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Editorial on the Research Topic

Molecular Targeted Therapy
Pharmacoepigenetics

in Oncology: Lessons from Pharmacogenetics and

The Human Genome Project is moving away from basingclinical decisions on signs and
symptoms of diseases to a new concept of medicine. Pharmacogenetics and
pharmacoepigenetics are multidisciplinary research areas of
“personalized genomic medicine”, representing a new approach to healthcare aimed at
customizing patients’ medical treatment according to their individual genomic profile.

In the current Research Topic (RT), we provide an overview on the new trends,
achievements, and challenges lying ahead in cancer. Original articles and reviews
summarize the current knowledge on genomics and epigenetics modifications to study
therapeutic approaches, biomarkers, and mechanisms involved in diseases and drug
resistance.

In recent years, the multi-OMICS data have provided a platform linking the cancer-specific
genomic/epigenomic alterations to interconnected transcriptome, proteome, and
metabolome networks which underlie the molecular-targeted therapies in oncology (Jung
et al, 2021). The development of high-throughput sequencing technologies and artificial
intelligence have allowed a large data explosion and systematic study of the cancer genome. For
the first time, data were available for complete genome sequences in a large number of cancer
types. Open data have promoted the advance of scientific discovery. The era of genomics and
big data has brought the need for collaboration and data sharing in order to make effective use
of this new knowledge. Consequently, the storage and analysis of these data in an efficient
manner pose a major challenge to researchers. In this RT, five studies that employed publicly
accessible databases useful for cancer diagnosis and prognosis are presented (Deng et al.; Fan
et al; Feng et al; Xiang et al; Zhang et al.). This approach provides a new opportunity to
optimize treatments by understanding the basis of biological mechanisms and utilizing
genomic/epigenomic contributions to treatment response. In the context of tumor-specific
therapeutical biomarkers in immunotherapy, programmed death-1 homolog (PD-1H) is a new
regulator of T cell-mediated immune responses (Villarroel-Espindola et al., 2018). Chen et al.
showed that PD-1H could be a prognostic indicator and a potential immunotherapeutic target
in human esophageal squamous cell carcinoma (ESCC) patients (Chen et al.).
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Tyrosine kinases receptors (TKRs) are transmembrane
proteins acting as signal transducers that regulate essential
cellular processes such as proliferation, differentiation,
metabolism, and cell death. Alterations in the TKR pathway
occur in a broad spectrum of cancers, underlying their key
role in cancer progression and as therapeutic targets (Krause
and Van Etten, 2005; SudheshDev et al., 2021). In this RT, Wu
et al. investigated the neurotrophic tyrosine receptor kinase
(NTRK) gene fusion status in triple negative breast cancer
(TNBC) patients (Wu et al.). In the same line, Yang et al
investigated the function of ELK1 transcription factor in
pancreatic cancer progression (Yan et al.), demonstrating the
key role of ELK1 in cancer cell proliferation and invasion.

Notch and Wnt signaling are other critical pathways involved
in cell fate decision, cell proliferation/differentiation, and cancer
progression. In addition, two review papers summarized the
current knowledge on the molecular mechanisms by which
Notch3 and Wnt modulate cancer stemness and
chemoresistance, metastasis, and angiogenesis. Xiu et al.
suggested potential treatment strategies to block Notch3
signaling, such as non-coding RNAs, antibodies, and antibody-
drug conjugates (Xiu et al.). Furthermore, the article by Xie et al.
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summarized the current knowledge and recent advances on the
Whnt signaling pathway in head and neck squamous cell cancer
(Xie et al.), suggesting that Wnt could be a new potential target for
innovative therapeutic approaches.

Oxaliplatin is a popular therapeutic agent against cancer
associated with neuropathic pain. The genetic and epigenetic
mechanism of oxaliplatin on neuropathic pain has been discussed
by (Branca et al.). Understanding the ability of oxaliplatin to alter
the genetic and epigenetic profiles of neural cells might be helpful
to find new treatments for neuropathy in cancer patients.

In conclusion, this RT provides a comprehensive collection
on the role of epigenetics and epigenomics in cancer drug
discovery and development, providing a detailed view of the
field, from basic principles to applications in cancer disease
therapeutics.
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5-Methylcytosine (m°C) is a kind of methylation modification that occurs in both
DNA and RNA and is present in the highly abundant tRNA and rBNA. It has an
important impact on various human diseases including cancer. The function of m°C
is modulated by regulatory proteins, including methyltransferases (writers) and special
binding proteins (readers). This study aims at comprehensive study of the m®C RNA
methylation-related genes and the main pathways under m°C RNA methylation in
gastrointestinal (Gl) cancer. Our result showed that the expression of m°C writers
and reader was mostly up-regulated in Gl cancer. The NSUNZ2 gene has the highest
proportion of mutations found in Gl cancer. Importantly, in liver cancer, higher expression
of almost all m®C regulators was significantly associated with lower patient survival
rate. In addition, the expression level of m°C-related genes is significantly different at
various pathological stages. Finally, we have found through bioinformatics analysis that
m°C regulatory proteins are closely related to the ErbB/PI3K-Akt signaling pathway
and GSK3B was an important target for m°C regulators. Besides, the compound termed
streptozotocin may be a key candidate drug targeting on GSK3B for molecular targeted
therapy in Gl cancer.

Keywords: m®C, RNA methylation, ErbB, PI3K-Akt, gastrointestinal cancer, survival

INTRODUCTION

Gastrointestinal (GI) cancer is one of the leading causes of death worldwide. It refers to
cancers of the upper and lower digestive tracts and mainly includes colorectal adenocarcinoma
(CRC), gastric cancer (GC), pancreatic cancer (PC), hepatocellular carcinoma (HCC), and
esophageal cancer (EC) (Toomey et al, 2013). Nearly 4.1 million people are diagnosed
with GI cancer each year. Epigenetic changes are common events in both initiation
and progression of GI cancer (Vedeld et al, 2018). Currently, there are many ways to
treat GI cancer. However, most of the treatment outcomes are still poor (Bilgin etal., 2017).
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m°C Affected Pathway in Cancer

RNA methylation modifications mainly include m®A, m°C,
m!A, m’G, and so on. Previous studies have shown that these
modifications play important roles in the stability, processing,
and genetic information transmission of mRNA (Liu and Jia,
2014; Oerum et al., 2017). Known mutations in RNA-modifying
enzymes are closely related to human diseases, including cancers,
cardiovascular diseases, metabolic diseases, and mitochondrial-
related defects (Jonkhout et al., 2017). The degree of methylation
of specific genes can be used as a diagnostic indicator of cancer
(Li W. et al,, 2017; Traube and Carell, 2017). 5-Methylcytosine
(m°C) includes DNA and RNA methylation modifications, in
which the methyl group is transferred to a specific base by
using S-adenosylmethionine (SAM) as a methyl donor under
the catalysis of methyltransferase. m>C RNA modification has
been found to be highly abundant in tRNA and rRNA (Motorin
et al, 2010). Meanwhile, high throughput sequencing has
been used to verify the widespread presence of m>C in non-
coding RNA and coding RNA (Squires et al., 2012). It has
been reported that m>C modification controls many functions:
protein translational regulation, RNA processing, regulating
stem cell function and stress response, and promoting tRNA
stability and protein synthesis (Aslan et al., 1967; Blanco et al,,
2016; Liu et al., 2017; Tuorto et al., 2012). However, the
involvement of m>C modification in GI cancer has not been
systematically reported yet.

5-Methylcytosine  modification ~ is  regulated by
methyltransferases (writers, including NSUNI-7 and TRDMT1I
[tRNA aspartic acid methyltransferase 1]) and binding protein
(reader, i.e., ALYREF [Aly/REF export factor]). NSUNI-7 and
TRDMTI are known writers for chemical RNA modifications
(Jacob et al, 2017). NSUNI (NOP2 nucleolar protein/rRNA
MTase) plays an important role in maintaining cell proliferation
capacity and is possibly involved in the regeneration of nervous
tissue (Kosi et al., 2015; Hong et al., 2016). NSUN2 (NOP2/Sun
RNA methyltransferase 2/mRNA and tRNA MTase) is a main
RNA modification methyltransferase. Its mechanism of action
includes controlling cell division, growth arrest, and promoting
premature senescence (Xing et al., 2015; Cai et al., 2016; W.
Wang, 2016; Yang X. et al., 2017). It has been reported that
NSUN2 mutations lead to intellectual disability in human
diseases (Abbasi-Moheb et al., 2012). NSUN3 (NOP2/Sun
RNA methyltransferase 3/mt-tRNA MTase) and NSUN4
(NOP2/Sun RNA methyltransferase 4/mt-rRNA MTase) have
important impacts on the mitochondria (Metodiev et al,
2014; Schosserer et al., 2015; Nakano et al., 2016). NSUN5
(NOP2/Sun RNA methyltransferase 5/rRNA MTase) is a
conserved rRNA methyltransferase (Schosserer et al., 2015).
NSUN6 (NOP2/Sun RNA methyltransferase 6/tRNA MTase)
modifies tRNAs in their biogenesis (Haag et al., 2015). NSUN7
(NOP2/Sun RNA methyltransferase family member 7) gene
product plays a role in sperm motility (Khosronezhad et al.,
2015). TRDMTI (also known as DNMT2) was previously
considered as a DNA MTase, but it is now primarily regarded
as a tRNA MTase (Schaefer and Lyko, 2010; Squires et al.,
2012; Jeltsch et al., 2017). Up to now, the m>C eraser is still
unknown, and the only known binding protein (reader) of m>C
is ALYREF. ALYREF as an m°C reader can promote mRNA

export (Yang X. et al., 2017). In general, m>C methyltransferases
are strongly associated with diseases.

Currently, there is little research progress in the biological
function and mechanism of m>C in GI cancer. In this study,
we analyzed the gene expression level, alteration frequency,
and association with survival of m°C regulators in GI cancer.
Meanwhile, we also studied their related pathways and key target,
for which a druggable compound was found in the hope of
providing new treatment for patients with GI cancer.

MATERIALS AND METHODS

Data Processing

The expression level and clinical data of m°C regulators in five
types of GI cancers were extracted from the TCGA database'
(Tomczak et al., 2015) (download date: 2019-05-05). There were
1,696 cancer samples and 148 normal samples. The standardized
TCGA and GTEX transcriptome data are derived from the
UCSC database’®. In total, there were 1,451 cancer samples and
1,044 normal samples.

Somatic Alteration Analysis

The cBioportal analysis of the GISTIC 2.0 database was used
to analyze the alteration frequency and percentage of m>C
regulatory factors in GI cancers and protein affected by m°>C
regulators (Cerami et al., 2012). OncoPrint can summarize
distinct genomic alterations across samples in the m>C regulatory
factors, including mutations, CNAs, and changes in gene
expression or protein abundance (Gao et al., 2013).

Protein Structure Alteration

The protein structure alteration was analyzed in cBioportal using
the Mutations tab. The query was limited to respective m>C
regulatory factors in different types of GI cancer. Lollipop of each
protein structure change of GI cancer was linked to COSMIC
(Tate et al, 2019). The detailed mutation annotation was
originated from OncoKB, CIViC, and Hotspot (Tate et al., 2019).

Pathway Analysis

Proteomic data were collected by Reverse Phase Protein Array
(RPPA) based on TCGA data from cBioportal®. For the enriched
proteins, significant change in expression was determined by the
standard of log, based ratio () mean altered/pw mean unaltered)
(log > 0 for over-expression and log < 0 for under-expression)
and queried event results in P value <0.05. The -logjo P value
>1.30 proteins were selected for further downstream pathway
analysis. Differential proteins are shown by the volcano plot using
GraphPad Prism 7. The selected proteins from this criterion were
used to predict pathways by two conditions: (a) the sum of altered
protein in each pathway and (b) the statistical P value score
of significant pathway (Li D. et al., 2020). Finally, the screened

Uhttp://cancergenome.nih.gov
Zhttps://xenabrowser.net/
3http://www.cbioportal.org/
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differential proteins were used to predict the pathway in the
DAVID function annotation tool*.

Gene Ontology Analysis

The Gene Ontology (GO) enrichment analysis of the m>C RNA
methylation modification was analyzed via the DAVID function
annotation tool (Dennis et al,, 2003). GO contains biological
processes, cell components, and molecular functions. In this
analysis, count represents the number of genes contained in
the GO term. Therefore, the count and P values are considered
together to obtain important metabolic process.

Protein—-Protein Interaction Network

Analysis

We analyzed the network of interactions between proteins
by using the STRING and Cytoscape software. The STRING
database is a meta resource, including both physical and
functional interactions (Jensen et al, 2009). STRING can
be reached at http://string-db.org/. The minimum required
interaction score is set to medium confidence and select all
active interaction sources. Cytoscape is a public software that
can integrate models of biomolecular interaction networks
(Shannon et al., 2003).

