 0.29 0.07 0.44 0.22 0.15 0.37
XRCC1 0.33 0.1 0.83 0.02 0.23 0.73 0.08 0.5 0.31 0.81
MDM2 0.38 0.33 0.33 0.04 0.05 0.00 0.29 0.05 0.34 0.29
TP53 0.82 0.99 0.62 0.98 0.17 0.37 0.01 0.2 0.16 0.36

Average 0.21 0.26 0.14 0.19 0.23 0.32

In the comparison of geographic regions, the marker in IL4 was significantly different
between North and the other populations of Brazil. Additionally, distribution of the marker
in IL1A was significantly different between North and the regions South, Southeast and
Northeast, and between Midwest and South. As for the polymorphism in NFKB1, it showed
statistically significant difference between North and regions South and Southeast, but it
was similar in all other comparisons.

Furthermore, in the GTEx analysis—performed to infer possible influences on cancer
development, 39 tissues were found to be differentially expressed depending on the geno-
type in six of the 12 variants here investigated (Table 3). The variant that was differentially
expressed in the highest number of tissues was rs3213239 (XRCC1), 30 tissues; followed by
rs3834129 (CASP8), 15 tissues; rs3783553 (IL1A) and rs28362491 (NFKB1), six tissues each;
rs151264360 (TYMS), three tissues; and rs11575899 (CYP19A1), two tissues.

Table 3. Differentially expressed variants in diverse tissues from GTEx. NES, Normalized Effect Size.

Gene Variant ID p-Value NES Tissue

CASP8 rs3834129

4.9 × 10−13 0.28 Cells-Cultured fibroblasts
1.1 × 10−9 0.18 Esophagus-Mucosa
1.5 × 10−7 −0.27 Pituitary gland
2.6 × 10−7 −0.50 Brain-Cerebellum
6.9 × 10−7 0.16 Adipose-Visceral (Omentum)
7.3 × 10−7 −0.48 Brain-Frontal Cortex (BA9)
0.0000019 −0.16 Thyroid
0.0000030 0.18 Skin-Sun Exposed (Lower leg)
0.0000035 0.22 Breast-Mammary Tissue
0.000011 0.24 Spleen
0.000024 −0.38 Brain-Cortex
0.000055 0.14 Adipose-Subcutaneous
0.00012 0.17 Skin-Not Sun Exposed (Suprapubic)
0.00012 0.12 Muscle-Skeletal
0.00023 −0.12 Nerve-Tibial

CYP19A1 rs28892005
1.1 × 10−9 0.20 Skin-Sun Exposed (Lower leg)

0.00020 0.14 Skin-Not Sun Exposed (Suprapubic)
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Table 3. Cont.

Gene Variant ID p-Value NES Tissue

IL1A rs3783553

3.9 × 10−14 0.35 Skin-Not Sun Exposed (Suprapubic)
2.6 × 10−11 0.30 Skin-Sun Exposed (Lower leg)
2.0 × 10−7 0.37 Spleen
0.0000018 0.19 Testis
0.000028 0.16 Esophagus-Mucosa
0.00016 0.19 Thyroid

NFKB1 rs28362491

9.9 × 10−14 0.15 Muscle-Skeletal
6.0 × 10−8 0.12 Cells-Cultured fibroblasts
2.4 × 10−7 82 Whole Blood
0.0000018 −0.12 Testis
0.000099 −0.12 Heart-Atrial Appendage
0.00021 −77 Skin-Not Sun Exposed (Suprapubic)

TYMS rs151264360
6.6 × 10−34 0.66 Esophagus-Muscularis
1.7 × 10−22 −0.28 Testis
8.1 × 10−17 0.53 Esophagus-Gastroesophageal Junction

XRCC1 rs3213239

4.4 × 10−45 −0.43 Thyroid
5.4 × 10−42 −0.53 Pancreas
2.0 × 10−26 −0.49 Testis
2.0 × 10−24 −0.58 Adrenal Gland
3.8 × 10−19 −0.23 Muscle-Skeletal
6.3 × 10−15 −0.32 Pituitary
4.1 × 10−13 0.20 Nerve-Tibial
4.2 × 10−13 −0.46 Brain-Hypothalamus
8.7 × 10−11 −0.23 Colon-Sigmoid
1.5 × 10−10 −0.54 Brain-Anterior cingulate cortex (BA24)
4.8 × 10−10 −0.38 Brain-Caudate (basal ganglia)
6.8 × 10−10 −0.23 Stomach
1.1 × 10−9 −0.34 Ovary
1.7 × 10−9 −0.24 Heart-Left Ventricle
1.2 × 10−8 −0.41 Brain-Hippocampus
2.0 × 10−8 −0.33 Brain-Nucleus accumbens (basal ganglia)
3.7 × 10−8 −0.28 Liver
3.8 × 10−8 −0.14 Colon-Transverse
1.7 × 10−7 −0.29 Brain-Frontal Cortex (BA9)
1.9 × 10−7 −0.29 Brain-Cortex
2.0 × 10−7 −0.48 Brain-Amygdala
4.5 × 10−7 −0.15 Esophagus-Mucosa
0.0000022 −0.40 Minor Salivary Gland
0.0000028 −0.55 Brain-Substantia nigra
0.0000045 −0.30 Brain-Putamen (basal ganglia)
0.000011 −84 Whole Blood
0.000018 −78 Cells-Cultured fibroblasts
0.000031 −0.24 Prostate
0.000056 −0.15 Heart-Atrial Appendage
0.00012 −94 Artery-Tibial

Of all the found tissues, 12 seem to be regulated by more than one of the studied vari-
ants: cells—cultured fibroblasts (variants in CASP8, NFKB1, XRCC1), esophagus—mucosa
(CASP8, IL1A, XRCC1), heart—atrial appendage (NFKB1, XRCC1), muscle—skeletal (CASP8,
NFKB1, XRCC1), nerve—tibial (CASP8, XRCC1), pituitary gland (CASP8, XRCC1), skin—
not sun exposed (NSE, suprapubic; CASP8, CYP19A1, IL1A, NFKB1), skin—sun exposed
(SE, lower leg; CASP8, CYP19A1, IL1A), spleen (CASP8, IL1A), testis (IL1A, NFKB1, TYMS,
XRCC1), thyroid (CASP8, IL1A, XRCC1) and whole blood (NFKB1, XRCC1).
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4. Discussion

This study aimed to investigate and describe the frequencies of markers of interest
(located in genes involved in important metabolic pathways associated with carcinogen-
esis) in populations from the five geographic populations of Brazil and in populations
representing European, African, Native American, and Asian ancestries. These markers
were divided according to gene functions.

In a previous study [5], the description of the group of markers of immune response
and inflammatory processes was performed in the same populations investigated here,
except for the Asian population. Regarding this group of markers, in addition to the results
presented in that paper, it is possible to highlight that ASN population was different from
all other continental populations for the investigated markers in IL1A, IL4 and PAR1. As for
the marker in NFKB1, it only differed between AFR and EUR and between NAM and EUR.

In the comparisons of geographic regions, marker IL4 was significantly different
between North and the other Brazilian populations. Besides that, our analysis also showed
the distribution of the IL1A marker with statistical differences between North and the South,
Southeast and Northeast regions, as well as between Midwest and South regions. The
polymorphism in NFKB1 was also significantly different between North and the regions
South and Southeast. All other distributions of this group of markers were similar among
these regions.

Regarding the investigated variants in genes of biometabolism and cell energy, not
many studies can be currently found analyzing their distribution in populations of different
genetic ancestries. However, a study by Fritsche et al. [36] compared genotypes of the 96-bp
INDEL in CYP2E1 gene in samples from individuals with African (African-American),
European (European-American) and Asian (Taiwanese) genetic backgrounds and observed
statistically significant differences between Europeans and Asians and between Europeans
and Africans, but none between Asians and Africans, which corroborates our findings here.
Concerning variant rs8175347 in UGT1A1 gene, allele frequency of this variant has been
reported as different when compared in groups of European, African, and Asian (including
Japanese) ancestries [37]. No studies were found with the rs28892005 variant in CYP19A1.

As for variants in the group of genomic stability and cell death, there are some
papers discussing their distribution in different populations in the global literature. For
instance, a previous study by our research group compared the allele distribution of
rs17878362 in TP53 gene in populations of European, African, and Asian ancestry from
1000 genomes database [9], as well as a population from Northern Brazil, and observed
statistical differences in all comparisons, with the exception of the one between Northern
Brazil and European populations, which could be expected given the high contribution
of European ancestry in this region [38]. However, it is notable that these frequencies
significantly vary among different genetic backgrounds.

Similarly, the variant rs3730485 (also known as del1518) in MDM2 gene has been
investigated in different populations, particularly in connection with cancer development.
For example, two independent studies involving different types of cancer in Chinese cohorts
have reported a frequency of 30% of DEL allele in both groups of controls [12,39]. The
study by Gansmo et al. [39] also investigated this variant in other populations, indicating
the presence of the same allele in 38% and 42% in the African American and the Norwegian
controls, respectively. Here, we found this allele in 33%, 38% and 33% of the African,
European, and Asian groups, respectively, which seem to be close to the corresponding
frequencies in these previous reports. To the best of our knowledge, this is the first study
investigating this variant in NAM populations from the Brazilian Amazon.

Variant rs151264360 in TYMS gene has also been widely studied regarding cancer
treatment in different regions. In this context, it has been associated with response to
chemotherapy for colorectal cancer in a Mexican cohort, highlighting the importance of
TYMS to cancer treatment in Latin American populations [40]. In that study, DEL allele was
present in 33.0% of the participants, which was similar to the frequency of this allele in a
study carried in a Slovak population (37.5%) [41]. A study by Summers et al. [42] reported
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a significant difference in the distribution of rs151264360 between African-Americans
(DEL 53.75%) and Europeans (DEL 33.3%). These frequencies are like the ones observed
here for African (DEL 58.0%) and European (DEL 36.0%) ancestries, which also showed
significant differences.