Correlation and Co-expression Analysis

To better understand the co-expression between m>C regulatory
factors and the differentially expressed genes (DEGs) associated
with key downstream pathways, we used the R statistical software
by R package heatmap (Chan, 2018). Parameters of co-expression
analysis were set as: 0.8-1.0 strongly correlated, 0.6-0.8 strong
correlation, 0.4-0.6 moderate intensity correlation, 0.2-0.4 weak
correlation, and 0.0-0.2 very weak correlation or no correlation.
Correlation between GSK3B (glycogen synthase kinase 3 beta) and
m°C regulators was analyzed using the linear regression. The 95%
confidence intervals were presented by dot lines. The data have
been standardized.

Network Pharmacology Analysis

Differentially expressed genes related to the GSK3B gene were
obtained by R package limma. The samples were divided into
two groups according to the median expression values of the
GSK3B gene and | log, fold-change (FC)| > 1, and the P
value <0.05 was set as a threshold. According to the P value
ranking, the first 150 DEGs that were significantly up-regulated
and the first 150 DEGs that were significantly down-regulated
were included for potential drug target analysis. The Connectivity
Map (CMap) is a gene expression profile database based on
interventional gene expression (Subramanian et al., 2017). It
is mainly used to analyze the functional connections between
small molecule compounds, genes, and diseases (Lamb et al,
2006). PharmMapper is a comprehensive target pharmacophore
database that can search potential drug target identification
(Wang et al, 2017). PharmMapper comes from TargetBank,
DrugBank, BindingDB, and potential drug target databases, and

“https://david.ncifcrf.gov

nearly 53,000 receptor-based pharmacophore models are used for
prediction (Liu et al., 2010; Wang et al., 2016).

Statistical Analysis

T test is used for comparison between two groups of data,
and one-way ANOVA is applied to compare multiple groups.
Survival analysis was performed using Kaplan-Meier curve with
P value calculated using the log-rank test. The correlation of
mRNA expression was analyzed by Pearson test. Chi-square test
was used to test the association of m>C regulator expression
with clinicopathological parameters. P < 0.05 was considered
statistically significant.

RESULTS

The Expression Level of m®°C Regulators

in Gl Cancer

The workflow of the study and nomenclature and mechanism
of m°C writer and reader was demonstrated in Figures 1A,B.
To characterize the expression of m>C writers and reader in GI
cancer, we first used the TCGA data. Overall, the expression
level of NSUN3, NSUN4, NUSN6, NUSN7, and TRDMTI1 was
lower than that of other m°C regulators (Figure 2A). When
comparing the expression level between 1,696 cancer and 148
normal samples, heat map showed that the expression of m>C
writers and reader was generally higher in GI cancer than in
normal samples (Figure 2A). The combination of the TCGA and
GTEX databases was used to compare the expression level of m>C
writer and reader between tumor tissue and normal samples in
GI cancer. The results indicated that writers and reader were
mostly up-regulated in GI cancer (Figure 2B). Meanwhile, we did
principal component analysis of gene expression in 1,695 samples
of the five cancer types (Supplementary Figure S1). X and Y axes
explained 39.5 and 16.4% of the total variance, respectively. The
further apart the two samples, the greater the difference in genetic
background between them would be. From the figure, the five
cancers were almost distinctively separated.

Mutation of m°C Regulators

In order to identify mutations of m>C regulators, cBioPortal
for Cancer Genomic was used (Cerami et al., 2012; Gao et al,,
2013). As shown in Figures 3A,B, mutation and amplification
were frequently seen in m°C regulators. NSUN2, NSUN5, and
ALYREF showed relatively higher copy number amplification. In
Figure 3B, we also found that there are many types of mutations
in m°C RNA methylation regulators, such as inframe mutation,
missense mutation, amplification, and deep deletion. Among
them, amplification has the largest proportion of types, and deep
deletion also accounts for a large proportion. Overall, about 13%
of the samples (246/1,924) had genetic changes, and the mutation
rate of m>C regulators was relatively higher in esophagus and
stomach cancers than in other cancer types. Furthermore, 28%
(52/186) of EC, 8% (14/186) of PC, 19% (91/478) of stomach
cancer, 5% (33/640) of colorectal cancer, 13% (56/442) of liver
cancer, and 12% (234/1,928) of GI cancer had genomic changes
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FIGURE 1 | Comprehensive molecular profiing of m®C writers and reader in Gl cancer. (A) The workflow of the study. (B) The regulation mechanism of m°C in Gl
cancers (esophageal cancer, liver cancer, gastric cancer, colon cancer, and rectal cancer). m>C formation is catalyzed by writer and SAM (S-adenosylmethionine). In
addition, reader can recognize methylated mRNA and mediate its export from the nucleus. They work together on m®C RNA methylation modification.

of m>C regulators. Notably, the mutation frequencies of NSUN2
in esophagus and stomach cancers, NSUN3 in esophagus cancer,
and ALYREF in liver cancer were particularly high. Changes
in protein structure were shown in Figure 3C. Mutation in
protein sequence was more often found in NSUNI and NSUN2
than in other genes.

Impact of m°C Regulator Alterations on

Patient Survival

Next, we used clinical information in the TCGA database to
evaluate the influence of m>C writers and reader expression
on the survival rate in patients with GI cancer. Kaplan-
Meier analysis showed that the differential expression of some
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FIGURE 2 | Expression of m®C writers and reader in Gl cancer. (A) Based on RNA sequencing data from the TCGA database, a heat map of m°C writer and reader
expression was drawn. Data were collected from cancer patients (n = 1,568) and healthy patients (n = 139). Each sample was normalized and was represented by a
square. Red and blue regions represented higher and lower expression levels, respectively. (B) RNA sequencing data were used to compare the expression level of
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pancreatic cancer, 19% (91/478) of stomach cancer, 5% (33/640) of colorectal cancer, 13% (56/442) of liver cancer, and 12% (234/1,928) of Gl cancer had genomic
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m°C writers and reader was significantly related to overall
survival (OS) (Figure 4 and Supplementary Table S1). In
this picture, we can find that except the NSUN7 gene, the
survival rates of other genes have significant differences in the
different GI cancers. Among them, the P value of the NSUN5
and ALYREF genes in colorectal cancer, liver cancer, and GC

is less than 0.05, and the NSUNG6 gene also has significant
differences in colorectal cancer, liver cancer, and PC. Remarkably,
high expression of almost all m>C regulators was significantly
associated with shorter OS in HCC patients. These results suggest
that m>C regulators may play an important role in the survival
of HCC patients.
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FIGURE 4 | Kaplan-Meier survival curves of m>C regulatory factors in Gl cancer. Kaplan-Meier survival curves were drawn based on the differential expression level
of m®C regulatory factors in Gl cancer. The red and green curves showed survival curves of the high and low expression groups, respectively. *P < 0.05, **P < 0.01,
and **P < 0.001 between the two groups.
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Association of m°C Regulators With
Clinicopathological Parameters

We investigated the association of m>C regulator expression
with gender (male and female), cancer status (tumor and
normal), tumor grade (Gl, G2, and G3), and pathological
stage (stage I, stage II, stage III, and stage IV) as shown
in Table 1. The results showed that the overall expression
of m°C writers was significantly associated with pathological
stage and tumor differentiation grade and the expression of
m°C reader was significantly associated with gender, cancer
status, and pathological stage. The association of respective
m°C regulator with these parameters is shown in Figure 5.
The expression of ALYREF and NSUN6 was significantly higher
in female than in male patients. The level of NSUN3 and
NSUNG6 was increased in tumor samples, whereas the level of
ALYREF, NSUN5, and NSUN7 was decreased in tumor samples.
For tumor grade, all m°C regulators gradually increased from
G1 to G3 except NSUN6, which showed an opposite trend of
expression. Similar to the result for tumor grade, the expression
of all m>C regulators was elevated from pathological stage I
to IV, except for NSUN6 whose expression was lowered. We
also performed the same analysis of the nine m>C writers and
readers in different types of GI cancer and liver cancer separately
(Supplementary Table S2).

Pathways Associated With m°C

Regulators

We further analyzed proteins that were altered upon m°C
regulator mutation (mutation, amplification, and deep deletion).
Since data were not found in liver cancer, subsequent analysis
was done in other four types of GI cancer. Proteins that showed
significant changes (P < 0.05) were shown in the volcano map
(Figure 6A). All the differential proteins were summarized in
Supplementary Table S3. In order to know which pathway
the differential proteins are enriched, we used DAVID for
Kyoto Encyclopedia of Genes and Genomes (KEGG) proteins
enrichment. According to the downstream gene count and P

value, bubble plots were constructed in different types of GI
cancer (Figure 6B). The P value and the number of genes
are shown in this figure. More detailed data can be found in
Supplementary Tables S3 and S4. In addition, a heat map
was constructed (Figure 6C) considering P values of different
pathways. Among 34 pathways, we found some major pathways
affected by m>C regulators: ErbB, PI3K-Akt, HIF-1, and mTOR
signaling pathways. Combining the bubble plots and heat map
results, we conclude that the ErbB signaling pathway and
PI3K-Akt signaling pathway are the most important downstream
pathways of m®C RNA methylation modification.

Function and Interaction of Downstream

Pathway Proteins

We analyzed the 54 differential proteins (Supplementary
Table S3) that were enriched in the ErbB and PI3K-Akt
signaling pathways by GO terms biological process enriched via
DAVID. The result demonstrated that these proteins were mainly
involved in the regulation of protein binding, cytosol, and signal
transduction (Figure 7A). To further understand the interaction
between these differential proteins and m°C regulators, we
mapped protein—protein interaction (PPI) networks. The results
showed that ALYREF and RPS6 were important connections
between differential proteins and m>C regulators (Figure 7B).

GSK3B Is Closely Related to m°C

Regulators

In order to determine the importance of functional annotations
between different proteins, we conducted analysis by using the
R/Bioconductor package GOSemSim. According to the ranking
results of importance, the results showed that among downstream
pathway-associated proteins, GSK3B plays a crucial role in the
three major categories of GO, including biological processes, cell
components, and molecular functions. Other important proteins
included AKT1S1, RAF1, ERBB2, SRC, MAPK3, MAP2K1,
BRAF, AKT1, and MAPK1 (Figure 8A). Next, we used the
expression level of these genes to map the correlation between

TABLE 1 | Association of m®C mRNA expression with clinicopathological parameters of Gl cancer patients.

Writer Reader
High Low x 2 P High Low ¥ 2 P
Gender Male 999 50 0.1591 0.6900 487 562 13.86 0.0002***
Female 616 28 359 285
Cancer status Tumor 842 48 3.321 0.0684 397 493 26.22 <0.0001***
Normal 573 20 345 248
Grade G1 1083 6 47 62
G2 438 14 22.57 0.4798 226 226 2.651 0.4147
G3 497 19 256 260
Pathological stage Stage | 334 33 8.508 0.0366* 101 266 20.8 0.0001***
Stage I 580 63 233 410
Stage Il 435 26 175 286
Stage IV 133 7 67 73

*P < 0.05, P < 0.01, and ***P < 0.001.
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them. The results showed that GSK3B was positively correlated  m>C regulators except for NSUN6 for which it showed negative
with most genes (Figure 8B). Then, we analyzed the correlation  correlation, indicating that GSK3B protein may be closely related
of GSK3B with m°C regulators (Figure 8C). The result showed to m°C writer and reader. In the human disease methylation
that GSK3B was significantly and positively correlated with all  database (DiseaseMeth version 2.0), we found that GSK3B is not
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influenced by DNA methylation in GI cancer (Supplementary
Figure S2). In conclusion, we believe that m>C writer and reader
mainly affect genes in the ErbB/PI3K-Akt signaling pathway,
and that GSK3B may be an important downstream target of
m°C regulators.

Network Pharmacology Analysis of the
GSK3B Gene in Gl Cancer

The transcriptome data of GI cancer were integrated, and tumor
samples were divided into the high and low expression groups
according to the median level of the GSK3B gene expression.
In total, 2,071 significantly up-regulated and 695 significantly
down-regulated genes were identified (Figure 8D). In order to
find the probable drug targeting the GSK3B gene via the CMap
database, we screened the first 150 genes in the up-regulated
and down-regulated genes, respectively. Streptozotocin was the
highest score in the prediction. Next, the PubChem database was
applied to obtain the 3D structure of streptozotocin (Figure 8E).
Next, 280 target genes were gained through the PharmMapper
database. Then, we chose the common genes between 274
drug targets and 2,766 differential genes of the GSK3B gene,
and finally, 29 genes were used for PPI network with this
compound on streptozotocin, including HUWEI, AGT, HAOI,
CPB2, WNK1, CPA4, ZNF462, RIMS2, GAS2, CFTR, PLA2GIB,
F2, SERPINCI, TRIO, FAH, CSNK1GI, AGO2, PRCI1, ASICI,
CYB5A, GTF2I, IL10, IGFBP1, SDK2, GAMT, LDHB, ALB,
NUDT4, and IGF2BP2 (Figure 8F).

DISCUSSION

5-Methylcytosine modifications of RNA are ubiquitous in nature
and play important roles in many biological processes, such
as protein translational regulation, RNA processing, and stress
response (Hussain et al., 2013; Yuan et al., 2014; Liu et al,, 2017);
RNA stability (Tuorto et al., 2012; Zhang et al., 2012); RNA
transport (Yang X. et al., 2017); and mRNA translation (Tang
et al.,, 2015; Xing et al., 2015; Sun et al.,, 2019). Currently, the
modification mechanism of m°C in cancer is being explored.
Nonetheless, the exact catalytic mechanism of m>C methylation
remained unclear (Li Q. et al., 2017; Liu et al., 2017; Trixl and
Lusser, 2019). Herein, we conducted a comprehensive analysis
of known m>C writers (NSUNI-7 and TRDMTI) and reader
(ALYREF) in GI cancer. Overall, the expression level of m>C
regulators was distinctly different across all samples (Figure 2A).
Notably, the expression of NSUN1, NSUN3, NSUN4, NSUN5, and
ALYREF was all significantly elevated in GI cancer (Figure 2B).
Meanwhile, the genomic and protein structure alterations of
m>C regulators were also determined (Figure 3). Overall, the
mutation rate of m>C regulators in GI cancer was not high, and
it was relatively higher in esophagus and stomach cancers than
in other cancers (Figures 3A,B). The mutation rate for NSUN2
was the highest. In accordance with our finding, copy number
gain of NSUN2 has been reported in breast, oral, and colorectal
cancers (Frye et al., 2010; Okamoto et al., 2012), which leads to
the increased expression of it in cancers. Alteration in protein
structure was seen in all m>C regulators (Figure 3C). There were
more protein alteration sites in NSUNI and NSUN2 than in other

regulators, whereas there was only one alteration site in ALYREF.
Although study on the role of m>C regulatory proteins in cancer
was very limited, NSUN2 was relatively well-studied among m>C
regulators. There were a few reports on the elevated expression
of NSUN2 in a range of cancer, including oral (Okamoto et al.,
2012), head and neck (Lu et al., 2018), colorectal (Okamoto et al.,
2012), breast (Frye et al.,, 2010; Yi et al., 2017), ovarian (Yang
J. C.etal., 2017), and GI cancers (Okamoto et al., 2012), which was
consistent with our bioinformatics analysis. TDMT1/DNMT2, a
member of DNA methyltransferases, was shown to be down-
regulated in liver (Saito et al, 2001), stomach, and colorectal
cancers (Kanai et al., 2001). In contrast, it was significantly over-
expressed in stomach and liver cancers from our study and
decreased in PC (Figure 2B).

Next, we used clinical information to evaluate the association
of m°C regulator expression with patient survival and
clinicopathological parameters. Notably, high expression of
almost all m>C regulators was significantly associated with
shorter OS in HCC patients except NSUN7, indicating that
dysregulation of m>C regulators may strongly influence liver
cancer patient survival (Figure 4 and Supplementary Table S1).
High expression of NSUN2 has been reported to predict poor
survival in head and neck cancer (Lu et al., 2018). It was only
found to be associated with shorter survival in liver cancer from
our study. For clinicopathological parameters, consistent with
previous result (Figure 2B), the level of NSUN3 and NSUN6 was
increased in tumor samples versus normal samples (Figure 5).
For tumor grade, the expression of m>C regulators increased
from G1 to G3 except NSUNG6, which showed an opposite trend
of expression. The result for pathological grade was similar
to that for tumor grade. The expression of all m>C regulators
was elevated from pathological stage I to IV, except for NSUN6
whose expression was decreased (Figure 5). Similar to our
result, NSUN2 has been found to be significantly correlated with
clinical stage and pathological differentiation in breast cancer
(Yi et al., 2017).

In an attempt to find out the major targets or pathways
modulated by m°>C regulators, we first determined proteins that
were significantly altered upon m°C regulator gene alteration.
The results demonstrated that alteration in m>C regulators led
to the decreased expression of oncogenic YAP1 and RICTOR
and increased expression of DNA mismatch repair proteins
MSH2 and MSH6 (Figure 6A). We then further determined
which signaling pathways these differential proteins mainly
belong to. By taking the gene count and P value into account,
we found that PI3K-Akt and ErbB were the most important
pathways affected by m>C regulators among other pathways
including the mTOR and HIF-1 pathways (Figures 6B,C). The
differential proteins in the PI3K-Akt and ErbB pathways play
important roles in regulating protein binding, cytosol, and signal
transduction from GO analysis (Figure 7A). The PI3K-Akt and
ErbB pathways are important cancer-related pathways. Studies
have shown that the ErbB signaling pathway is regulated by
miR-200a/141 in the epithelial-mesenchymal transition (EMT)-
related microRNA-200 family in renal cell carcinoma (RCC)
(Yoshino et al., 2013). At the same time, accumulating evidence
has elucidated that the PI3K-Akt signaling pathway is highly
activated (Guo et al., 2015; Hao et al.,, 2019) and is a validated
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therapeutic target in RCC (Lin et al., 2014). Key miRNAs and
target genes have been reported to be mainly related to the
PI3K-Akt signaling pathway in GI cancers (Lai et al, 2019).
A bioinformatics analysis showed that the DEGs of EC compared
with normal tissues are mainly enriched in the PI3K-Akt
signaling pathway (Li M. et al, 2020; Yu-Jing et al, 2020).
Moreover, GLI1 co-expressed and DEGs between tumor samples
and normal tissues were both largely enriched in the PI3K-
Akt pathway in STAD (Yu et al, 2018; Li et al, 2019). In
PAAD, 4-miRNA as independent prognostic factor was found
to be related to the PI3K-Akt signaling pathway (Wang et al.,
2019). Growing evidence revealed that the ErbB and PI3K-
Akt signaling pathways play vital roles in colorectal cancer by
regulating microRNA, IncRNA, mRNA, etc. (Szmida et al., 2015;
Song et al., 2018; Wei et al., 2019; Zhong et al., 2019; Wan et al,,
2020). These findings indicate that GI cancer is closely related to
the ErbB and PI3K-AKkt signaling pathways. By visualizing the
PPI network of m>C regulators and their potential downstream
targets in the PI3K-Akt and ErbB pathways, we found that
m°C regulators formed a group and were closely connected
with the differential protein group by NOP2, ALYREE and
RPS6 (Figure 7B).

Further analysis revealed that GSK3B was an important
potential target for m>C regulators (Figure 8). It showed strong
association with m°C regulators (Figure 8B) and differential
proteins and was also important in GO biological processes
(Figure 8A). Importantly, GSK3B was significantly and positively
associated with nearly all m°>C regulators, whereas it was
negatively correlated with NSUNG, indicating that it probably is
a downstream target of m°C regulators (Figure 8C). In order
to further explore the targeted drugs of the GSK3B gene in GI
cancer, we divided the tumor samples into two groups based on
the median GSK3B expression level for differential expression
analysis (Figure 8D). The first 150 genes were selected from
the significantly up-regulated and down-regulated differential
genes, respectively, for potential drug target analysis. The results
showed that streptozotocin (P-selectin inhibitor) was used for
further analysis with the highest score of 96.16 (Figure 8E).
Next, the targeted gene of the compound on streptozotocin
was identified via the PharmMapper database, then we found
29 common genes of the gene target and GSK3B differential
genes, and PPI network was used to display the relationship
of 29 genes and the streptozotocin (Figure 8F). GSK3B has
been shown to be frequently up-regulated in many types of
cancer (Darrington et al, 2012; T. Zhang et al, 2019), and
inhibition of it was considered efficient in suppressing tumor
growth (Edderkaoui et al., 2018; Wu et al.,, 2019). Moreover,
there have been many studies on GSK3B inhibitors, including
Metavert molecule in PAAD (Edderkaoui et al., 2018), BT-000775
molecule in BRCA (Ogunleye et al., 2019), BIO molecule in
TNBCs (triple-negative breast cancers) (Vijay et al, 2019),
AR-A014418 and SB-216763 molecules in STSs (soft tissue
sarcomas) (Abe et al., 2020), etc.

In summary, our study demonstrated for the first time
the comprehensive analysis of m>C modulators in GI cancer.
The dysregulation of m>C regulators in GI cancer was shown,
its association with patient survival and clinicopathological

parameters were analyzed, and the main downstream pathway
and major target were determined. Besides, the compound
termed streptozotocin may be a key candidate drug for targeted
therapy in GI cancer. This is a pioneer study of the relationship
between m>C dysregulation and cancer, but our results lack
experimental verification, which warrants further validation
of the involvement of m>C regulators and their downstream
targets in GI cancer.
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Supplementary Figure 1 | PCA analysis of Gl cancer. Principal component
analysis of liver cancer, colorectal cancer, gastric cancer, pancreatic cancer, and
esophageal cancer according to genes expression level. N = 1,695 data points. X
and Y axes show principal component 1 and principal component 2 that explain
39.5 and 16.4% of the total variance, respectively. Prediction ellipses are such that
with probability 0.95, a new observation from the same group will fall inside the
ellipse. The further apart the two samples are, the greater the difference in genetic
background between them will be.

Supplementary Figure 2 | DNA methylation analysis of differential genes in Gl
cancer. DNA methylation analysis of key downstream pathways in Gl cancer. The
darker the blue, the lower the DNA methylation, and the darker the red, the higher
the DNA methylation.

Supplementary Table 1 | Survival curve data of m®C writer and reader in
Gl cancer.

Supplementary Table 2 | The data of Chi-square analysis on cancer status
(tumor and normal), pathological stage (stage I, stage II, stage Ill, and stage IV),
gender (male and female), and tumor differentiation (G1, G2, and G3) in different
types of Gl cancer and liver cancer separately.

Supplementary Table 3 | Differential proteins in important pathways.

Supplementary Table 4 | The data of different pathways in Gl cancer.
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Head and neck squamous cell carcinoma (HNSCC) is the most common type of head
and neck tumor. It is a high incidence malignant tumor associated with a low survival rate
and limited treatment options. Accumulating conclusions indicate that the Wnt signaling
pathway plays a vital role in the pathobiological process of HNSCC. The canonical
Wnt/B-catenin signaling pathway affects a variety of cellular progression, enabling tumor
cells to maintain and further promote the immature stem-like phenotype, proliferate,
prolong survival, and gain invasiveness. Genomic studies of head and neck tumors
have shown that although B-catenin is not frequently mutated in HNSCC, its activity is
not inhibited by mutations in upstream gene encoding p-catenin, NOTCH1, FAT1, and
AJUBA. Genetic defects affect the components of the Wnt pathway in oral squamous
cell carcinoma (OSCC) and the epigenetic mechanisms that regulate inhibitors of the
Wnt pathway. This paper aims to summarize the groundbreaking discoveries and
recent advances involving the Wnt signaling pathway and highlight the relevance of this
pathway in head and neck squamous cell cancer, which will help provide new insights
into improving the treatment of human HNSCC by interfering with the transcriptional
signaling of Wnt.

Keywords: Wnt signaling pathway, head and neck squamous cell carcinoma, canonical, non-canonical,
epigenetic

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common malignant tumor in
the world (Alamoud and Kukuruzinska, 2018). HNSCC causes over 330,000 deaths worldwide,
and more than 650,000 HNSCC cases are reported each year (Xi and Grandis, 2003). In the
United States, the overall incidence of HNSCC is 11 per 100,000 people, and HNSCC is more
common among black populations than white populations. It originates from the mucosa of various
organs that have a squamous epithelial lining. These organs include the mouth, nasopharynx, and
throat. Oral squamous cell carcinoma (OSCC) is the main type of HNSCC, which is characterized
by poor prognosis and low survival rate. Local recurrence of the primary site and cervical lymph
node metastasis are the main reasons for the failure of treatment in patients with OSCC. Therefore,
elucidating the molecular mechanisms that regulate the occurrence and development of OSCC will
help to understand the etiology of these diseases, allow the design of more effective strategies for
the treatment of OSCC, and possibly improve treatment.
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In 1982, Nusse found an oncogenic gene in mouse models
of mammary cancer, named intl, and which has homology
to the wingless gene of drosophila reported later by Sharma,
and the two were collectively called Wnt (Nusse et al.,, 1991).
The Wnt signaling pathways play important roles in embryonic
development, tissue regeneration, cell proliferation, and cell
differentiation and is abnormally activated in many types of
cancers, such as colon cancer (Zheng and Yu, 2018; Flores-
Herndndez et al., 2020), liver cancer (Li et al, 2019), lung
cancer (Ji et al., 2019), breast cancer (Ma et al., 2016), and
childhood T-cell acute lymphoblastic leukemia (Ng et al., 2014).
Previous studies have shown that dysfunction of the Wnt
signaling pathway can promote the development of oral cancer
(Gonzédlez-Moles et al., 2014) and that abnormalities in this
pathway affect the prognosis of patients with HNSCC. More and
more research highlights the importance of the Wnt signaling
pathway for the prognosis of HNSCC patients and suggests the
possibility of actively developing new gene therapy methods that
target this pathway in HNSCC. Thus, this review summarizes
recent research findings regarding the Wnt signaling pathway
in HNSCC to improve our understanding of the mechanisms
underlying the roles of this important signaling pathway in
cancer cell activity.