Likewise, polymorphism rs3834129 in CASP8 gene has been broadly studied regarding
cancer, particularly cancer development. For instance, in a study by Pardini et al. [43],
DEL allele of this variant was suggested as a protective effect to colorectal cancer in the
multiple populations investigated, mostly from European countries. In these populations,
the presence of DEL allele ranged from 45% to 52%. In addition, two independent studies
investigating the distribution of this polymorphism in British cohorts in association to
different diseases have reported the presence of DEL allele as 50% in the controls [44,45].
Similarly, a study by Chatterjee et al. [46] investigated the association of this marker with
HPV infection and cervical cancer in South Africa and showed the presence of DEL allele
in around 52% of the controls. Here, we found this allele in 50% and 47% of the African
and European groups, respectively, which are also similar frequencies and corroborate
these studies.

On the other hand, there are not many studies with the variant rs3213239 (XRCC1
gene) in the specialized literature. Two studies by our research group have investigated this
variant regarding cancer susceptibility in Northern Brazil, reporting association with acute
lymphoblastic leukemia (ALL) [47], but not with gastric cancer or colorectal cancer [32].
Curiously, in the study by Carvalho et al. [47], not only the DEL/DEL genotype of this vari-
ant was associated with ALL, but also the genetic ancestry: NAM and EUR ancestries were
associated with increased and decreased risk of developing ALL, respectively, highlighting
the importance of investigating this variant in different populations.

Moreover, in the GTEx analysis, it is notable that the studied variants in CASP8
and XRCC1 appeared in most of the tissues showing more than one differentially ex-
pressed gene, nine each, of which six presented both markers: (i) cells—cultured fibroblasts,
(ii) esophagus—mucosa, (iii) muscle—skeletal, (iv) nerve—tibial, (v) pituitary gland and
(vi) thyroid. This suggests that these tissues are likely to be regulated by the variants in
such genes, which are related to genomic stability and cell death.

Even though we did not find any works involving both CASP8 and XRCC1 and such
tissues, there are a few studies in the global literature on the possible association of these
genes and the development of different types of cancer, such as lung adenocarcinoma,
breast cancer, gallbladder cancer, acute lymphoblastic leukemia, as well as gastric and
colorectal cancers [32,47–52].

It is also notable that both skin tissues (SE and NSE) presented differential expression in
CASP8, CYP19A1 and IL1A and that NSE skin also presented this difference for NFKB1. This
finding suggests a possible influence of this variant and gene on skin cancer development
and reinforces previous studies that have reported the association of INS/INS genotype of
this variant in NFKB1 with an increased risk of developing melanoma in a Swedish and in
a Brazilian population [53,54].

In addition to NSE skin, testis tissue also presented four differentially expressed
variants (in IL1A, NFKB1, TYMS and XRCC1 genes), the highest number of variants per
tissue in this analysis. No studies were found about these specific variants in testis or these
genes in testicular cancer, but the role of IL1A, NFKB1 and XRCC1 have been reported in
Sertoli cells and other essential factors for spermatogenesis [55–60]. Hence, given their
importance in testis function, these genes might also be involved in carcinogenesis in
this tissue.

In summary, here we thoroughly analyzed the distribution of 12 polymorphisms
in diverse populations (groups from European, African, Native American, and Asian
populations, as well as groups from the five admixed Brazilian geographical regions) and
tissue expression. All analyzed markers presented statistical differences in at least one of the
population comparisons, and we found 39 tissues to be differentially expressed depending
on the genotype, suggesting these markers might play a role in cancer distribution in
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different populations. Thus, we recommend future studies with larger cohorts to explore
these novel observations, as this was the first study to investigate some of these markers in
these populations. Based on our findings, we point out some potential biomarkers for risk
of cancer development and we highlight the importance of this type of study in populations
with different genetic backgrounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cimb44050154/s1, Table S1. Allelic and genotypic frequencies
of markers in Biometabolism and Cell Energy group. Table S2. Allelic and genotypic frequencies
of markers in Genomic Stability and Cell Death group. Table S3. Allelic and genotypic frequencies
of markers in Immune Response and Inflammatory Processes group. Table S4. p-Values of the
comparative analyses of frequencies among all populations for each marker.
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Abstract: Nematodes, such as Caenorhabditis elegans, have been instrumental to the study of cancer.
Recently, their significance as powerful cancer biodiagnostic tools has emerged, but also for mech-
anism analysis and drug discovery. It is expected that nematode-applied technology will facilitate
research and development on the human tumor microenvironment. In the history of cancer research,
which has been spurred by numerous discoveries since the last century, nematodes have been impor-
tant model organisms for the discovery of cancer microenvironment. First, microRNAs (miRNAs),
which are noncoding small RNAs that exert various functions to control cell differentiation, were
first discovered in C. elegans and have been actively incorporated into cancer research, especially
in the study of cancer genome defects. Second, the excellent sense of smell of nematodes has been
applied to the diagnosis of diseases, especially refractory tumors, such as human pancreatic cancer,
by sensing complex volatile compounds derived from heterogeneous cancer microenvironment,
which are difficult to analyze using ordinary analytical methods. Third, a nematode model system
can help evaluate invadosomes, the phenomenon of cell invasion by direct observation, which has
provided a new direction for cancer research by contributing to the elucidation of complex cell–cell
communications. In this cutting-edge review, we highlight milestones in cancer research history and,
from a unique viewpoint, focus on recent information on the contributions of nematodes in cancer
research towards precision medicine in humans.

Keywords: nematode; microenvironment; cancer; research

1. Introduction

Most nematode species live nonparasitic lives in soil and the ocean; however, many
parasitic nematodes are also present [1]. Several nematodes, including human parasites,
are closely related to human life, and while research on them has advanced, research on
free-living animals has tended to be postponed. Enormous populations of nematodes are
present in the soil, and account for 15% of earth biomass [2]. Cancer research began by
considering the effects of its interaction with the environment before being deepened, and
its complex mechanisms unraveled. Among them, nematodes have appeared in various
points as research subjects or supporters that provide clues to cancer research. Particularly,
as an extension of nematode research, these are: (1) the discovery of RNA interference,
especially microRNAs, in cancer; (2) smell research objects and medical applications in
cancer research; and (3) innovative applied methods for examining cell–cell interactions in
the tumor microenvironment, all of which are discussed in this review article. We noted
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the milestones in cancer research and then focused on the advantages and discussed the
usefulness of nematodes in the study of tumor microenvironment.

2. Milestones in Cancer Research

The cell theory was first described by Schleiden, Schwann, and Virchow [3]. Given
that Rudolf Ludwig Karl Virchow (1821–1902), the founder of cellular pathology, who laid
the foundations for cytopathology, comparative pathology (as a comparison of diseases
common to humans with those common to animals), and anthropology, advocated his Latin
motto “omnis cellula e cellula”, which means that every cell originates from a cell—the
concept has been considered by many other current researchers that alterations in cell
organization were the basis of disease [3,4]. He discovered the concept that only certain
cells or groups of cells become sick, not the entire living body [3–5]. In the 1900s, the concept
that tumors originate from other body parts was beginning to be debated. Considering the
discussion that scrotal cancer, which was seen in factory chimney sweepers, is presumably
due to repeated stimulation under the influence of the Industrial Revolution in Western
countries. It was first described by Percival Pott in 1775 [6], and since then Virchow’s
repetitive stimulus theory regarding cancer has emerged, and Fibiger’s work was a strong
proof of Virchow’s theory; Fibiger received the Nobel Prize in Physiology and Medicine in
1926 because of his parasite carcinogenesis theory, for which he studied a type of parasite
nematode called Spiroptera carcinoma (Gongylonema neoplasticum) [7]. Although, Fibiger’s
Nobel Prize-winning parasite carcinogenesis theory is now believed to have been false,
and a 2004 document investigating the 1926 Physiology and Medicine Award selection
process has stated that it is easy to conclude that Fibiger’s Nobel Prize was wrong today;
historically, it is invalid [7]. In this way, the royal road to the truth is to accumulate
information, which has not been changed until modern life science. At that time, the main
theories included “stimulation theory” and “predisposition theory,” which are discussed
as the cause of cancer. Katsusaburo Yamagiwa succeeded in developing artificial cancer in
1915 by conducting experiments on the steady process of continuously rubbing coal tar on
the ears of rabbits for over 3 years [7]. It remains supported that repetitive stimuli, especially
the importance of inflammation, will contribute closely to the initiation, progression, and
development of cancer, which suggests the importance of the cancer microenvironment.
In 1931, Otto Warburg was awarded the Nobel Prize in Physiology and Medicine for his
study on tumor metabolism and cell respiration, especially cancer cells [8]. The concept of
metabolic reprogramming is now a hallmark of cancer [9,10]. DNA-sequencing techniques,
which are now commonplace and incorporated into standard medical practice, began with
the discovery of the Watson–Crick structure of DNA (double-helix structure) in the late
20th century [11], for which Watson and Crick received the 1962 Nobel Prize in Physiology
and Medicine. Understanding the cancer microenvironment and communications between
cells has become indispensable in understanding cancer overall. The study of the cancer
genome has made great strides.