WNT SIGNALING PATHWAY

With the advancement of research, people are learning more
and more about the Wnt signaling pathway. So far, 19 members
of the Wnt family have been found in the human genome,
including Wntl, Wnt2, Wnt2b, Wnt3, Wnt3a, Wnt4, Wnt5a,
Wnt5b, Wnt6, Wnt7a, Wnt7b, Wnt8a, Wnt8b, Wnt10a, Wnt10b,
Wntll, Wntl4, Wntl5, and Wntl6. These secreted glycoproteins
usually contain 350-400 amino acids. In order to trigger the
cellular response and activate intracellular signal transduction,
the extracellular Wnt ligands combine with the 10 Frizzled
(Fzd 1-10) receptors and several coreceptors, such as Lrp-
5/6, Ryk, or Ror2 (Logan and Nusse, 2004; Kestler and Kiihl,
2008). Intracellular signal transduction cascades diversify into
three main branches, the canonical Wnt/B-catenin signaling
pathway, and the non-canonical Wnt signaling pathway, which
mainly comprises the Wnt/Ca?T and Wnt/PCP pathways
(Gonzélez-Moles et al., 2014).

CANONICAL WNT SIGNALING PATHWAY

The hallmark of the canonical Wnt signaling pathway is the
accumulation and transport of B-catenin proteins associated
with adhesion junctions into the nucleus (Dawson et al,
2013). In an experimental analysis of the axial development
of Xenopus laevis and the segmental polarity and wing
development of Drosophila, researchers first clarified the role
of this canonical pathway in embryonic development (Ng
et al., 2019). glycogen synthase kinase 3 (GSK3)p is a central
participant in the canonical Wnt pathway. The activity of
the Wnt/B-catenin signaling pathway depends on the amount

and cellular location of B-catenin (Lustig and Behrens, 2003).
Wnt ligands interact with the Fzd receptors. When the Fzd
receptors are unoccupied, cytoplasmic P-catenin is degraded
by its destruction complex, which includes Axin, APC protein,
GSK3, casein kinase la (CKla), and B-catenin (Tejeda-Mufioz
and Robles-Flores, 2015). Once the complex is formed, B-catenin
begins to phosphorylate sequentially. The first phosphorylation
is at Ser45 by CKla, and subsequently at Thr41, Ser37, and
Ser33 by GSK3p. Phosphorylated B-catenin is released from the
complex allowing for its ubiquitination at the N-terminal end
of the protein and subsequent degradation by E3. Axin and
APC can also be phosphorylated by GSK3p and CKla, resulting
in the enhancement of B-catenin phosphorylation (Hagen and
Vidal-Puig, 2002). This continuous degradation prevents the
accumulation and translocation of B-catenin to the nucleus
(MacDonald et al., 2009). When the Wnt/B-catenin signaling is
activated, Wnt ligand binds to Fzd receptors and its co-receptor,
low-density lipoprotein receptor-related protein 5/6 (Lrp5/6)
(Gordon and Nusse, 2006). This complex leads to the recruitment
of the scaffold protein (Disheveled, Dvl) to the receptors which
are then phosphorylated. Subsequently, Axin, GSK3p, and CK1
migrate from the cytoplasm to the plasma membrane, which
contributes to the inactivation of the destruction complex,
resulting in B-catenin stabilization through dephosphorylation.
Stable B-catenin translocates into the nucleus and interacts with
T-cell factor (TCF) transcription factors to induce the expression
of Wnt target genes such as c-Myc, cyclin D1, Axin-2, Lgr5,
ITF-2, PPAR-}, and matrix metalloproteinase 1 and 7 (MMP-1,
MMP-7) (Wu and Pan, 2010; Velazquez et al., 2017). A variety of
Wnt/B-catenin target genes have been identified, including cell
proliferation regulation genes, development control genes, and
genes related to tumor progression. Wntl class ligands (Wnt2,
Wnt3, Wnt3a, and Wnt8a) play main roles through the canonical
Wnt/B-catenin signaling pathway.

NON-CANONICAL WNT SIGNALING
PATHWAY

Non-canonical Wnt signaling is mediated through Fzds but
Lrp5/6 is not involved and consists of two main branches
(Valenta et al., 2012): the PCP pathway and the Wnt/Ca? ™t
pathway. Non-canonical Wnt signaling is initiated by Wnt5a
type ligands (Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7a, and Wntl1).
These Wnt ligands bind to Fzd receptors. In addition, receptor
tyrosine kinase-like orphan receptor 2 (Ror2), and receptor
tyrosine kinase (Ryk) have been suggested as non-canonical
signaling co-receptors, which are required for downstream
activation. These signal transductions jointly activate the
calcium-dependent signaling cascade by activating Dvl (Rao
and Kiihl, 2010). In the Wnt/Ca?" pathway, Wnt ligands bind
to receptor complex, leading to the activation of phospholipase
C (PLC). This results in inositol 1,4,5-triphosphate-3 (IP3)
production and subsequent Ca’* release (Anastas and Moon,
2013). Calcium release and intracellular accumulation activate
several calcium-sensitive proteins, including protein kinase C
(PKC) and calcium/calmodulin-dependent kinase IT (CaMKII)
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(Gonzélez-Moles et al., 2014). Calcineurin activates nuclear
factor of activated T cells (NFAT) and subsequent NFAT-
mediated gene expression (Saneyoshi et al., 2002). Some evidence
had been found that parts of the non-canonical Wnt signaling
proteins influence the canonical Wnt/B-catenin pathway (van
Tienen et al, 2009; Fan et al., 2017). However, the specific
mechanism is not yet clear, and more research is needed.

PCP was first demonstrated in insects because their cuticular
surface has a rich morphology (Adler, 2012). The Wnt/PCP
pathway mediates the event of collective migration, but abnormal
activation leads to tumor migration ability. In the Wnt/PCP
pathway, the binding of Wnt to Fzd and a co-receptor causes
recruitment of Dvl to Fzd and its association with disheveled-
associated activator of morphogenesis 1 (DAMM1). DAMMI1
activates small G protein Rho, through guanine exchange factor
and then activates Rho-associated protein kinase to reorganize
the cytoskeleton and change cell polarity and migration (Peng
et al., 2011). It is characteristic of the plane polarity signal that
Rho-associated kinases can mediate cytoskeleton rearrangement.
Alternatively, the PCP pathway can also be mediated by the
triggering of RAC to initiate the c-Jun amino terminal kinase
(JNK) signaling cascade (Javed et al., 2019). The activation of
Dvl-mediated Wnt signal induces the activation of heterotrimeric
G protein and promotes the transport of intracellular Ca’* to
the extracellular environment (De, 2011). This transport activates
JNK and Nemo-like kinase (NLK) which can phosphorylate
TCF transcription factors and antagonize the canonical Wnt
signaling pathway (Humphries and Mlodzik, 2018). Taken
together, these observations indicate that the Wnt/Ca?™ pathway
is a key regulator of canonical signaling pathways and planar cell
polarity pathways. On the other hand, non-canonical signaling
pathways phosphorylate TCF through NLK, thereby mediating
the activation of canonical Wnt signaling (Figure 1).

ABERRANT WNT SIGNALING PATHWAY
IN HNSCC

With the discovery that a number of Wnt genes are associated
with the development of various human cancers, aberrant
activation of Wnt signaling pathway became evident. To
date, different roles of Wnt in HNSCC have been confirmed.
Leethanakul et al. used microarray technology to reveal the
role of Wnt in HNSCC for the first time. They found that
homologs of both Fzd and Dvl were increased compared
with normal tissue samples. This suggests that Wnt mediates
invasiveness in the development of HNSCC (Leethanakul et al.,
2000). Currently, several other studies have shown that abnormal
activation of the Wnt signaling pathway facilitates tumor
transformation in head and neck tissues (Iwai et al., 2005). For
example, Wntl-induced signaling pathway protein 1 (WISP-1)
is involved in the progression of OSCC, and high expression
of WISP-1 is significantly associated with treatment failure
(Zhang C. et al., 2019). Wnt7b, an agonist of the canonical Wnt
pathway, shows significantly increased expression in samples
from patients with OSCC compared with matched samples of
adjacent non-tumorous tissues (Shiah et al, 2016), and the

Wnt/B-catenin signaling pathway prevents shedding-mediated
apoptosis (anoikis) in SCC1 cells and promotes the growth of
HNSCC-xenograft tumors in vivo (Farooqi et al., 2017). The
Wnt/B-catenin signaling pathway may regulate the epithelial-
mesenchymal transition in laryngeal squamous cell carcinoma,
thereby regulating tumor development (Psyrri et al., 2014). In
OSCC, the non-canonical Wnt/Ca?*/PKC pathway is activated
by Wnt5a, which promotes migration and invasion (Prgomet
et al., 2015). Wnt5b has been found to be significantly increased
in the highly metastatic cell line of OSCC cells. Wnt5b gene
silencing can significantly inhibit the formation of filopodia-like
protrusive structures and migration, whereas stimulation with
Wnt5b can significantly increase the formation of filopodia-like
protrusions in SAS-LM8 cells (Takeshita et al., 2014). The roles
of more Wnt ligands in HNSCC are listed in Table 1. Thus,
both canonical Wnt pathways and non-canonical Wnt pathways
play great roles in HNSCC. Although Wntl type or Wnt5a
type ligands activate canonical or non-canonical Wnt pathways,
respectively, there is more research that suggests that the results
of different Wnt ligands depend on specific combinations of Wnt
receptors and coreceptors (Wang et al., 2013; Sakisaka et al.,
2015). Besides the canonical Fzd and Lrp receptor, Ror and Ryk
are also important alternative receptors for Wnt transduction.

Head and neck squamous cell carcinoma can be divided
into human papillomavirus (HPV)-positive and HPV-negative
tumors, each of which has its unique clinical, pathological, and
epidemiological significance (Cancer Genome Atlas Network,
2015). Increasing evidence shows that Wnt/B- catenin signaling
has an impact on the pathobiology of HPV- and HPV + HNSCC.
HPYV viral oncoprotein E6/E7 has been used to alter the prognosis
of HPV-HNSCC patients (Liu et al., 2017). In oropharyngeal
squamous cell carcinoma, f-catenin is driven to nuclear
translation through E6 oncoprotein by activating epidermal
growth factor receptors (EGFR). Some researchers have used
small interfering RNAs to suppress E6 expression and erlotinib
to downregulate EGFR activity and thereby eliminate the nuclear
localization of P-catenin and the phosphorylation of EGFR
while reducing the invasion characteristics of HPV + HNSCC
cell lines in vitro (Nwanze et al., 2015). According to reports,
E6/E7 may also suppress E3 ubiquitin ligase protein to induce
nuclear translocation of B-catenin. The regulatory effect of
E6/E7 on HPV + HNSCC requires further study. Recently, it
was found that some microRNAs have potential roles in the
attenuation of HPV+/HPV- HNSCC, although the effects are
weak (Nwanze et al., 2015). More research is needed to deepen
the understanding of the Wnt/B-catenin signaling pathway in
HPV 4 HNSCC (Kobayashi et al., 2018). Due to limited tumor
specimens and relevant clinical data, research on HPV ++ HNSCC
lags behind than on HPV-HNSCC (Cancer Genome Atlas
Network, 2015; Beck and Golemis, 2016).

GENETIC AND EPIGENETIC CHANGES
OF WNT SIGNALING IN HNSCC

Components of the Wnt signaling pathway, such as Wnt
ligand proteins, Wnt antagonists, membrane receptors, and
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A Canonical Wnt signaling pathway
l Whnt signaling inactive Whnt signaling active \
[Lwne
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B Non-canonical Wnt signaling pathway
' [ Wnt/Ca?* pathway ] [ PCP pathway ] \
[ | v )

w @ l / Cell polarity

N Cell migration

FIGURE 1 | Overview of the Wnt pathway. (A) Canonical pathway. Binding of Wnt to frizzled receptors activates disheveled (DVL), which disrupts the stability of the
destruction complex, composed of Axin, APC, GSK3-8, CK1, and p-catenin. Subsequently, phosphorylation and degradation of g-catenin are inhibited, which allows
the association of B-catenin with TCF transcription factors. In the absence of Wnt ligands, the complexes promote phosphorylation of -catenin. Phosphorylated
B-catenin becomes multiubiquitinated (Ub) and subsequently degraded in proteasomes (Foulquier et al., 2018). (B) Non-canonical pathway. In the Wnt/Ca2*
pathway, Wnt ligands bind to a complex consisting of Fzd, DVL, and G-proteins, leading to the activation of PLC, which cleaves phosphatidylinositol 4,5
biphosphate (PIP2) into diacylglycerol (DAG) and IP3. DAG activates PKC whereas IP3 promotes the release of intracellular Ca®*, which in turn activates CamKIl and
calcineurin (Russell and Monga, 2018). Calcineurin activates NFAT to regulate cell migration and cell proliferation. In the PCP pathway, Wnt ligands bind to a complex
consisting of Fzd, Ror2, and DVL, which mediates the activation of RhoA and ROCK, or activation of Rac and JNK signaling, to regulate cell polarity and migration.
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TABLE 1 | The roles of different Wnt ligands in HNSCC.

Wnt Type of Wnt HNSCC Cell Type of HNSCC Function References

ligands signaling lines

Wnt1 Canonical SCC1483, Oral squamous cell carcinoma Promote invasion, inhibit apoptosis Rhee et al., 2002;
SNU1076 Zhang C. et al., 2019

Wnt3 Canonical - Oral leukoplakia Cause dysplasia Ishida et al., 2007

Wnt3a  Canonical - Laryngeal squamous cell carcinoma  Worse histological grade, advanced clinical stage, Zhang D. et al., 2019

and higher cervical lymph node metastatic potential

Wnt4 Non-canonical ~ WRO, CAL62, Thyroid carcinoma Reduce migration Filippone et al., 2014
FB2, and BCPAP

Wntba  Non-canonical  SCC9 Oral squamous cell carcinoma Enhance migration and invasion Prgomet et al., 2017

Wntba Non-canonical ~ HTH-74, C-643 Thyroid carcinoma Decrease proliferation, migration, invasiveness, and ~ Kremenevskaja et al.,

clonogenicity 2005
Wntb5a Non-canonical  CNE-2, 5-8F Nasopharyngeal carcinoma Lead to tumorigenesis and metastasis Zhu et al., 2014; Qin
etal, 2015

Wntb5a Non-canonical - Laryngeal squamous cell carcinoma  High tumor stage and lymph node metastasis Prgomet et al., 2017

Wntsb  Non-canonical ~ SAS-LM8 Oral squamous cell carcinoma Enhance migration and invasion Zhang et al., 2017

Wnt7a  Canonical HSC3, CAL27 Oral squamous cell carcinoma Promote migration Sakamoto et al., 2017

Wnt7b  Canonical DOK, FaDu Oral squamous cell carcinoma Promote proliferation and invasion Xie et al., 2020

Wnt10b  Canonical SNU1076 Head and neck squamous cell Promote growth and survival, inhibit apoptosis Shiah et al., 2014

carcinoma
Wnt11 Non-canonical - Oral squamous cell carcinoma Suppress tumor Andrade Filho et al., 2011

intracellular conduction medium, are often disrupted by genetic
or epigenetic inheritance in human tumors (Polakis, 2012). It
is reported that the activation of the Wntl and Wnt pathways
occurs due to epigenetic changes in secreted frizzled-related
protein (SFRP), Wnt inhibitory factor (WIF), and the Wnt
signaling pathway inhibitor Dickkopf 3 (DKK3). Previous data
demonstrated that DKK-3 protein is mainly expressed in HNSCC
(Katase et al., 2013), and its expression is associated to the
high metastasis rate and poor prognosis of OSCC (Katase
et al., 2012). Therefore, epigenetic changes of DKK3 may be
closely related to the occurrence and development of HNSCC
(Katase et al,, 2020). Epigenetic alterations of SFRP, WIF-
1, and DKK-3 genes can active Wnt pathways, resulting in
delocalization of catenin in HNSCC (Pannone et al., 2010).
It was recently reported that overexpression of P-catenin is
significantly associated with increased transcriptional activity in
HNSCC (Kartha et al., 2018). The destructive complex strictly
controls the level of B-catenin in the cytoplasm. Previous studies
have suggested that mutations in APC, Axin, and B-catenin are
widespread in colon cancer (Herndndez-Maqueda et al., 2013;
Yu et al, 2018), esophageal cancer, and gastric cancer. The
Axinl mutation was first identified in hepatocellular carcinoma
(Satoh et al., 2000). In a small, diverse group of colon cancer
cases, activation of point mutations in P-catenin removed
the regulated N-terminal Ser/Thr residue. Similar B-catenin
mutations have also been reported in melanoma and other
tumors (Morin et al., 1997; Rubinfeld et al., 1997). Mutations in
these genes stabilize B-catenin, allowing it to accumulate in the
nucleus, and subsequently activate the Wnt signaling pathway.
However, mutants of APC, Axin, or B-catenin still ultimately
depend on exogenous Wnts (Lammi et al., 2004). According to
HNSCC studies, there are few gene mutations relevant to Wnt
pathways in HNSCC, which indicates that abnormal p-catenin

accumulation in oral cancer is not associated with mutations
in these genes. Although Wnt/B-catenin mutations are not
common in HNSCC, other signal pathways, such as FAT1 and
AJUBA, can crosstalk with Wnt/B-catenin, resulting in changes
in the activity of Wnt signaling pathway (Cancer Genome
Atlas Network, 2015; Beck and Golemis, 2016). Mutations in
these signaling cascades are almost entirely related to HPV-
negative tumors and to the absence of epithelial differentiation
programs. Another possible mechanism for the degradation and
inactivation of B-catenin involves EGFR signaling (Lee et al.,
2010). In OSCC, EGEFR stabilizes B-catenin and enhances nuclear
accumulation of P-catenin through phosphorylation, possibly
via two molecular mechanisms: (1) binding directly and then
B-catenin is phosphorylated and (2) phosphorylation through
GSK-3f8 to regulate the activity of the destruction complex
(Billin et al., 2000; Hu and Li, 2010).

DNA methylation and histone modification also play
important parts in the occurrence of HNSCC. Epigenetic
regulation may contribute to the silencing of Wnt related
genes. Because there is no changes of methylation levels in
the CpG island of APC, Axin, and P-catenin genes in OSCC
(Shiah et al., 2016), downregulation of Wnt signaling in OSCC
and HNSCC is usually due to methylation of different Wnt
pathway inhibitors, such as SFRP-2, WIF-1, DKK-1 (Katase
et al,, 2010), Dachshund family transcription factor 1 (DACHL1),
and RUNT-related transcription factor 3 (RUNX3). Microarray-
based genome-wide epigenetic analyses of human cancer have
shown that inhibitors of Wnt signaling pathway are common
sites for promoter methylation silencing. However, these Wnt
pathway inhibitors may have different levels of methylation
in OSCC and HNSCC cells, and may be significantly related
to tumor recurrence or disease-free survival. For example,
in OSCC cell, the WIF-1 and SFRP2 genes are frequently
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methylated, whereas the DACH1 and Dkkl genes are less
frequently methylated (Farooqi etal.,2017). In the same way,
the WIF-1 gene is often methylated in primary oropharyngeal
cancer tissue and associated with poorer survival (Paluszczak
et al, 2015). In addition, methylation of the E-cadherin
promoter is the main reason for the loss of membrane p-catenin
expression, which leads to the release of P-catenin from
the E-cadherin/B-catenin complex into the cytoplasm (Wong
et al, 2018). By performing chromatin immunoprecipitation
promoter array and gene expression analyses in hepatocellular
carcinoma, Cheng et al. (2011) found that enhancer of zeste
homolog 2 (EZH2) occupancy of the promoter decreased
the expression of several Wnt antagonists including Axin2,
NKD1, PPP2R2B, DKKI, and SFRP5. EZH2 is the core
components of polycomb repressor complex 2 (PRC2) and
has methyltransferase activity. It can catalyze histone 3 lysine
27 trimethylation (H3K27me) and eliminate PRC2-mediated
gene suppression. Thus, overexpression of EZH2 promotes the
neoplastic transformation of epithelial cells. These findings show
that inhibiting the activity of Wnt antagonists through DNA
methylation and histone modification enables to the constitutive
activation of Wnt/B-catenin signaling. Moreover, testing body
fluids to detect DNA methylation is feasible and minimally
invasive. Therefore, the Wnt antagonist gene such as SFRP-2,
WIE-1, and DKK-1 secreted in plasma can be used as a biomarker
for diagnosis and prognosis (Shiah et al., 2016).

WNT SIGNALING PATHWAY IN CANCER
STEM CELLS OF HNSCC

Stem cells (SCs) have the ability of self-renewal and
differentiation. The maintenance and repair of tissue homeostasis
depends on the activity of tissue-specific SCs. Cancer SCs (CSCs)
are a subset of cells that are resistant to chemotherapy and
radiotherapy and often promote relapse by stopping or evading
clinical treatment (Mannelli and Gallo, 2012). Like other cancer
tissues, HNSCC tissue contains small cell subsets with stem-like
characteristics (CSCs), which can bring about tumors with
hierarchical structure.

According to reports, aberrant Wnt signaling has a promoting
effect on different forms of cancer (such as colon cancer, liver
cancer, and lung cancer), and plays a key role in guarding
CSCs (Vermeulen et al., 2010). Le et al. co-cultured HNSCC
tumor spheres and cancer-related fibroblast (CAF) cell line in
3D environment to simulate the interaction in vivo and found
that Wnt3a activated Wnt signals in cancer cells and CAF. The
activation of Wnt increases the characteristics of CSC, such
as sphere formation and invasiveness (Lamb et al, 2013; Le
et al., 2019). Non-canonical Wnt signals in CSCs are activated
by Wnt5a, Wntll, or other non-canonical Wnt ligands. It is
known that non-canonical Wnt signals promote the survival
and drug resistance of CSCs through activation of PI3K-AKT
signal and YAP/TAZ-mediated transcription. But there are few
studies on the role of non-canonical Wnt signaling pathway
in the CSC of HNSCC, most of the findings focus on the
Wnt/B-catenin signaling pathway. Recent advances suggest that

Wnt/B-catenin signaling is involved in the differentiation and
development of CSCs in HNSCC. One proposed mechanism
is that Wnt/B-catenin may play a specific role in asymmetric
cell division, which allows Dvl, Fzd, Axin, and APC to divide
asymmetrically in the cytoplasm, producing a progenitor cell
and a cell destined to differentiate (Lien and Fuchs, 2014).
The analysis of CSC proliferation stimulated by canonical Wnt
signal pathway inhibitors has become the latest experimental
method to study the role of this signal pathway in CSC
self-renewal. In nasopharyngeal carcinoma, CSC isolated from
HNEL1 cell line treated with Wnt-C59, an inhibitor of Wnt,
can reduce the proliferation of CSC (Cheng et al, 2015).
In addition, several other studies have shown that numerous
canonical Wnt signal pathway inhibitors, including SFRP4, all-
trans retinoic acid (Atra), and active natural compounds and
honokiol, can reduce the expression of B-catenin and ultimately
inhibit the proliferation of CSC in HNSCC (Lim et al., 2012;
Yao et al, 2017). The Wnt/p-catenin signaling pathway also
plays an important role in regulating differentiation of SC during
early embryonic development (Vlad et al., 2008) and cancer
including HNSCC. It is reported that CSC isolated from M3a2
and M4e (HNSCC cell lines) are highly activated. The CSCs
injected into nude mice differentiate into tumor cells, resulting
in five times larger tumor growth than non-CSC after 8 weeks
(Lee et al., 2014).

A study showed that the expression of CD44 + was
essential for maintaining tumor heterogeneity in HNSCC (Prince
et al., 2007). The CSCs with high CD44+ were shown to be
characterized by high aldehyde dehydrogenase activity (ALDH)
and by expression of c-Met and SOX2. According to reports,
CD44+4/ALDH (high) cells have stronger oncogenicity and self-
renewal ability than CD44 + ALDH (low) cells. ALDH is thought
to cause treatment resistance and tumor prevalence by regulating
the expression of phosphoinositide 3-kinase (PI3K) and SOX2
signaling pathway (Bertrand et al., 2014). The mesenchymal-
epithelial transition factor c-Met has been reported to interact
with the Wnt/B-catenin pathway in HNSCC (Arnold et al,
2017). The roles of c-Met and Wnt/B-catenin have been
widely studied in colon cancer cells, in which their activities
determine the fate of cells in CSC. However, the activation of
c-Met inhibitor in the presence of P-catenin has been found
to result in the elimination of CSCs in HNSCCs (Arnold
et al., 2017). It has been reported that FZD8, a modulator
of the Wnt/B-catenin pathway, increases the expression of
CSCs in HNSCCs by activating the (extracellular regulated
MAP kinase) ERK/c-fos signaling axis (Bordonaro et al., 2016;
Chen and Wang, 2019).