Rous has found non-epithelial malignancies that infect and develop not only when
cancer cells are transplanted but also when substances extracted from cancer cells are
injected [12]. This finding brought about the viral theory of cancer development. His work
was ridiculed at the time; however, subsequent experiments proved his claim. He was
awarded the 1966 Nobel Prize in Physiology and Medicine with Huggins, who discovered
that hormones suppress the metastasis of certain cancers and showed for the first time
that cancer can be controlled by chemicals [12]. Temin discovered reverse transcriptase
in the 1970s and, along with Dulbecco and Baltimore, received the 1975 Nobel Prize in
Physiology and Medicine [13]. Temin clarified how oncoviruses use reverse transcriptase
to rewrite the genetic information of host cells. The discovery also urged a revision of
the widely believed concept of Central Dogma, advocated by Watson and Crick, since
other molecular biologists at the time believed that genetic information flows in only one
direction, from DNA via RNA to protein. However, Temin demonstrated that in a type of
tumor virus, reverse transcriptase is essential for transmitting genetic information toward
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DNA [13]. Varmus was awarded the Nobel Prize in Physiology and Medicine with Bishop
for discovering the proto-oncogene tyrosine-protein kinase (c-Src), a human oncogene.
Moreover, Varmus discovered that the cancer gene of a retrovirus has a cellular origin [14].
With the application of induced pluripotent stem (iPS) cells, Yamanaka was awarded the
2012 Nobel Prize in Physiology and Medicine, with co-winner Gurdon, for discovering
that mature cells are reprogrammed and pluripotent. After this innovation of iPS tech-
nology [15], several studies have been conducted on the concept of reprogramming the
properties of cells to regenerative medicine. Those concepts, i.e., metabolic reprogramming,
which changes the metabolic mechanism from anaerobic to aerobic, and epigenetic repro-
gramming, which controls cell differentiation by regulating gene expression, have been
applied in the diagnosis and treatment of human diseases. Recently, Honjo received the
Nobel Prize in Physiology and Medicine in 2018 with Allison for the discovery of immune
checkpoint inhibitors and their application to cancer treatment [16,17]. Honjo has been
recognized for his seminal publication in 1992 describing a new molecule, which he termed
programmed death-1 (PD-1), based on its functional role in mediating classical apoptosis
in a T-cell hybridoma and hematopoietic progenitor cells [18]. Although tumor tissues
contain carious components, including epithelial cancer cells, mesenchymal fibroblasts,
blood vessels, and immune cells, given that cancer cells, but not noncancerous cells, harbor
genetic alterations, much emphasis has been placed on the study of genetic alterations
that can attenuate the function of tumor suppressor genes or induce the activation of
tumor-promoting oncogenes [19]. Taken together, the study of genomic losses in cancer
cells allowed the identification of microRNAs (miRNAs), which followed the discovery
of miRNAs in nematodes. C. elegans has been crucial for miRNA research, that helped to
unravel the role of miRNAs in cancer. Therefore, nematodes can be considered as a very
useful tool to human cancer research (Figure 1).
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such as parasitic infections, nematode infections, or chemical substances, which were believed to
induce inflammation in the epithelium. In 1962, DNA’s structure was elucidated, which opened
the avenue to the current genome sequencing technology. Meanwhile, important discoveries were
accumulated regarding viruses and their biochemistry. As a result of the discovery of C. elegans in the
21st century, miRNAs were discovered in human cancer. The iPS technology in regenerative medicine
facilitated the study of reprogramming in cancer research. Immunotherapy is a current rewiring
cancer treatment targeting the cancer microenvironment. The control of cell–cell communications
in the cancer microenvironment is a critical issue in nematode technology. In a schema, sequential
discoveries were illustrated according to the Nobel Prize in the field of cancer research. In the schema,
the knowledge of nematode study induced innovation, which are depicted by three arrows. Detailed
events are described in the text.

3. MicroRNA

Fire and Mello were awarded the Nobel Prize in Physiology in 2006 for their dis-
covery of RNA interference and gene silencing by double-stranded RNA [20]. Fire and
Mellow, along with colleagues Xu, Montgomery, Kostas, and Sam Driver, translated small
double-stranded RNAs (dsRNA) into proteins by disrupting mRNA with complementary
sequences, which led to suppressing a specific gene. They found that dsRNA suppresses
gene expression more efficiently than the previously reported RNA interference by single-
stranded RNA. Since they needed short dsRNA, they suggested involving a catalytic
process, and this hypothesis was substantiated by later studies [21,22]. The microRNAs
lin-4 and lin-14 were discovered using genetic analysis of developmental timing mutants
in C. elegans [23,24]. The study of the developmental timing pathway was pioneered by
Brenner, Sulston and Horvitz on the genetics and cell lineage of C. elegans [25,26]. Horvitz
defined several components of programmed cell death. C. elegans was key in understanding
the general features of miRNA biology, which brings about the evaluation of the function of
miRNAs [27]. In contrast, the microRNAs miR-15 and miR16 in cancer were discovered first
in humans by positional cloning tumor suppressor genes of hematopoietic malignancies
in cancer research of chromosome 13 [28], and the expression of these microRNAs was
associated with the progression of chronic lymphocytic leukemia [29]. A study on lung
cancer has shown that the expression of the microRNA let-7 in human solid tumors, such
as lung cancers, was decreased and associated with shortened postoperative survival [30].
The study has indicated that the expression of miRNAs successfully classifies poorly differ-
entiated tumors using miRNA expression profiles, whereas messenger RNA profiles are
highly inaccurate, suggesting the potential of miRNA profiling in cancer diagnosis [31].

4. Smell Research

It is common knowledge that some animals have sensory abilities superior to those
of humans, such as smelling, and animal use will fill the gap in achieving detection of
phenomena via smelling [32]. In a study by Lo et al., memory tests of Canis familiaris,
Rattus norvegicus, and Homo sapiens indicated that dogs were superior to rats and that dogs
and rats were superior to humans [33]. The study has suggested that the relatively poor
performance of humans contrasts with high recognition memory for odors, suggesting
that humans complement their low sensory abilities with intelligence and emotions [33].
Therefore, using animals will be better for objective testing. Incidentally, there have been
some subjective opinions that patients with cancer have a peculiar odor; however, there was
no way to objectively investigate this theory. Attempts were made to use animals to test this
theory as objectively as possible. To examine the ability of beagle dogs to discriminate fresh
biopsy and discharge samples from patients with cervical cancer, which is based on the
impression of clinical doctors that cervical cancer with discharges might express any odors,
a double-blinded procedure was performed. The results indicated that trained dogs seemed
useful as a noninvasive alternative method for identifying patients with cervical cancer [34].
Moreover, another study has indicated that canine olfaction can detect liquid samples from
breast cancer and colorectal cancer cell cultures, although dogs could not discriminate the

328



Curr. Issues Mol. Biol. 2022, 44

odor of metabolic wastes between breast and colorectal cancers [35], suggesting that such
animals sense some odors that have not been characterized so far. Although dogs may be
considered good candidates for scent test detectors, the cost for training and maintenance is
relatively high, which inhibits repeats and requires several examinations a day to confirm
its reproducibility, which humps a large-scale study [32].

Nematodes may be an ideal tool to assess odorants from samples, such as urines
of patients with cancer, and study uncharacterized mechanisms that will reflect tumor
microenvironments. Studies have indicated that C. elegans could discriminate urine sam-
ples from patients with cancer from those obtained from healthy individuals [36]. The
receiver operating characteristic (ROC) analysis has indicated that tests using C. elegans had
a higher diagnostic ability than those using classical tumor markers; moreover, C. elegans
showed a significant difference in behavior before and after tumor removal, suggesting
that the C. elegans test will be useful in monitoring patients postoperatively [37]. Moreover,
a relatively large study involving 180 urine samples from patients with gastrointestinal
cancer and 76 samples from healthy participants has demonstrated that gastrointestinal
cancer screening test has a high sensitivity, with a significant value of 0.80 in the ROC
analysis, even in early-stage cancers [38]. Furthermore, a nationwide study group com-
prising high-volume centers throughout Japan to collect patients with pancreatic cancer
reported that an open-label study involving 83 cases (stage 0–IV) of pancreatic cancer
showed the efficacy of the C. elegans test to detect pancreatic cancer; a blinded study on
28 cases conducted by comparing patients with very early stage pancreatic cancer indicated
that preoperative urine samples had a significantly higher chemotaxis index than postop-
erative samples in patients with pancreatic cancer; using the changes in the preoperative
and postoperative chemotaxis index, this method had a higher sensitivity for detecting
early pancreatic cancer than existing diagnostic markers, suggesting the rationales for the
clinical application of C. elegans in the early diagnosis of pancreatic cancer [39]. In contrast,
a study on the mechanism of genetically engineered mice indicated that the C. elegans test
detected the urine of oncogenic KrasG12D mouse model, which is frequently mutated and
activated in pancreatic cancer in humans, whereas the role of mouse c-Met, a receptor of
hepatocyte growth factor, was not detected [40], suggesting that the downstream products
of mouse KrasG12D is involved in the chemotaxis or olfactory behavior response alteration
in C. elegans.

Many parasitic nematodes actively search for hosts to infect by using volatile chemical
cues [41]. By understanding the olfactory signals of free-living nematodes as conventional
research tools, we will be able to apply the knowledge to prevent infection by parasitic
nematodes in humans. Eventually, the study of circuit mechanisms has allowed the
identification of substances, including odorants, gases, and pheromones, that C. elegans
respond to [41]. It shows that chemosensory neurons of C. elegans include: amphid wing C
(AWC), which functions as an attraction by sensing odors, temperatures, carbon dioxide,
salt, osmotic pressure, and pH; AWA olfactory neuron, which functions as an attraction
by sensing odors; ASH sensory neuron, which mediates avoidance by sensing odors,
soluble chemicals, and mechanical and osmotic stimuli; BAG neuron, which functions as
avoidance (adults) or attraction (daughters) by sensing carbon dioxide and oxygen; and
ADL neuron, which functions as avoidance by sensing odors and pheromones [41] (https://
www.wormatlas.org) (accessed on 1 November 2021). The proposed models of microcircuit
motifs present in the olfactory system of C. elegans indicate two stages. First, the feedback-
inhibition regulatory system can elicit odor adaptation [42]. In the absence of an odor,
AWC olfactory neurons will release neuropeptide-like protein 1 (NLP-1), which binds the
neuropeptide receptor resemblance-11 (NPR-11) on the surface of AIA interneurons to
inhibit their activity. In contrast, in the presence of an odor, AWC activity is suppressed,
resulting in a decrease in NLP-1 signaling and leads AIA to release insulin-related 1 (ins-1),
which inhibits AWC [42]. Second, the reciprocal inhibition system can modulate feedings
in an odor environment [43]. In the presence of attractive odors, nematodes increase their
feeding. As a mechanism, attractive odorants, such as diacetyl, are sensed by AWA neurons
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and cause the release of serotonin (5-hydroxytryptamine, 5-HT) from NSM neurons. 5-HT
binds MOD-1 (Modulation Of locomotion Defective), a serotonin-gated chloride channel
on RIM and RIC interneurons, resulting in inhibition and an increase in feeding. In contrast,
the presence of repulsive odors decreases feeding caused by repellents, such as quinine, or
high concentrations of isoamyl alcohol, which are sensed by ASH neurons and promote
the release of octopamine and tyramine from RIM and RIC. Octopamine and tyramine
bind to the tyramine receptor (SER-2) on NSM neurons and inhibit serotonin release [43].
As such, uncharacterized substances, including some volatiles, may be involved in the
response to stimuli in nematodes [36,39,44]. A study on urine samples from patients with
pancreatic cancer showed unique patterns of volatile organic compounds, suggesting that
they are useful in distinguishing between cancer and inflammation in the pancreas [45].
Moreover, a study on pancreatic ductal adenocarcinoma has indicated that acetone, 2-
pantanone, 4-methyl-2-heptanone, D-limonene, and levomenthol were possible volatile
organic compounds and metabolite biomarkers in urine, though both chronic pancreatitis
and pancreatic ductal adenocarcinoma were investigated [46]. Furthermore, another study
has suggested several candidate volatile organic compounds, including 2-octonone and
pentanal, as these compounds increased in the urine of patients with prostate cancer
compared with those in healthy controls [47].

Recent studies of lung cancer have indicated that volatile organic compounds in
breath are potentially associated with disease progression, suggesting its usefulness as
a biomarker [48–53]. A study on the linkage between volatile organic compounds and gene
mutations of KRASV12 and TP53 has indicated that genetic changes lead to detectable
differences in levels of specific volatile organic compounds in cell culture experiments,
suggesting that breath analysis can be used for detecting cancers [54]. Volatile organic
compounds may be involved in other mutations observed in cancer [55].

The gene mutation-related mechanism by which nematodes sense the smell of cancer
is interesting. Substances that can stimulate nematode nerve cells may be released from
cancerous tissues under the control of KrasG12D, but not Met activation, which elicited
a response from nematode nerve cells according to animal experiments [40]. Metabolites
located downstream of KRASG12D may be involved. However, a clinical sequence study
has indicated that KRAS is mutated in more than 90% of cases of pancreatic cancer, with
frequent associations with other mutations, such as mothers against decapentaplegic ho-
molog 1 (SMAD1) family in the transforming growth factor beta 1 (TGF-β) pathway, and
tumor suppressor genes, including tumor protein P53 (TP53) and cyclin-dependent kinase
inhibitor 2A (p16Ink4a) [56]. Recently, a study on the metabolism in pancreatic cancer has
demonstrated that pancreatic cancer cells rely on the distinct pathway in which glutamine
supports pancreatic cancer growth through a KRAS-regulated metabolic pathway [57].
Glutamine is converted to oxaloacetate by aspartate transaminase (GOT1), and oxaloac-
etate is converted further into malate and then pyruvate, and this metabolic pathway is
associated with an increase in the NADPH/NADP+ ratio, resulting in the maintenance
of the cellular redox state [57]. Taken together, it appears that various metabolic pathway
abnormalities occur downstream of the KRAS mutation in pancreatic cancer, which results
in the generation of substances that affect the odorant behaviors of nematodes. Further
studies undoubtedly will be necessary to further understand the mechanism of C. elegans
sensing to develop an efficient innovative tool (Figure 2).
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Figure 2. Schema for the nematode scent test of cancer. Given that cancer is a genetic disease har-
boring the accumulation of several mutations of malignant phenotype-promoting oncogenes and 
tumor suppressor genes. In pancreatic cancer, mutations in KRAS and TP53 occur frequently, which 
stimulate the downstream signals in cancer cells, influencing the surrounding mesenchymal fibro-
blasts, vessels, neural cells, and immune cells in the tumor microenvironment. Studies have indi-
cated that C. elegans respond differentially to the presence or absence of tumors by sensing liquid 
samples, such as urine from patients with cancer. As a mechanism, volatile organic compounds, the 
production of which was elicited in the influence of genetic mutations of KRAS and TP53, may be 
involved in the behavior reaction by stimulating the neural system in nematodes. Detailed events 
are described in the text. 
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actin-based adhesive structures formed as cell protrusions at sites of cell–extracellular ma-
trix contacts on the ventral membrane of various cell types in tumor tissues [58]. In-
vadosomes are referred to as podosomes when they are found in normal cells and invado-
podia when they are found in cancer cells. In this review, we discussed both, considering 
that common mechanisms are shared between them [59,60]. In vivo invadosome homo-
logs have been reported in developmental model systems, including C. elegans [61]. The 
phenomenon of invasion occurs during both physiological and pathological processes. 
The formation of invadosomes is observed in various cells, including vascular cells, mon-
ocytic cells, osteoclasts, cancer cells, fibroblasts, and cancer-associated fibroblasts, which 
are transformed by oncogenic signals on almost all life processes in different stages of 
embryonic and tissue development, wound-healing, inflammation, and cancer invasion 
and metastasis, which are characteristics of the tumor microenvironment [60,62]. The 
structures of invadosomes were first discovered in a study of chicken embryo fibroblasts 
transformed using v-Src, a viral oncogene found in Rous sarcoma virus (RSV) [63]. The 
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Figure 2. Schema for the nematode scent test of cancer. Given that cancer is a genetic disease
harboring the accumulation of several mutations of malignant phenotype-promoting oncogenes
and tumor suppressor genes. In pancreatic cancer, mutations in KRAS and TP53 occur frequently,
which stimulate the downstream signals in cancer cells, influencing the surrounding mesenchymal
fibroblasts, vessels, neural cells, and immune cells in the tumor microenvironment. Studies have
indicated that C. elegans respond differentially to the presence or absence of tumors by sensing liquid
samples, such as urine from patients with cancer. As a mechanism, volatile organic compounds, the
production of which was elicited in the influence of genetic mutations of KRAS and TP53, may be
involved in the behavior reaction by stimulating the neural system in nematodes. Detailed events are
described in the text.

5. Innovative Method for Studying the Tumor Microenvironment

Recently, animal models, including nematodes, are used for basic studies for medical
applications, such as mechanism studies and drug discovery, as summarized in [32]. Here,
we focused on another application to study the tumor microenvironment using C. elegans.
Recent studies have reported, in general, the importance of invadosomes, including po-
dosomes and invadopodia, which are involved in cell–cell interactions via specialized
F-actin-based adhesive structures formed as cell protrusions at sites of cell–extracellular
matrix contacts on the ventral membrane of various cell types in tumor tissues [58]. Invado-
somes are referred to as podosomes when they are found in normal cells and invadopodia
when they are found in cancer cells. In this review, we discussed both, considering that
common mechanisms are shared between them [59,60]. In vivo invadosome homologs
have been reported in developmental model systems, including C. elegans [61]. The phe-
nomenon of invasion occurs during both physiological and pathological processes. The
formation of invadosomes is observed in various cells, including vascular cells, monocytic
cells, osteoclasts, cancer cells, fibroblasts, and cancer-associated fibroblasts, which are
transformed by oncogenic signals on almost all life processes in different stages of em-
bryonic and tissue development, wound-healing, inflammation, and cancer invasion and
metastasis, which are characteristics of the tumor microenvironment [60,62]. The structures
of invadosomes were first discovered in a study of chicken embryo fibroblasts transformed
using v-Src, a viral oncogene found in Rous sarcoma virus (RSV) [63]. The small size and
transparent nature of C. elegans offer an important feature of being able to visualize invasive
protrusions in vivo, which can address the issues in observing in higher organisms. Thus,
C. elegans is often used as a model system in studies of developmental processes [61]. The
genome of C. elegans encodes orthologs of most components implicated in invadosome
formation or function, including Src [64,65]. Studies have reported that one exception to
the structural components observed in C. elegans is cortactin, a key regulator of invadosome
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formation in cancer cells in vitro, suggesting that the common mechanism is shared over
species [64,66,67], showing the valuable significance of nematode application to human
life science. The first study that has used C. elegans has indicated that in vivo screening of
genes regulating invadopodia allowed the identification of genes promoting invadopodia
function in vivo—cell division control protein 42 homolog (CDC42) and Rab GDP dissocia-
tion inhibitor 1 (Gdi1)—which are involved in the direct control of invadopodia formation.
The aforementioned results clarified the notion that invadopodia formation requires the
integration of distinct cellular processes coordinated by an extracellular cue [68]. For the
screening of cell–cell interactions and cytokines and chemokines, especially volatile organic
compounds secreted and contained in the cancer microenvironment and expectedly sensed
by nematodes as the cancer screening, the nematode system is expected to produce new
results that have never been seen.
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Abstract: The membrane-active nature of phospholipase A2-derived peptides makes them potential
candidates for antineoplastic and antibacterial therapies. Two short 13-mer C-terminal fragments
taken from snake venom Lys49-PLA2 toxins (p-AppK and p-Acl), differing by a leucine/phenylalanine
substitution, were synthesized and their bioactivity was evaluated. Their capacity to interfere with
the survival of Gram-positive and Gram-negative bacteria as well as with solid and liquid tumors
was assessed in vitro. Toxicity to red blood cells was investigated via in silico and in vitro techniques.
The mode of action was mainly studied by molecular dynamics simulations and membrane permeabi-
lization assays. Briefly, both peptides have dual activity, i.e., they act against both bacteria, including
multidrug-resistant strains and tumor cells. All tested bacteria were susceptible to both peptides,
Pseudomonas aeruginosa being the most affected. RAMOS, K562, NB4, and CEM cells were the main
leukemic targets of the peptides. In general, p-Acl showed more significant activity, suggesting
that phenylalanine confers advantages to the antibacterial and antitumor mechanism, particularly
for osteosarcoma lines (HOS and MG63). Peptide-based treatment increased the uptake of a DNA-
intercalating dye by bacteria, suggesting membrane damage. Indeed, p-AppK and p-Acl did not
disrupt erythrocyte membranes, in agreement with in silico predictions. The latter revealed that the
peptides deform the membrane and increase its permeability by facilitating solvent penetration. This
phenomenon is expected to catalyze the permeation of solutes that otherwise could not cross the
hydrophobic membrane core. In conclusion, the present study highlights the role of a single amino
acid substitution present in natural sequences towards the development of dual-action agents. In
other words, dissecting and fine-tuning biomembrane remodeling proteins, such as snake venom
phospholipase A2 isoforms, is again demonstrated as a valuable source of therapeutic peptides.