Due to the presence of drug-resistance CSCs, disease
recurrence is the main marker of HNSCC. A large body of
evidence suggests that Wnt confers chemotherapeutic resistance
by upregulating CSC activity in HNSCC. The use of the Fzd/Wnt
antagonist SFRP4 was found to increase the drug sensitivity
of HNSCC by 25%. SFRP4 was shown to compete directly
with Wnt, significantly enhancing cisplatin-induced apoptosis
and reducing the activity of tumor cells (Warrier et al., 2014).
Furthermore, the use of antagonists had no effect on non-
tumorigenic mouse embryonic fibroblasts, suggesting that Wnt
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signaling plays an important role in the development and
differentiation of CSCs related to HNSCC. However, the potential
mechanism underlying the upregulation of chemical resistance
in CSCs remains unclear, as does the mechanism by which
Wnt mediates the activation of CSCs. Studies have identified
five types of ABC transporters, ABCC1 to ABCC5, as main
mediators in the canonical hyperactivation of the Wnt pathway
in spheroid cells of HNSCC. The ability of spheroid cells to
exhibit CSC-induced chemotherapy resistance was eliminated
after knocking out the genes for p-catenin synthesis. However,
this knock out resulted in the loss of SC tags necessary for self-
renewal (Song et al., 2010; Yao et al., 2013). Although research
on Wnt signal modulators has made great progress, few drugs
have been imported for clinical use. Since CSCs have the same
characteristics (self-renewal, differentiation) as normal SCs, they
present an obstacle to the development of suitable pharmaceutical
formulations for HNSCC.

WNT SIGNALING AS A THERAPEUTIC
TARGET FOR HNSCC

Whnt signaling plays an important role in tumorigenesis and
acts as a regulator of CSCs renewal in the process of cell
homeostasis; thus, it is an attractive therapeutic target. To
date, several approaches have been developed, and a few have
moved on to clinical trials. One of them is to block the
activity of Wnt with specific inhibitor. PORCN, also known
as porcupine, is an enzyme which can limit the activation of
Whnt signals in serine residues and promote the palmitoylation
of Wnt. Using small inhibitors of PORCN, such as IWP, C59,
and LGK974 caused rapid decreases in the expression of Wnt
signaling (Proffitt et al., 2013). In vitro, C59 inhibited the activity
of PORCN, and then inhibited the Wnt palmitoylation, Wnt
interaction with carrier protein Wntless/WLS, Wnt secretion,
and Wnt activation of B-catenin reporter protein. The chick
chorioallantoic membrane (CAM) experiment proved that
LGK974 can inhibit the growth and metastasis of HNSCC (Rudy
et al, 2016). Studies have also shown that PORCN directly
prevents the excessive production of Wnt, thus inhibiting the
interaction between Wnt and Fzd protein. At present, the
inhibition of PORCN on Wnt is being verified in vivo and
in vitro. Additionally, inhibitors of tankyrase stabilize axin and
antagonize Wnt signaling including XAV939, IWR, G007-LK,
and G244-LM, though they have not yet entered clinical trials
(Huang et al., 2009; Lau et al., 2013; Kulak et al., 2015). Moreover,
ICG-001, a small molecule that inhibits the transcription of
CREB binding proteins, downregulates B-catenin/T cell factor
signaling by specifically binding to cyclic AMP response element-
binding protein (Emami et al., 2004; Bordonaro and Lazarova,
2015). ICG-001 is currently in phase I clinical trials in patients
with HNSCC. Furthermore, OMP-18R5 is a human monoclonal
antibody against the Fzd receptor and is currently in phase I
clinical trials. Wnt ligands and their compound receptors are
also being evaluated in clinical trials (Kawakita et al., 2014).
Examples include Omp-54F28, a chimera of human IgGl and
Fzd8, which is related to the growth of pancreatic cancer cells.

Currently, most clinical trials use small RNAs as biomarkers
for cancer detection, diagnosis, and prognostic evolution (Hayes
etal.,, 2014). To date, no clinical trial has used miRNAs to predict
prognosis and the clinical effect in HNSCC patients. A more
comprehensive understanding of the involvement of the Wnt
pathway in HNSCC is necessary to develop effective therapeutics
for oral cancer.

CONCLUSION

As outlined above, aberrant activation of the Wnt signaling
pathway may impact on HNSCC. In addition to gene mutations
in the Wnt component, abnormal changes downstream of
EGEFR are involved in regulating the Wnt/B-catenin pathway,
which can reshape the histone/chromatin structure of the target
gene. Because the epigenetic alterations of Wnt antagonists
are the cause of Wnt signal activation, it may become a
potential biomarker for predicting OSCC recurrence in plasma.
Appropriate methods are required to deal with CSC generated
by aberrant Wnt signaling. Wnt signaling is one of the regulators
of CSC generation involving HNSCC. Because of the complexity
of non-canonical signal pathway, most of the research on Wnt
in HNSCC is focused on canonical WNT signal pathway, but
there are few related studies on non-canonical signal pathway.
More attention needs to be paid to non-canonical signaling
pathways in the future. The evaluation of various aspects of
signal transduction can expand our understanding of both this
key pathway and the crosstalk between signaling pathways in
cells. Such advancement will enable the development of a broad
range of therapeutic interventions to eradicate and respond to
HNSCC recurrence.
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Although great progresses have been made in the diagnosis and treatment of
hepatocellular carcinoma (HCC), its prognostic marker remains controversial. In this
current study, weighted correlation network analysis and Cox regression analysis
showed significant prognostic value of five autophagy-related long non-coding RNAs
(AR-IncRNAs) (including TMCC1-AS1, PLBD1-AS1, MKLN1-AS, LINC01063, and
CYTOR) for HCC patients from data in The Cancer Genome Atlas. By using them,
we constructed a five-AR-INCRNA prognostic signature, which accurately distinguished
the high- and low-risk groups of HCC patients. All of the five AR INncCRNAs were highly
expressed in the high-risk group of HCC patients. This five-AR-IncCRNA prognostic
signature showed good area under the curve (AUC) value (AUC = 0.751) for the overall
survival (OS) prediction in either all HCC patients or HCC patients stratified according
to several clinical traits. A prognostic nomogram with this five-AR-INcCRNA signature
predicted the 3- and 5-year OS outcomes of HCC patients intuitively and accurately
(concordance index = 0.745). By parallel comparison, this five-AR-INcRNA signature
has better prognosis accuracy than the other three recently published signatures.
Furthermore, we discovered the prediction ability of the signature on therapeutic
outcomes of HCC patients, including chemotherapy and immunotherapeutic responses.
Gene set enrichment analysis and gene mutation analysis revealed that dysregulated cell
cycle pathway, purine metabolism, and TP53 mutation may play an important role in
determining the OS outcomes of HCC patients in the high-risk group. Collectively, our
study suggests a new five-AR-INcCRNA prognostic signature for HCC patients.

Keywords: hepatocellular carcinoma, prognostic signature, long non-coding RNA, autophagy, stratification
analysis, autophagy-related long non-coding RNA
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a kind of malignant
neoplasm that is the sixth most commonly diagnosed cancer
and the fourth leading cause of cancer-related death worldwide
(Singal et al., 2020). Although great developments have been
made in the treatment of HCC (Feng et al., 2020), its prognosis
remains poor. Tumor extent, severity of liver dysfunction, and
general health status of patients were confirmed as key predictors
for HCC prognosis; however, the heterogeneity of HCC patients
affected the accuracy and applicable scope of the current existing
prediction methods (Liu et al., 2016). Therefore, new biomarkers
with improved prediction efficiency are urgently necessary for the
prognosis of HCC.

Autophagy describes a conserved cellular process that
degrades the damaged and mutated cytoplasmic materials by
lysosomes so as to maintain the cellular homeostasis under
physiological or pathological conditions (Jiang and Mizushima,
2014). Previous studies have revealed that autophagy played
various roles in different stages of HCC development (Gerada
and Ryan, 2020). Several autophagy-related genes (ARGs), such
as LC3 and ULK1, have become emerging biomarkers to predict
the prognosis of HCC (Wu et al, 2018; Meng et al.,, 2020).
However, messenger RNA could display unsatisfied prediction
because of its low tissue specificity (Deveson et al., 2017) and
instability in vivo and in vitro (Tombacz et al., 2021). Hence, it
is still critical to develop novel autophagy-related biomarkers for
the prognosis of HCC.

Long non-coding RNA (IncRNA) is a kind of powerful
biological functional non-coding RNA, which is longer than
200 nucleotides (Derrien et al.,, 2012). Sixty-eight percent of
human cell transcripts are classified as IncRNAs (Han and Chang,
2015), which play irreplaceable roles in many biological processes
(Chen et al., 2017). A large number of IncRNAs were previously
found dysregulated in HCC (Cui et al., 2017). Recently, Sun
et al. have comprehensively summarized the relationship between
autophagy-related IncRNAs (AR-IncRNAs) and HCC. They
reported that several AR-IncRNAs participated in the progression
of HCC by regulating the expression of autophagy-related
proteins, such as ATG3, ATG7, USP22, SIRT1, and PTEN (Sun,
2018). Given that some IncRNAs have been proven much more
specific than other biomarker in cancer (Soares et al., 2019),
it remains unknown whether a prognostic model composed of
multiple AR-IncRNAs could act more efficiently than the current
known prognostic signatures for HCC.

As shown in Figure 1, in the present study, after applying
weighted correlation network analysis (WGCNA) and several
kinds of Cox regression analysis on the database of HCC
patients in The Cancer Genome Atlas (TCGA), five AR
IncRNAs (TMCC1-AS1, PLBD1-AS1, MKLN1-AS, LINC01063,
and CYTOR) were identified to construct a prognostic signature
for the overall survival (OS) outcomes of HCC patients. The
sensitivity and specificity of the five-AR-IncRNA signature
surpassed three recently published prognostic signatures for
HCC (Wang et al, 2017; Huo et al, 2020; Yang et al,
2020). Furthermore, significant differences were found in
the therapeutic outcomes, including immunotherapy and

chemotherapy responses, between the high- and low-risk groups.
The distinction in prognosis between the high- and low-risk
groups may partially due to the differences in the expression
levels of ARGs correlated with these five AR IncRNAs.

METHODS

Data Sources

The raw count RNA-seq data were downloaded from the TCGA-
liver hepatocellular carcinoma (LIHC) dataset in the UCSC Xena
(https://xenabrowser.net/datapages/) (Tomczak et al, 2015).
The datasets contained a total of 424 samples (including 374
tumor samples and 50 non-tumor liver tissues), along with
the corresponding clinical data [including 370 patients with
OS information corresponding follow-up data and 319 patients
with disease-free survival (DFS) corresponding follow-up data].
Patients with complete clinical prognostic data were included in
the subsequent prognostic analysis.

Average raw read count >1 was applied to determine
candidate genes that were reasonably expressed. Then, the
raw count data were normalized by transcripts-per-million
method and underwent a log2 transformation. LncRNAs were
reannotated by gene symbol based on the gene annotation file
“gencode.v35.long_noncoding RNAs,” which was downloaded
from the GENCODE website (https://www.gencodegenes.org/
human/) (Liu et al., 2019b). ARGs were obtained from the
HADb (Human Autophagy Database, http://www.autophagy.
lu/). A total of 222 ARGs with expression value were obtained.

WGCNA

WGCNA package (Langfelder and Horvath, 2008) (version
1.60) in R was used to find highly correlated IncRNAs to
combine IncRNA modules and to search the relationship between
each module and each clinical trait of the 370 HCC tumor
sample with OS information in TCGA database (Mo et al,
2019). Here, the power of B = 3 (scale free R> = 0.85) was
selected as the soft threshold to ensure a scale-free network
(Supplementary Figure 1). The dynamic tree cutting method
was used to cluster the IncRNAs in layers, using 50 as a minimum
size cutoff, and the cut height = 0.3 was applied to merge highly
similar modules. Different IncRNA modules were labeled with
different colors, and the gray module contained IncRNAs that
cannot be merged. Pearson correlation analysis was applied to
evaluate the correlation between IncRNAs in each module and
each clinical feature. Autophagy pathway values of each HCC
case were estimated by the gene set variation analysis (Liu et al.,
2020), and the most relevant module related to autophagy was
selected for further analysis.