Keywords: Agkistrodon; leucine; membrane; phenylalanine; venom peptides
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1. Introduction

Bioactive peptides have opened a new horizon in drug discovery and are currently
considered a cornerstone in developing therapies for cancer and bacterial infections [1].
In the last years, more than 7% of Food and Drug Administration-approved drugs are
peptide-based entities [2]. Yet, the design and refinement of these active structures are
highly challenging [3], and several prediction models and tools are being proposed and
have been made available in recent years [4,5]. However, despite these bioinformatics and
statistical advances, the isolation of peptides from natural sources, the identification by
genomic and transcriptomic investigations, or the synthesis of molecular region mimics of
target proteins remain useful both to discover new structures and to understand functional
aspects that are crucial for the selection of more potent and selective molecules [6,7].

Toxins are natural products characterized by experiencing critical selective pressures
for their action in pathways and cell structures of biomedical interest [8]. In snake ven-
oms, a diversity of protein isoforms is found [9]. This repertoire of molecules with subtle
differences in the primary structure offers ample opportunity to find therapeutic applica-
tions and obtain relevant information to elaborate predictive models and synthesize more
efficient molecules. Biomedical products derived from toxins are a classical example of
the pivotal contribution of natural products in the drug discovery process. An important
precedent is Captopril, an antihypertensive synthetic analogue of one short molecule from
Bothrops jaracaca, which is considered the first member of angiotensin-converting enzyme
inhibitor medications [10]. In this connection, snake venom phospholipases A2 (PLA2)
are a diverse group of great pharmaceutical relevance [11]. The PLA2 family is extremely
capable of interacting, modifying, and disrupting membrane lipids [12,13]. Additionally,
the membranes of pathogens and cancer cells are an attractive target for low-resistance ther-
apeutic approaches [14]. Thus, many lytic PLA2-derived peptides with antitumor [15,16],
leishmanicidal [17], and antibacterial [18,19] effects have been synthesized to reproduce
biological interactions between the C-terminal of the protein templates and biomembranes.
The peptide p-AppK (KKYKAYFKLKCKK) is a specific example of that, inspired in the
myotoxic C-terminal region of a Lys49-PLA2 derived from the snake Agkistrodon piscivorus
piscivorus. This short synthetic molecule has antitumoral activity against murine tumor
cell lines, such as sarcoma, melanoma, mammary carcinoma, and others [15]. p-AppK is
amongst the PLA2-mimicking peptides with highest cytotoxic activity, higher than that
of pEM-2 that is recognized by its in vivo action [15]. Curiously, the 115–129 C-terminal
region from the snake Agkistrodon contortrix laticinctus, corresponding to peptide p-Acl
(KKYKAYFKFKCKK), has high sequence identity with p-AppK, differing only in the amino
acid residue at position 9 (where p-Acl has a phenylalanine in place of the leucine present in
p-AppK). Peptide p-Acl has not been previously evaluated against either bacteria or cancer
cells, whereas some authors have reported that the presence of phenylalanine in certain
peptide sequences is a determinant factor for the display of anticancer and antibacterial
activities. Phenylalanine-containing peptides selectively recognize and fuse to certain
membranes [20,21]. In view of this, we synthesized p-AppK and p-Acl for comparative
evaluation of their cytotoxic and antibacterial activities, in order to establish structure–
activity relationships (SAR) that can guide the bioengineering of novel peptides with dual
therapeutic activity. These were further simulated in silico, to obtain a molecular-level
picture of the effects induced by the peptides upon interaction with bacterial and eukaryotic
(healthy and cancerous) cell membranes. Results herein reported confirm both peptides
as dual-action therapeutic leads, where the Leu→Phe substitution, from p-AppK to p-Acl,
apparently leads to an increase in peptide’s antibacterial and antiproliferative potency.

2. Materials and Methods
2.1. Sequence Analysis

Online bioinformatics tools were used to perform amino acid sequence analysis of the
peptides. A functional study was first run using CAMPR3 (http://www.camp.bicnirrh.res.in
/prediction.php, accessed on 1 December 2021). AntiCP (https://webs.iiitd.edu.in/raghava/
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anticp/index.html, accessed on 1 December 2021), ACPred (http://codes.bio/acpred/, ac-
cessed on 1 December 2021), and CPPred-RF (http://server.malab.cn/CPPred-RF/index.jsp,
accessed on 1 December 2021) were also used to predict the antimicrobial, anticancer,
and cell-penetrating properties of both peptides, respectively. The Rational Design of
Antimicrobial Peptides tool in CAMPR3 (http://www.camp.bicnirrh.res.in/predict_c21/,
accessed on 1 December 2021) was next employed to generate peptide analogues to
confirm whether the exchange of amino acids found in nature is predicted as favor-
able to the antimicrobial activity by different software algorithms (Support Vector Ma-
chine, Random Forest, and Discriminant Analysis classifiers). Finally, PepDraw (http:
//www.tulane.edu/~biochem/WW/PepDraw/, accessed on 1 December 2021) was used
to calculate the peptides’ total net charge, PI and hydrophobicity, taking into account the
C-terminal amidations.

2.2. Peptide Synthesis

C-terminally amidated p-AppK and p-Acl peptides were assembled in a CEM Liberty
1 system employing a rapid MW-SPPS protocol on Rink amide-MBHA resin. Once the
elongation of the polypeptide chain ended, the peptide was fully deprotected and cleaved
from the resin by a 2 h acidolytic treatment, at room temperature (RT), using a cocktail
containing 95% trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIS), and 2.5% water.
The crude peptides thus obtained were precipitated with cold diethyl ether, centrifuged,
and the peptide pellets collected, re-dissolved in 10% aqueous acetic acid, and lyophilized.
The peptides were then purified by RP-MPLC using the same conditions described by
Almeida et al. (2018) [19]. The purity degree of peptides was determined by reverse-phase
high performance liquid chromatography (RP-HPLC), and the purification step repeated,
if necessary, until a minimum purity of 95% was reached. Finally, the molecular identity
of the pure peptides was confirmed by ESI-IT MS, using an LTQ OrbitrapTM XL hybrid
mass spectrometer.

2.3. Hemolysis Assays

The erythrocyte-lysing potential of the peptides was analyzed by in silico and in vitro
approaches. The hemolytic peptide modules of the following bioinformatics tools: HLPred-
Fuse (http://thegleelab.org/HLPpred-Fuse/, accessed on 1 December 2021), HAPPENN
(https://research.timmons.eu/happen, accessed on 1 December 2021), HEmoPI (https:
//webs.iiitd.edu.in/raghava/hemopi/, accessed on 1 December 2021), and HempPImod
(https://webs.iiitd.edu.in/raghava/hemopimod/ter_str.php, accessed on 1 December
2021) were used to predict the effect on the RBC. Quantitative in vitro hemolytic activity
assays against heparinized collected human RBC (type AB Rh-) were performed as previ-
ously reported by Proaño-Bolanos et al., 2019 [22]. Briefly, a suspension of the mammalian
cells was incubated with different concentrations of peptides dissolved in PBS buffer for 2 h
at 37 ◦C. After this procedure, the material was centrifuged, and the supernatant aliquoted
to a 96-well microplate. The percentage of disrupted RBC was quantitated by spectropho-
tometry, based on absorbance readings at 405 nm using a VersaMax multiwell plate reader
(Molecular Devices, Sunnyvale, CA, USA). Erythrocytes incubated with Triton 2%, a known
membrane-damage agent, were taken as positive control (100% hemolysis). Hemolytic
assays were performed in triplicates at least three times.

2.4. Antibacterial Activity

The broth microdilution method was used to determine whether p-AppK and p-Acl
display antibacterial properties. This evaluation was performed on three Gram-negative
(Pseudomonas aeruginosa 31NM, P. aeruginosa ATCC 27853, and Escherichia coli ATCC 25922)
and two Gram-positive (Staphyloccocus aureus BEC9393 and S. aureus Rib1) bacterial strains.
The bacterial growth inhibition protocols were as detailed in a previous report from our
group [19]. Briefly, the mid-log phase bacterial growth suspensions were incubated for 24 h
with the synthetic peptides in a 96-well microplate. After this period, bacterial growth was
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determined, considering the absorbance values at 595 nm. Optical density measurements
of bacterial suspensions incubated in medium only were taken as 100% growth. Three
independent experiments were carried out in triplicate.

2.5. Membrane Damage

The effect of p-AppK and p-Acl on the membranes of Gram-positive (S. aureus
BEC9393) and Gram-negative (P. aeruginosa ATCC 27853) bacteria was investigated using
propidium iodide (PI) uptake assays. The bacteria were cultured and exposed to 100 µM
peptides and PI (15 µg/mL). Aliquots (200 µL) of the test solutions were added to 96-well
microplates. The time-dependent changes in PI fluorescence were quantified and recorded
at excitation and emission wavelengths of 580 and 620 nm, respectively, for 30 min, using a
VersaMax fluorescence microplate reader (Molecular Devices, Sunnyvale, CA, USA). The
membrane damage was assessed by three independent assays performed in triplicate.

2.6. Cytotoxicity

In vitro cell viability assays were conducted to screen the anticancer properties of pep-
tides p-AppK and p-Acl. The assays were based on colorimetric detection of the enzymatic
reduction of 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) that
occurs in viable cells. A vast repertoire of 13 solid tumors and 10 leukemia cell lines from
the cell bank of the Integrated Center for Childhood Onco-Hematological Investigation
(UNICAMP, Brazil) was used. Namely, the following solid malignant neoplasms were
used: OVCAR (human ovarian adenocarcinoma), MACL1 and MGSO3 (human primary
breast cancer), MCF7 (human breast adenocarcinoma), VW473 (human medulloblastoma),
MG63 (human osteosarcoma), SHSY5S (human neuroblastoma), NCI (non-small cell lung
cancer), U138 (human neuronal glioblastoma), U87 (glioblastoma), PC3 (human prostate
cancer), H1299 (human non-small cell lung carcinoma), and HOS (human osteosarcoma).
Leukemia cell lines included K562 (chronic myeloid/chronic myelogenous human), NB4
(human acute promyelocytic leukemia), HL60 (acute promyelocytic leukemia), RAMOS
(human Burkitt lymphoma), NALM6 (acute B lymphoblastoma), B15 (human B cell pre-
cursor leukemia), REH (acute lymphocytic leukemia non-T; non-B), JURKAT (human
T cell lymphoblast-like), TALL (acute lymphoblastic T-cell leukemia), and CEM (human
acute lymphoblast leukemia). All procedures were run in automated mode on a Liquid
Handling Workstation epMotion 5070 (Eppendorf). Firstly, the cell lines used in this investi-
gation were cultured in plastic bottles (75 mL) in the presence of RPMI 1640 (Sigma R6504)
medium supplemented with 10% fetal calf serum, 1% penicillin (IU/mL), and streptomycin
(10 mg/mL) at 37 ◦C under humidified air with 5% CO2. The tumor cells were distributed
in 96-well microplates and were exposed to 100 µM solutions of the synthetic peptides.
The metabolic activity of cells was measured by spectrophotometric monitoring of the
absorbance at 570 nm on a Synergy ELISA plate reader (Bio Tek Instruments). Two reference
antineoplastic drugs, paclitaxel and vincristine, were used as positive controls, whereas
cells growing in medium alone was taken as 100% viability (negative control). The results
were expressed as cell viability inhibition and represent three independent experiments
run in triplicate.

2.7. Molecular Dynamics Simulations
2.7.1. Membrane Model

We modelled six different membranes of pure and mixed composition, each with
either p-Acl or p-AppK peptides inserted across them, generating a total of twelve different
systems. The membranes were inserted in rectangular boxes of water extending by 32 Å
beyond the membrane headgroups. Counter-ions (K+ and Cl−) were used to neutralize the
system (Supplementary Materials).

The number of phospholipids per membrane was 140; the total number of atoms
was 37,447–48,190, depending on the specific membrane simulated. The six membrane
models were composed of: 100% 2,3-dioleoyl-d-glycero-1-phosphatidylserine (DOPS, mem-
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brane 1, a totally negative membrane, which might exist in small, specific regions of the
eukaryotic membrane, and for which the peptides should have maximal affinity); 100%
2,3 dipalmitoyl-d-glycero-1-phosphatidylcholine (DPPC, membrane 2, representing the
dominant zwitterionic composition of eukaryotic membranes); 86% 1-palmytoil-2-cis-9,10-
methylenehexadecanoyl-phosphorylethanolamine (PMPE); 4% palmitic acid (PAL); 4%
palmitoleic acid (PALO); 4% oleic acid (OLE); 2% myristic acid (MYR, membrane 3, whose
composition was taken from Almeida et al., 2018); 60% PMPE; 31% 1-palmitoyl-2-oleoyl-
sn-glycero-3-[phospho-rac-(1-glycerol) (POPG); 6% cardiolipin with head group charge −2
(PVCL2); and 3% tetraoleoyl cardiolipin with head group charge −2 (TLCL2, membrane 4,
whose composition was taken from Sahoo et al., 2017). Thymocytes-like membrane consti-
tuted by 13 different lipidic components (membrane 5, whose composition was taken from
van Blitterswijk et al. [23] and is detailed in Supplementary Materials Table S1); and finally,
a leukemia-like membrane constituted by 15 different lipidic components (membrane 6, com-
position taken from Van Blitterswijk et al. and detailed at Supplementary Materials Table S2).
In summary, membranes 1 and 2 represent the extremes of the spectrum of the composi-
tion of eukaryotic membranes, which have a mix of anionic and zwitterionic phospho-
lipids in different percentages at different regions; membranes 3 and 4 model the E. coli
membrane; and membranes 5 and 6 are models for thymus and leukemia cancer cell
membranes, respectively.

2.7.2. Molecular Dynamics Simulations

A series of molecular dynamics simulations were carried out within the GROMACS
2018 software package [24]. We conducted a 5000-step minimization for each membrane–
peptide system to remove eventual tensions or clashes in the system’s structure. Subse-
quently, the systems were gradually heated to 303.5 K in a 100 ps simulation using the
Berendsen thermostat [25]. The density and interactions of the system were equilibrated in
a 1 ns long simulation in the isothermal-isobaric ensemble (NPT) with decreasing restraints
forces. At last, a production run of 200 ns was conducted in the NPT ensemble with Berend-
sen barostat [25]. The cut-off for the Lennard-Jones interactions was set to 12 Å. Coulomb
interactions were treated using the Particle Mesh-Ewald (PME) summation method [26],
with a cut-off of 12 Å for the real part of the sum. The time step of numerical integration
was 2 fs (details in Supplementary Materials Table S3).

3. Discussion

Peptide drugs constitute an emerging therapy occupying a prominent market niche in
the pharmaceutical industry trends [27,28]. The peptide therapeutics market is progress-
ing with very favorable prospects, recognized potential, recent successful approvals by
regulatory agencies and economic expansion [2]. The years of evolution of these com-
pounds reveal clues for the selection of new hits, and simultaneously, new data to refine
the statistical and computational models of prediction [29,30]. The bioengineering and
optimization of antibacterial and antitumor peptides have been automated today [31,32].
The development of tools, methods, and computational algorithms has allowed significant
advances in the peptide design and the understanding of critical interactions for the mech-
anism of action of these molecules [33,34]. However, in parallel, screening from natural
resources, such as animal venoms and secretions, continues to be of great interest to the
scientific and pharmaceutical community [35]. Motivated by this, in the present work,
we combined computational and experimental approaches to evaluate the potential dual
effects of structurally similar peptides derived from Lys49 toxins from snake venoms.

p-AppK was one of the first peptides mimicking PLA2s proteins reported to display
antitumor properties. This peptide is active against B16 (melanoma), EMT-6 (mammary
carcinoma), S-180 (sarcoma), and P3X (myeloma), with IC50 values between 56 µM and
156 µM, being more potent against melanoma [15]. The present work extends the under-
standing of the spectrum of bioactivity of this peptide by investigating its capacity to inhibit
bacterial growth, not characterized previously. This enabled confirmation of the dual-action
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of p-AppK, which is proven efficient against Gram-positive and Gram-negative bacteria,
including the multidrug-resistant (MDR) clinical isolates P. aeruginosa 31NM, S. aureus
rib1 and S. aureus BEC93. The present study additionally covered the characterization
of peptide p-Acl, which differs from p-AppK in a single amino acid residue (Leu→Phe).
Both peptides recapitulate short fragments derived from the C-terminal end of snake
venom PLA2 isoenzymes, and p-Ac1 was found to retain the antibacterial activity profile of
p-AppK. Relevantly, the parent PLA2s from which both peptides derive are catalytically
inactive isoforms. Yet, they retain the ability to disturb bacterial cell membranes by a
mechanism independent of the enzymatic hydrolysis dictated primarily by the leading
role of cationic and hydrophobic residues in the protein C-terminal region [36]. Hence, it
is herein demonstrated that such ability is conserved by the synthetic peptides mimick-
ing this region, as a rapid influx of PI into Gram-positive and Gram-negative cells was
detected upon peptide treatment. The uptake of this cell-impermeable DNA dye reveals
that the structural and dynamic properties of bacterial membranes were significantly com-
promised in the presence of synthetic peptides, which was further supported by molecular
dynamics simulations. Thus, the alteration of the integrity of specific layers of membranes
induced by the 13-mer peptides should have functional consequences that can lead to
loss of intracellular content and affect the survival of bacteria. Won and Ianoul (2009)
have demonstrated the ability of pEM-2, a modified peptide also derived from a PLA2, to
interact with membrane phospholipids and induce cell lysis, which has been reported to
be dependent on the lipid composition of the bacterial membrane and directly affected
by hydrophobic interactions [36,37]. In general, the detergent and membrane disruptive
action has been widely used as a strategy by many antimicrobial peptides and is seen
as a promise to transform such peptides into therapeutics based on targeting bacterial
membrane phospholipids [38,39].