Establishment and Verification of
AR-IncRNA Signature

First, the univariate Cox regression analysis was used to evaluate
the relationship between the expression of the blue module
IncRNAs and the OS of patients with HCC (Yang et al., 2018).
LncRNAs with p < 0.05 was identified to have the prognostic
value for HCC OS outcomes. Second, the IncRNAs with p < 0.001
in univariate Cox regulation analysis were further analyzed via
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regression; KM survival analysis, Kaplan-Meier survival analysis; ROC analysis, receiver operating characteristic curve analysis; GSEA, gene set enrichment analysis.

nt, validation, and potential mechanism exploration of the autophagy-related

the least absolute shrinkage and selection operator (LASSO) Cox
regression analysis to select the most useful prognostic IncRNAs,
called OS-related AR-IncRNAs, by using the glmnet package in R
(Engebretsen and Bohlin, 2019). The “10-fold cross-validation”
approach was used to facilitate parameter selection (Mao et al.,
2019). Third, HCC patients were randomly divided into training
set (186 cases) and testing set (184 cases). The data of the training
set were used to generate the prognostic signature through
forward conditional stepwise regression with multivariable Cox

analysis using the OS-related AR-IncRNAs (Yang et al., 2018). A
prognostic multi-IncRNA signature was conducted in which the
risk score was calculated as follows: risk score = Y 1| Coef; x x;
(Coef; was the estimated regression coeflicient derived from
multivariate Cox regression analysis using the R/survival package
(Huang et al., 2020), and x; was the expression value of each
selected AR-IncRNA). The median risk score in the training set
was used as the cutoff point that divided HCC patients into a
high-risk group and a low-risk group. Then, the formula was
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used to calculate the risk score of each HCC patient in the
testing and whole set, followed by grouping them into high- and
low-risk groups. Log-rank testing method was used to compare
the differences of OS outcomes between the high- and low-risk
groups via Kaplan-Meier survival analysis (Yang et al., 2018).
The receiver operating characteristic (ROC) curve analysis in the
“survivalROC” package (Heagerty and Zheng, 2005; Huang et al.,
2017, 2020) was applied to examine the accuracy of the identified
AR-IncRNA signature. Area under the curve (AUC) of 3-year OS
outcomes based on the time-dependent ROC curves was used
to compare the prediction accuracy of our newly identified AR-
IncRNA signature with other three recently published signatures.
The concordance index (C-index) was calculated to compare
the prediction accuracy of prognostic signatures (Wang et al.,
2017; Huo et al,, 2020; Yang et al., 2020) by “survcomp” package
(Schroder et al., 2011).

Stratification Analysis

The whole set of patients was stratified by different infection type
[HBV (n = 104) or HCV (N = 56)], alcoholic hepatitis (n =
117), age [>60 years (N = 201) or <60 years (n = 169)], TNM
stages [stage I and II (n = 256) or stage III and IV (n = 90)],
a-fetoprotein (AFP) level [high: >300 (n = 65) or low: <300 (n
= 212)]. The formula of risk score acquired in the training set
was used to calculate the risk score of each HCC patient in each
stratification cohort, followed by grouping them into high- and
low-risk groups. Log-rank testing method was used to compare
the differences of OS outcomes between the high- and low-risk
groups via Kaplan-Meier survival analysis.

Construction and Assessment of a

Prognostic Nomogram

Multivariable Cox analysis was used to testify the prognostic
independence of the AR-IncRNA signature where p < 0.05
was regarded as statistically significant. A forest plot was
used to display the results of the multivariable Cox analysis.
The R package rms (Chen S. et al, 2020) was used to
construct the nomogram to assess the 3- and 5-year survival
possibility for HCC patients. C-index was calculated to identify
the discrimination of the nomogram (Huang et al, 2019).
Calibration curve of the nomogram was generated to evaluate the
consistency between its predicted values and the actual observed
values by “nomogramEx” package (Du et al., 2020).

Immunotherapy and Drug Responsiveness
The Tumor Immune Dysfunction and Exclusion (TIDE) tool
(http://tide.dfci.harvard.edu/) was used to compute TIDE score
for each tumor sample, which serves as a surrogate to predict
the immunotherapy responsiveness (Jiang et al., 2018). The R
package pRRophetic (Geeleher et al., 2014) (version 0.5) was
applied for drug sensitivity prediction by using ridge regression
to estimate the half-maximal inhibitory concentration (ICsg) for
each sample. Then, the prediction accuracy of drug sensitivity
was evaluated by 10-fold cross-validation based on the Genomics
of Drug Sensitivity in Cancer (https://www.cancerrxgene.org/)
(Lui et al., 2020).

Somatic Variants Analysis

Gene somatic mutation data with a total of 364 HCC samples
based on the whole-exome sequencing platform of the TCGA-
LIHC datasets were downloaded by TCGAbiolinks (Colaprico
et al, 2016). Somatic variants analysis was performed by
the R package maftools (Mayakonda et al, 2018) based
on the TCGA-LIHC Mutect2 pipeline, which visualized the
mutational signatures of the HCC cancer genome. Samples with
frameshift insertions, missense mutations, multiple hits, non-
sense mutations, splice-site mutations, frame shift deletions,
in-frame insertions, or in-frame deletions were considered as
positive for a mutation.

Gene Set Enrichment Analysis

Genome-wide expression profiles of the HCC patients were
subjected to gene set enrichment analysis (GSEA) (http://www.
broad.mit.edu/gsea/) to analyze genes that were differentially
expressed between the patients of the high- and low-risk
groups (Yang et al, 2018). Gene sets used in this work
were c2.cp.kegg.v7.0.symbols.gmt, which contained mainly
Kyoto Encyclopedia of Genes and Genomes pathway and
downloaded from the Molecular Signatures Database (MSigDB,
http://software.broadinstitute.org/gsea/msigdb/index.jsp).
Difference for which the NOM p < 0.05 was considered
statistically significant.

Immune Cell Infiltration

The immune cell infiltration status was acquired based on
quanTIseq, a method to quantify the fractions of 10 immune cell
types from bulk RNA-sequencing data (Finotello et al., 2019), by
using the single-sample gene set enrichment approach (Zuo etal.,
2020) to the transcriptomes of HCC.

Correlation Between the Expression Levels

of Selected IncRNAs and ARGs

All of the expression data of ARGs of HCC patients were
normalized by log2 transformation. Pearson correlation analysis
was applied to calculate the correlation between the signature-
involved IncRNAs and ARGs. An ARG with a |correlation
coefficient| >0.3 and p < 0.05 was considered to be the putative
target of a IncRNA. The IncRNAs-ARG coexpression network
was presented by Cytoscape (version 3.6.2). Correlation scatter
plots of each paired IncRNA and ARG were shown for the whole
set of HCC patients.

Statistical Analysis

All dataset analyses were performed using R software (version
3.5.1). The association between each clinical trait and each
module was determined using the x? test, Wilcoxon rank
sum test, or unpaired t-test according the data type of each
clinical trait. Univariate and multivariate Cox regression was
used to assess prognostic significance. Kaplan-Meier and log-
rank tests were used to perform survival analysis. The Student
t-test was used to compare two independent groups. Mean
+ standard deviation with statistical significance was set
at p < 0.05.
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RESULTS

Identification of AR-IncRNA Modules for

HCC by WGCNA

We used WGCNA to analyze the IncRNAs detected in HCC
samples. The dynamic tree cutting method was used to cluster
the IncRNAs in layers, and then highly similar modules
were merged (Figure 2A). Coexpression network by WGCNA
analysis revealed that the 3,889 IncRNAs in HCC sample
were grouped into nine modules (Supplementary Table 2). The
highest association between IncRNA modules and clinical traits
was found between the blue module and autophagy (r? = 0.46,
p < 0.05). The blue module was negatively correlated to the
sex of HCC patients (r> = —0.12, p < 0.05) and positively
correlated to the stage of HCC patients (r* = 0.16, p < 0.05),

respectively (Figure 2B). The correlation coeflicient between
memberships in blue module and memberships in the autophagy
pathway of eigengenes in the blue module was 0.68 (p < 0.001)
(Figure 2C), indicating indeed a relationship between the blue
module and autophagy activity. Therefore, we defined the blue
module as AR-IncRNA module. There were 1,023 IncRNAs in
the AR-IncRNA module, among which 44.8% was antisense
IncRNAs, and 38.1% was long intergenic non-coding RNAs
(Figure 2D).

Establishment and Verification of
AR-IncRNA Prognostic Signature for HCC

As previously reported, autophagy pathway is associated
with the prognosis of HCC patients (Zhu et al., 2020b);
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FIGURE 2 | Weighted correlation network analysis (WGCNA) of INcRNAs in hepatocellular carcinoma (HCC) samples. (A) Gene clustering tree (dendrogram) obtained
by hierarchical clustering of adjacency-based dissimilarity. (B) Module—trait relationships. Each row corresponds to a module of eigengenes, and each column
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of the eigengenes in blue module by Pearson correlation analysis. Cor, correlation coefficient. (D) Bar chart shows the types of INcRNAs in the blue module.
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univariate Cox regression analysis was used to explore the
relationship between AR-IncRNAs and HCC prognosis.
The data revealed that 354 among the total of 1,023
AR-IncRNAs (34.6%) performed the capacity of prognosis
for HCC OS outcomes (p < 0.05) (Supplementary Table 1),
indicating a critical role of AR-IncRNAs in HCC prognosis.

Then, the LASSO Cox regression analysis identified
seven OS-related AR-IncRNAs from the above identified
354 IncRNAs with univariate Cox regression, p < 0.001
(Supplementary Figure 2). Conformably, high expression of
these seven OS-related AR-IncRNAs predicted a poor prognosis
of HCC patients.
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Next, we randomly divided the HCC patients in TCGA
data into training set (186 cases) and testing set (184 cases).
The above identified seven OS-related AR-IncRNAs were used
for the prognostic module building by the forward conditional
stepwise regression with multivariable Cox analysis in the
training set. An AR-IncRNA signature, composed of five feature
IncRNAs (TMCC1-AS1, PLBD1-AS1, MKLN1-AS, LINC01063,
and CYTOR), was constructed for HCC prognosis. The risk
score of each sample in the training set was calculated according

to the expression of the five AR IncRNAs by using the
following formula: risk score = CYTOR expression x 0.17456
+ LINCO01063 expression x 0.30093 + MKLN1-AS expression
x 0.27462 + PLBS1-AS1 expression x 0.17218 + TMMC1-AS1
expression x 0.28974, in which the coefficients were derived
from forward conditional stepwise regression with multivariable
Cox analysis. Then, the risk scores were ranked from low
to high. According to the cutoff point using the median
risk score (cutoff = 0.958887), patients in training set were
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divided into a high-risk group (93 cases, risk score >0.958887)
and a low-risk group (93 cases, risk score <0.958887). The
high-risk group showed higher expression of these five AR
IncRNAs and had a poor living status and significantly shorter
OS (log-rank test, p < 0.0001), compared with the low-risk
group (Figures 3A,C). The median survival time for high-
and low-risk patients was 2.5 and 7 years, respectively. The
same formula was applied to the testing set and revealed a
similar finding as that in the training set (Figures 3B,D). Of
note, the AUC values of ROC curve of 3-year OS were 0.827
and 0.756 in the training set and testing set, respectively,
indicating good sensitivity and specificity of this five-AR-IncRNA
signature in predicting the survival rate of HCC patients
(Figures 3E,F).

Further validation showed ideal distinction of 3-year OS
outcomes between the high- and low-risk groups of the whole set
(p < 0.0001) (Figure 4A). The prognostic power of our signature
was also confirmed by good prediction effectiveness on the DFS
of all HCC patients (p < 0.001) (Figure 4B).

Three previously published HCC-related signatures derived
from TCGA successfully and significantly predict the OS
outcomes, including five-ARG signature (HDACI, RHEB,
ATIC, SPNS1, and SQSTMI1) by Huo et al. (2020) four-
IncRNA  signature (ENSG00000234608, ENSG00000242086,
ENSG00000273032, ENSG00000228463) by Yang et al
(2020) and four-IncRNA signature (RP11-322E11.5, RP11-
150012.3, AC093609.1, CTC-297N7.9) by Wang et al. (2017).
To compare the sensitivity and specificity of our five-AR-
IncRNA signature for the prognosis prediction with these
three existing signatures, we performed the time-dependent
ROC analysis (Liao et al., 2020). The AUCs of 3-year OS
for Hou’s signature, Yangs signature, and Wang signature
was 0.655, 0.504, and 0.704, respectively, all of which were
lower than that of our five-AR-IncRNA signature (AUC =
0.751) (Figure 4C). This indicated an obvious improvement

in the estimation of survival rate of HCC patients achieved
by this five-AR-IncRNA signature, which can also be seen
from the restricted mean survival curve [C-index: 0.71 vs.
0.66 (p < 0.05), 0.51 (p < 0.001), and vs. 0.67 (p < 0.05)]
(Supplementary Figure 3).

Stratification Analysis Based on the

AR-IncRNA Prognostic Signature

In order to explore the applicability of the five-AR-IncRNA
signature, we next performed the stratification analysis. Patients
from the whole set were stratified by different infection type
(HBV, HCYV, alcoholic hepatitis), age (>60 or <60 years), TNM
stages (stage I and II or stage III and IV), and AFP level
(>300 or <300). Each subgroup was then divided into a high-
and low-risk groups based on the median risk score derived
from the training set. Kaplan-Meier curves showed that, for all
subgroups, the high-risk group had a significant poorer survival
rate than that in the low-risk group (p < 0.05) (Figure 4D). This
indicated that the five-AR-IncRNA signature could accurately
predicate the prognosis of HCC patients regardless of different
clinical traits.