Low toxicity is a keystone for the translational success of candidate peptides. Impor-
tantly, the biomimetic peptides herein studied did not promote lysis of the erythrocyte
membrane in biologically active concentrations, suggesting selectivity and confirming the
functional predictions determined by bioinformatics analyses. In earlier works addressing
PLA2 peptide mimics, similar results were found, confirming this type of synthetic peptides
as non-hemolytic [18,40]. Although red blood cells are considered a classical model for
the initial assessment of peptide toxicity, further works should consider the use of other
healthy cells. The tunability and simple peptide synthesis enable an easy fine-tuning, which
contributes to selectivity and generation of safer and efficient analogues [28].

A selective molecular recognition ability was also suggested by the cytotoxicity assays.
Despite promising activity in a wide variety of cancer cells, both peptides were inactive
or showed low activity against some solid tumor cell lines, such as U138, MGSO3 and
VW473. In agreement with this selective behavior, different profiles were obtained for
leukemic cells as both peptides were strongly active against leukemic cells (particularly
NB4, RAMOS and CEM). This selectivity is probably due to the diversity in the complex
composition of membrane lipids, which are often suggested as primary targets for bioactive
peptides [41], especially those derived from, or inspired in, membrane binding toxins.
Cells that are similarly affected must have an analogous membrane lipid composition:
for instance, p-Acl is more active in two lines of osteosarcoma cells (HOS and MG63),
in line with the higher structural similarity between their respective membranes [42]. In
view of this, the knowledge of the lipidome profile of different tumor cells might help
to develop anticancer pharmaceuticals [43,44] acting via selective tumor cell membrane
permeation. The molecular basis behind antitumor effects detailed here has not been
experimentally accessed. However, it is likely based on lytic activity as evidenced for
antibacterial action and reported for other anticancer peptides [45,46]. Additionally, our in
silico approach suggested a possible cell-penetrating capacity, which may be in line with
the antitumor activity and should be confirmed in the future. The molecular dynamics
simulations shown here provide further support for this hypothesis, as the peptides induce
rapid and spontaneous membrane permeability. These observations can lead to applying
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these peptides as tumor-cell-targeting carriers, facilitating the transport of impermeable
drugs into the cell, hence enabling their action and clinical application. Combining these
anticancer peptides with clinical drugs can also be an exciting route for the generation
of combined therapies that potentiate antineoplastic effects and allow a fast and efficient
clinical response. Oncolytic peptides have shown promising in vivo effects, being of
relevance for the clinical development of a new generation of antineoplastic drugs [47].
Further studies should access the mode of action of p-AppK and p-Acl and evaluate the
activity of scrambled versions to understand better the differences in cell recognition,
especially in solid tumor cells.

Overall, this work confirms dual functionality for both p-AppK and p-Ac1, which
highlights how membrane-binding toxins such as PLA2s are potential starting points to
obtain short molecules capable of targeting cancer and bacterial cell membranes. Other
previous studies have also reported potent antibacterial and antineoplastic peptides struc-
turally related to p-AppK and p-Acl, such as pEM-2 [15], pep-MTII [16], pBmje [48] and
pepBthTX-I [49]. Interestingly, these peptides were inspired in isoforms of membrane-
remodeling proteins whose C-termini are highly homologous to those of our template
proteins. As expected, p-AppK and p-Acl exhibit similar physicochemical properties,
which also closely resemble those of other anticancer and/or antimicrobial peptides de-
rived from PLA2s, namely the synthetic peptides mentioned above. Thus, all these peptides
are highly cationic, possessing high pI values and several hydrophobic residues. Com-
monly, peptide charge and hydrophobicity have been highlighted as flagships in the
development of antibacterial agents, taking into account the specific features of bacterial
membranes [50]. Still, p-Acl generally demonstrated more significant activity against Gram-
positive bacteria and some solid tumor cell lines, especially MG63 and HOS. Therefore,
a single leucine→phenylalanine substitution translates into significant differences in the
peptides’ functionality, particularly regarding effects against osteosarcoma cell lines. This
type of cancer is one of the prominent malignant bone tumors in children [51]. Furthermore,
bacterial infections, including those caused by MDR pathogens, are a relevant complication
in the clinical outcome for patients with osteosarcoma, which defies current chemother-
apy [52]. Therefore, the potent dual-action of p-Acl emerges as a cornerstone to develop
therapeutics able to address both problems.

This work gives us an additional lesson on how a single amino acid substitution may
be of relevance. In particular, the role of leucine and phenylalanine residues has been the
subject of other studies involving therapeutic applications of peptides [53–55]. In line with
this, Sahoo et al. (2017) demonstrated that the substitution of leucine for phenylalanine
significantly increases the toxic effect of cathelicidin-5(1-18) against cancer and bacterial
cells [56]. Studies have also demonstrated the interaction of these amino acid residues with
biomembranes, which is strongly dependent on the specific membrane components [54,57].
Although it is not a general principle, as evidenced by our results (for some cells, the
same effect is observed for p-AppK and p-Acl, or higher activity is induced by p-AppK),
this amino acid substitution may increase the capacity for targeting the membranes of
certain cancer cells. Consequently, tailored Leu→Phe replacements may be considered
as a useful strategy for the design and selection of therapeutic candidates, especially for
osteosarcoma. However, these structure–function relationships must be understood in a
holistic manner considering the diversity of the membranes and the unique organization of
the peptides so that optimal peptide–membrane interactions are promoted. In this context,
future investigations involving alanine scanning libraries should be useful to clarify the
role of phenylalanine for the cytotoxic activity. Additionally, this antiproliferative pattern
must also be evaluated at lower concentrations.

Dual targeted peptide therapy constitutes a promising treatment approach for differ-
ent diseases [58]. Currently, some small molecules with antimicrobial and/or anticancer
properties have been tested in clinical trials. For example, the peptide-based pharmaceu-
ticals ANG-1005, GRN-1201, C16G2 and NP108 were evaluated by AngioChem, Green
Peptide, Chengdu Sen Nuo, Wei Biotechnology and NovaBiotics, respectively [58,59]. This
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combination of functional roles increases the interest of the pharmaceutical market in the
possible applications of the peptides [60]. For example, in oncological patients, bacterial in-
fections are common [61]. Complications due to these infections are widespread in children
diagnosed with osteosarcoma [52]. Because of this, dual peptides such as PLA2s-derived
peptides are considered potential therapeutic candidates to this end.

4. Results
4.1. Peptide Design and Sequence Analysis

Two venom toxin-derived peptides, p-AppK and p-Acl, were selected for this study.
Both are based on Lys49-PLA2s isoforms from Agkistrodon spp. Peptide p-AppK is inspired
in a membrane disrupting protein from Agkistrodon piscivorus piscivorus, and has been
previously reported to exert cytotoxic effects on tumors. Peptide p-Acl is also derived
from a membrane-damaging toxin, a Lys49-PLA2 from Agkistrodon contortrix laticinctus.
The main characteristics of both peptides and their parent toxins (used as templates) are
detailed in Table 1.

Table 1. The biomimetic peptides were designed to replicate the C-terminal region (residues 115–129)
of two membrane-damaging Lys49-PLA2 from Agkistrodon spp. venoms. The molecular weight
was estimated by PepCalc (https://pepcalc.com/, accessed on 1 December 2021), and the sequence
identity was calculated by the Sequence Identity and Similarity tool (SIAS, http://imed.med.ucm.es/
Tools/sias.html, accessed on 1 December 2021).

Peptides Length Molecular
Weight (Da)

Parent
Protein UniProtKB Snake Species % Identity

p-AppK 13 1675.14 App toxin P04361 A. piscivorus
piscivorus 100

p-Acl 13 1709.15 Acl toxin P49121 A. contortrix
laticinctus 92.37

The bioinformatics tools employed predicted both phospholipase A2-derived peptides
to possess antibacterial, antitumor and cell-penetrating properties. The main physicochemi-
cal parameters of both peptides, as calculated by PepDraw, are shown in Table 2. Expectedly,
p-AppK and p-Acl are structurally similar and share most physicochemical characteristics,
such as charge and pI. Still, they slightly differ in hydrophobicity, hydropathicity, molecular
volume, and molecular weight due to leucine substitution by phenylalanine.

Table 2. Functional predictions and physicochemical parameters of the phospholipase A2-derived
peptides. In silico tools described in the methodology section were used to predict whether the
peptides had (+) or not (-) anticancer, antibacterial, and cell-penetrating peptide (CPP) properties.
PepDraw was used to estimate physicochemical parameters (charge, pI, and hydrophobicity).

Peptides Anticancer
Properties

Antibacterial
Properties

CPP
Properties Charge pI Hydrophobicity

p-AppK + + + +8 10.76 23.60
p-Acl + + + +8 10.76 23.14

4.2. Peptide Synthesis

Both peptides were successfully produced and purified by microwave-assisted solid-
phase peptide synthesis (MW-SPPS) and reverse-phase medium pressure liquid chromatog-
raphy (RP-MPLC), respectively. Final purity degrees were greater than 95.5%, and the
expected molecular weights were confirmed by electrospray ionization-ion trap mass
spectrometry (ESI-IT MS) (Supplementary Materials, Figure S1).
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4.3. Hemolytic Character

Functional analysis using different algorithms predicted that p-AppK and p-Acl are
non-toxic peptides, with a very low probability of exerting harmful effects on red blood
cells (RBCs). Data obtained in silico were corroborated by an in vitro quantitative hemolytic
assay at a peptide concentration range of 2.25–176 µM (Figure 1). Triton X-100 was used
as the positive control for 100% hemolysis. Minor RBC lysis was induced by the peptides,
namely, below 7.0% at the highest peptide concentration tested, for both synthetic molecules.
Thus, the leucine/phenylalanine substitution does not affect toxicity, suggesting a favorable
safety profile for both peptides.

Figure 1. Evaluation of erythrocyte membrane disruption caused by the synthetic peptides. Red
blood cells were incubated with 7 different concentrations of p-AppK (blue) and p-Acl (green). The
percentage of hemolysis was measured in relation to the effect caused by a hemolytic surfactant,
Triton X-100.

4.4. Antibacterial Activity

Peptides p-AppK and p-Acl were capable of inhibiting in vitro the growth of both Gram-
positive and Gram-negative bacteria, including clinical isolates (Figure 2). P. aeruginosa
strains (31NM and ATCC) were the most susceptible to both peptides, which showed
similar antibacterial potency. The two peptides also significantly inhibited growth of
S. aureus, but in this case p-Acl revealed a more significant effect. Interestingly, when
the primary structure of p-Appk was analyzed by the Rational Design of Antimicrobial
Peptides module of the CAMPR3 webserver, the sequence of p-Acl was suggested as a
“potential analogous sequence”.

4.5. Membrane Damage

The peptides’ effects on the membranes of two bacterial species were analyzed over
time in terms of percentage of PI uptake. PI uptake remained negligible in both bacte-
rial cultures grown in the absence of the test peptides. In contrast, when S. aureus and
P. aeruginosa were grown in the presence of the peptides (100 µM), a rapid and significant
increase in PI uptake was observed (Figure 3). Based on the inability of this fluorescent dye
to cross intact membranes, these findings demonstrate that the peptides caused membrane
damage of both Gram-positive and Gram-negative bacteria, enabling the interaction of PI
with DNA.
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Figure 2. Dose-dependent inhibition of bacterial growth caused by the synthetic peptides using broth
microdilution assay. (Left—(a)) p-AppK (green) and (Right—(b)) p-Acl (blue) reduced the bacterial
viability (P. aeruginosa 31NM, P. aeruginosa ATCC, E. coli ATCC, S. aureus BEC 9393, and S. aureus rib1)
after 24 h as a function of their concentrations. The growth inhibition was calculated considering the
maximum optical density of the negative control as the reference. The experiments were performed
in triplicate.

Figure 3. In vitro membrane-disruptive activity provoked by p-AppK (green) and p-Acl (blue). The
membrane integrity evaluation of (A) P. aeruginosa ATCC and (B) S. aureus BEC9393 incubated with
100 µM peptides was determined as a function of fluorescent dye uptake.
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4.6. Cytotoxicity

The microculture screening assay agreed with the cytotoxicity predicted by the se-
quence analysis software. Furthermore, at a concentration of 100 µM, the peptides showed
a generalized and equipotent antiproliferative effect against most of the 10 leukemic cell
lines tested (Figure 4A). Thus, the biomimetic p-AppK and p-Acl peptides were confirmed
as quite promising candidates for anti-leukemic therapy, being highly toxic (≥75% cell
viability inhibition) to K562, NB4, RAMOS and CEM cells.

Figure 4. In vitro cytotoxicity of p-AppK (green) and p-Acl (blue). (A) Leukemia cell lines and
(B) solid tumors were exposed to a concentration of 100 µM of both peptides. A colorimetric assay
determined the cell viability inhibition after 24 h of peptide treatment. Cells cultured in a growth
medium without the peptides were considered a positive control with 100% viability. The positive
control (reference antineoplastic drug) is represented in salmon. The data represent the mean ± SD.

Interestingly, though generally less potent than the reference drug against solid tumors,
both peptides showed higher selectivity between the cancer cell lines tested (Figure 4B).
p-Acl was consistently more efficient than p-AppK in inhibiting the viability of most
cell lines. Among the cell lines susceptible to p-Acl, the reduction in the mitochondrial
metabolism of human osteosarcoma lines (HOS and MG63) stands out, reaching a viability
inhibition greater than 75% and like paclitaxel. These results suggest a functional impact
of the p-Acl single amino acid substitution in relation to p-AppK to recognize and treat
osteosarcoma. On the other hand, the effect of p-AppK is significantly lower, displaying
low toxicity on these solid tumor cell lines (≤50% inhibition of viability).

4.7. Molecular Dynamics Simulations

Six different model membranes representative of healthy, leukemia, and thymus hu-
man cancer cells were built. In each model, peptides p-AppK and p-Acl were separately
inserted, generating twelve distinct membrane–peptide systems. Interestingly, the destabi-
lizing effect of the two peptides in the six membranes was qualitatively similar, pointing to
a common permeabilization mechanism. The p-Acl-DOPS system (membrane 1) is herein
described in more detail, as this was the system where the destabilizing effects were most
notorious. The similar but less emphatic results for the other eleven systems are given in
Supplementary Materials Figures S2 and S3. From a phenomenological point of view, both
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peptides induced the same kind of membrane-disturbing effect. However, the effect of
peptide p-Acl was shown to be quantitatively more pronounced.

The peptides fit very well within the membrane, parallel to the phospholipids, span-
ning the whole membrane width. The first and last two lysines (in blue) of both peptides
(KKYKAYFKLKCKK and KKYKAYFKFKCKK) established salt bridges with the phospho-
lipid phosphate groups. The side chains of the three more central lysines (in green), place
the hydrophobic region grossly parallel to the lipidic tails of the phospholipids and the
ammonium group near the phosphate headgroups (Figure 5).

Figure 5. p-Acl peptide interaction with the DOPS membrane bilayer (one-half of the membrane and
water molecules were removed for better visualization; the inner hydrophobic core of the membrane
is shown in grey; the positions of the phosphorus atoms in the headgroups are shown in salmon).
Left (a): a large deformation in the position of the phospholipid headgroups is visible, with the
phosphate moieties penetrating deeply into the membrane core, more pronounced in the upper
leaflet; in addition, the penetration of water molecules deep into the membrane is visible, confirming
that the peptide induces a membrane-permeabilization effect. Top-right (b): only membrane inner
hydrophobic core and phosphorus positions are shown, for clarity; the deformation of the membrane
headgroups towards the inner part of the membrane is evident. Lower-right (c): insertion of peptide p-
Acl (stick model) into the membrane inner hydrophobic core, showing the peptide’s perfect structural
fitness to span the whole width of the membrane.

In all membranes, the peptides induced a clear deformation in the bilayer, with a
negative curvature emerging at both leaflets, but more pronounced in the upper one,
resulting in a significant membrane thinning. For instance, the DOPS membrane width
decreased by 30 Å in the center of the depression (Figure 5). This effect was the most
pronounced deformation within all systems studied, as in all other cases, membrane
thinning was between 15–27 Å.

346



Curr. Issues Mol. Biol. 2022, 44

The density of the system was calculated as a function of the z-axis perpendicular
to the bilayer. The origin of the axis was defined at the bilayer center (Figure 6). The
profile (Figure 6a, top) showed that the distance between the phosphorus atoms and
the lysine nitrogen atoms was ~5–10 Å, placing the lysine ammonium groups near or
within the headgroup region, with their hydrogen atoms at close- to medium-range from
the phosphate oxygen atoms. The water density inside the bilayer was small as it was
averaged out throughout the whole system, not only around peptide p-Acl. The number
of water molecules along the p-Acl residues is also displayed in Figure 6b (bottom). All
water molecules whose oxygen atom was within 3.0 Å from the peptide heteroatoms
were accounted for. The figure shows that water penetrated deep into the bilayer, with
more than two water molecules close to the peptide, on average, almost up to the leaflet
separation, where a stretch of three hydrophobic residues (Ala-Tyr-Phe) almost broke
the water molecule chain. There was no place in the simulated system where water
molecules penetrated deeply in the membrane that was not around the peptide. Hence,
the increased permeability of the bilayer around the peptide was unquestionable. In the
other membrane systems, an evident water penetration across the membrane was visible as
well, even though it did not reach the membrane core during the simulation time (details
in Supplementary Materials).

Figure 6. Density of the main constituents of the system as a function of the bilayer normal. Top (a):
the center of the bilayer is located at z = 0. Bottom (b): the number of water molecules whose oxygen
atom is within 3.0 Å of any heteroatom of the p-Acl peptide.
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Within the sub-millisecond timescale of the simulation, the rapid penetration of water
was most likely just the beginning of a chain of highly destabilizing events, which likely
underpin the experimentally observed membrane permeability. Hence, the power of both
peptides to induce extensive membrane weakening and permeation is clearly demonstrated
both in vitro and in silico.

5. Conclusions

In summary, p-AppK and p-Acl showed a broad spectrum of in vitro effects, including
antineoplastic and antibacterial activities in the absence of hemolysis. In general, pheny-
lalanine favors the biological action of peptides in osteosarcoma and S. aureus isolates, as
compared to leucine in an analogous peptide sequence. Therefore, isoforms of enzymes
found in nature provide valuable information that can guide the customization of peptide
drug candidates. Thus, our results validate PLA2 toxins with membrane-disturbing activi-
ties as a source of promising dual-target therapeutic peptides that might be useful in the
development of new treatments for cancer and bacterial infections, including those caused
by MDR strains.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.
3390/cimb44010004/s1, Figure S1: Chromatographic homogeneity and mass spectrometry analysis
of the synthetic peptides, Figure S2: Number of water molecules whose oxygen atom is within 3.0 Å
of any heteroatom of the p-Acl and p-AppK peptides in membrane models 1-3, Figure S3: Number of
water molecules whose oxygen atom is within 3.0 Å of any heavy atom of the p-Acl and p-AppK
peptides in membranes 4-6, Figure S4: Representation of the DOPS model (membrane 1) used in this
work with the p-Acl peptide located in the center of the bilayer (half of the membrane and water
molecules were removed to visualize the peptide better), Table S1: Composition of Membrane 5
(thymocytes-like membrane model), Table S2: Composition of Membrane 6 (leukemia-like membrane
model) and Table S3: Molecular dynamics minimizations and equilibrations.
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