Establishment of a Nomogram for HCC
Prognosis Based on Independent

Prognostic Factors

To examine the importance of the five-AR-IncRNA signature
when considering other conventional clinical characteristics,
we carried out the multivariate Cox regression analysis. The
results revealed that after adjusting for other factors, the
risk score of the five-AR-IncRNA signature served as an
independent factor for the prognosis of HCC (p < 0.001)
(Figure 5A). Among the other clinical characteristics, only TNM
stage can act as an independent prognostic factor (p < 0.05)
(Figure 5A).
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value of correlation coefficient.

FIGURE 7 | are shown in the top panel, whereas the risk, race, gender, and HCV and HBV infection status of HCC patients are detailed in turn in the bottom panel.
The middle panel shows genes with statistically significant levels of mutation (MutSig suite, FDR <0.1). The name and type composition of each mutant gene are
shown on the right, and mutation types are indicated in the legend at the bottom, respectively. (C) Association between risk score and immune cell population in low-
and high- risk groups. (D) The bubble map shows the correlation between risk score and immune cell subset infiltration. X and Y axes represent the correlation
coefficient and the type of infiltrated immune cell subset, respectively. The color of each bubble shows the p-value of correlation, whereas the size shows the absolute

The prognostic nomogram can assist individualized survival
prediction and guide treatment strategies (Wang et al., 2019).
Therefore, we used the above selected independent prognostic
factors, including TNM stage and the risk score of the five-
AR-IncRNA signature, to construct a prognostic nomogram
for the 3- and 5-year OS prediction of each individual HCC
patient (Figure 5B). The calibration curves showed an agreement
between the predicted survival and actual survival (Figure 5C),
and the C-index of nomogram reached 0.745 (95% confidence
interval, 0.686-0.805), highlighting an ideal predictive value of
our nomogram. So far, we facilitated the utilization of the five-
AR-IncRNA signature for HCC.

Therapeutic-Outcomes Analysis for the
High- and Low-Risk Groups

In view of the survival differences between the high- and low-risk
groups, we speculated that their responses to different treatments
were different. Thus, we further analyzed different therapeutic
outcomes of HCC patients, including chemotherapeutic
responsiveness and immunotherapy sensitivity. HCC patients
in the low-risk group showed stronger drug sensitivity to
chemotherapy according to their lower 50% inhibiting
concentration (ICsp) of docetaxel, paclitaxel, and cisplatin
(p < 0.01) (Figure 6A) and better responses to immunotherapy
(p < 0.001) (Figure 6B). These results indicated that the five-
AR-IncRNA signature also had a certain degree of separability on
the therapeutic response of HCC patients.

GSEA, Somatic Variants Analysis, and
Immune Infiltration for the High- and

Low-Risk Groups
According to the above results, we further explored the potential
explanations for this five-AR-IncRNA signature, which can
distinguish the differences of survival and therapeutic outcome
from HCC patients. GSEA results revealed that the high-risk
group showed gene enrichment in cell cycle and purine
metabolism pathways (p < 0.05) (Supplementary Table 3). The
role of the former was well-established in cancer proliferation,
invasion, and metastasis (Otto and Sicinski, 2017), whereas the
latter was confirmed one of the markers for liver cancer as it
promoted the progression of liver cancer (Chong et al., 2020). In
contrast, the low-risk group showed gene enrichment in primary
bile acid biosynthesis and fatty acid metabolism pathways (p
< 0.05) (Supplementary Table 4), both of which were usually
down-regulated in HCC patients (Wang et al., 2016) (Figure 7A).
Somatic variants analysis showed the top 20 mutated genes
of HCC samples, including TP53, CTNNB1, ALB, AXINI, and
ARID1A (Figure 7B), which was concordant with the previously

reported results (Cancer Genome Atlas Research Network.
Electronic address and Cancer Genome Atlas Research, 2017).
We found a significantly higher frequency of TP53 mutation in
the high-risk group than that in the low-risk group (Figure 7B).

In tumor microenvironment, what constitutes immune cell
subsets affects the antitumor effects of immunotherapy (Bao
et al., 2019). With the increase in risk score, the ratio of M1, M2
macrophages, and regulatory T (Treg) cells increased markedly
(p < 0.05); especially the ratio of M1 cells infiltration showed
positive correlation with risk score (correlation coefficient =
0.3), whereas the ratio of natural killer (NK) cells decreased
significantly accompanied by the increase of risk score (p < 0.05)
(Figures 7C,D).

Construction of the Five AR IncRNAs and

ARGs Coexpression Network

Moreover, by constructing the IncRNAs-ARG coexpression
network, we found an arsenal of ARGs correlated with the
five AR IncRNAs (p < 0.05, |correlation coefficient] >0.3)
(Supplementary Table 5) and the largest number of ARGs
coexpressed with MKLN1-AS1 (Figure 8A). For instance,
BECNI, a central protein triggering the autophagy protein
cascade (Han et al., 2018), coexpressed with more than two
selected AR-IncRNAs and displayed the highest correlation
coeflicient with MKLN1-AS1 (correlation coefficient = 0.678).
The other reported ARGs, including FKBP1A, TP53BP1, and
SH3GLBI1 (Ge et al., 2014; Wild et al., 2016; Sharma et al.,
2018), also showed significant expression correlation with some
of these AR-IncRNAs (correlation coefficient >0.6, p < 0.001)
(Figure 8B). The above evidence elucidated that these five AR
IncRNAs in our signature may affect the prognosis of HCC
patients via regulating ARGs expression.

DISCUSSION

Prognostic models for HCC based on IncRNAs have been
reported continuously (Wang et al., 2017; Yang et al.,, 2020).
However, because of the heterogeneity of each cohort and
different analysis methods of each study, the predictive
effectiveness of their results is not universally applicable (Liu
et al., 2016). In this current study, we for the first time achieved
a five-AR-IncRNA signature of HCC prognosis. This five-AR-
IncRNA signature can be applied to all TCGA-HCC patients even
classified by a variety of sorting schemes (including different
etiology, TNM stage, age, and AFP level). It showed ideal
distinctions of OS outcomes between the high- and low-risk
groups with good AUC values. In addition, the accuracy of our
five-AR-IncRNA signature also surpassed that of three recently
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reported prediction signature of HCC based on ARGs or OS-
related IncRNAs (Wang et al., 2017; Huo et al., 2020; Yang et al.,
2020). The nomogram model, consisting of the TNM stages and
the risk score derived from the five-AR-IncRNA signature, can
visually predict the 3- and 5-year OS outcomes for individual
HCC patient. Of note, the five-AR-IncRNA signature was also
able to identify significant differences in chemotherapeutic and
immunotherapy responses for HCC patients.

Our five AR IncRNAs include TMCC1-AS1, PLBDI1-AS1,
MKLNI1-AS, LINC01063, and CYTOR, all of which were highly
expressed in the high-risk group with poor OS. Consistent with
our findings, previous studies have shown that HCC patients
with higher expression of TMCC1-AS1 showed shorter OS when
compared with the low-expression ones (Zhao et al., 2018; Deng
et al., 2020). CYTOR has been reported as an adverse factor
of pan cancers via promoting proliferation, migration, invasion,
metastasis, and drug resistance of tumor cells (Wang et al., 2018;
Zhang and Li, 2018; Liu et al., 2019a; Zou et al.,, 2019; Chen W.
etal, 2020; Zhu et al., 2020a). MKLN1-AS has also been reported
to be a risk factor of liver cancer (Xiao et al., 2019), although it is
also reported as a protective IncRNA of HCC in HBV-positive
patients, which might due to the analysis being restricted to
HBV-HCC (Zhao et al., 2020). Despite this, our signature could
also effectively distinguish the different OS outcomes of high-
and low-risk groups of HBV-HCC patients. In addition, we also
contributed two new risk IncRNAs, LINC01063 and PLBD1-AS1,
for HCC. Our data showed that the expression levels of PLBD1-
AS1 and LINC01063 were correlated with tumor suppressor p53-
binding protein 1 (TP53BP1) (correlation coefficient = 0.44), and
charged multivesicular body protein 4B (CHMP4B) (correlation
coefficient = 0.36), respectively. TP53BP1 recruitment can
mediate the activation of autophagy by tumor self-DNA
damage response (Sharma et al., 2018). CHMP4B recruitment
is important at a late step of mitophagosome formation (Zhen
etal., 2020). Further studies are warranted to confirm the definite
role and mechanism of LINC01063 and PLBDI1-AS1 in the
development of HCC regarding an autophagy mechanism.

Preliminary mechanism explorations by GSEA and somatic
variants analysis revealed that dysregulated cell cycle, purine
metabolism, and TP53 mutation may play important roles
resulting in poor OS outcomes of HCC patients in the high-
risk group. Consistent with these findings, CYTOR has been
reported to promote cyclin D1 expression, which regulated
Gl1-to-S phase progression and formed active complexes that
promoted cell cycle progression (Alao, 2007), resulting in
inhibition of cell apoptosis (Galamb et al., 2020). TMCC1-
AS1 correlated with AICAR transformylase (ATIC) (correlation
coefficient = 0.61), an autophagy-related protease that catalyzed
the last two steps in the purine biosynthesis pathway (Huo
et al, 2020). The mutation of TP53, which was proven the
most common mutation in patients with liver cancer, showed
higher frequency in the high-risk group. Previous study has
reported that TP53 inhibited autophagy by inhibiting AMPK
but activating mTOR signaling pathway (Zhao et al, 2020).
As such, it is interesting to further explore the casual role
between TP53 mutation and dysregulated autophagy during
HCC development.

Prediction of therapeutic response is helpful for the precision
medicine in cancer treatment, especially for the selection of
the first line of treatments that determines the prognosis of
cancer patient. Our data showed that the five-AR-IncRNA
signature was also able to identify significant differences between
chemotherapeutic and immunotherapy responses. The low-risk
group was more sensitive to cisplatin, docetaxel, and paclitaxel,
which were frequently used chemotherapeutic drugs for HCC
(Jin et al., 2018; Sung et al., 2020; Tekchandani et al., 2020). This
might because of the different autophagy activities between the
high- and low-risk groups. Previous studies have demonstrated
that high levels of autophagy activity led to reduced sensitivity
of hepatocellular carcinoma cells to chemotherapeutic drugs
(Xiong et al., 2017). Moreover, the infiltration and function of
immune cells in the tumor microenvironment could be weakened
by the activation of autophagy-related signaling pathways in
tumor microenvironment, which may also affect the efficiency of
immunotherapy; for example, tumor cell autophagy weakens the
killing function of NK cells (Huang et al., 2018; Yao et al., 2018).
M2 cells and Treg cells, serving as immunosuppressive cells,
played negatively prognostic role in HCC (Fridman et al., 2017).
Consistently, in this current study, with the increase of risk score,
NK cell infiltration decreased significantly, whereas the ratio of
M2 macrophages and Treg cells significantly increased. Although
the ratio of M1 macrophages, a positive factor for the prognosis
of HCC (Fridman et al., 2017), increased with the increase of risk
score, its role might be overwhelmed by above negative ones. In
a word, the relationship among tumor autophagy and immune
infiltration implied that regulating the infiltration of innate and
acquired immune cells by controlling the level of autophagy
may be a novel strategy to improve antitumor immunotherapy
of HCC.

Collectively, our five-AR-IncRNA signature can predict not
only the OS outcomes, but also the therapeutic response of
HCC patients. Prognostic nomogram, using clinical TNM stages
and the risk score of the five-AR-IncRNA, provides a firsthand
prognostic tool for HCC patients. Therefore, further validations
in other independent cohorts and mechanism studies will
provide solid evidence to apply this five-AR-IncRNA signature as
a clinical index of HCC precise treatment and prognosis.
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Background: CAP-Gly domain containing linker protein family member 4 (CLIP4) plays an
important role in cancers. However, its expression, prognostic value, and biological effect
in breast cancer remain unclear.

Methods: Data on patients diagnosed with breast cancer were retrieved from the TCGA-
BRCA and other public omics databases. The expression profile of CLIP4 was analyzed
using Oncomine, bc-GenExMiner, and TCGA. The prognostic value of CLIP4 was
determined by Kaplan-Meier Plotter and Human Protein Atlas. Identification of genes
co-expressed with CLIP4 and potential mechanism analyses were performed using
UALCAN, STRING, Metascape, and GSEA. The epigenetic characteristics of CLIP4
were determined by DiseaseMeth and MEXPRESS.

Results: CLIP4 was downregulated and its expression was negatively correlated with estrogen
receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor type
2 (HER?) status, Nottingham prognostic index (NPI), and Scarff-Bloom-Richardson (SBR)
grade in breast cancer, whereas it was positively linked to basal-like and triple negative breast
cancer status. Ectopic expression of CLIP4 was related with poor prognosis. In the analysis of
genes co-expressed with CLIP4, GSEA showed that the Hedgehog (Hh), JAK-STAT, ERBB,
Whnt signaling pathway, cell adhesion molecules, and pathways in cancer were dissimilarly
enriched in the CLIP4 expression high phenotype. Analysis of the genetics and epigenetics of
CLIP4 indicated that its expression was negatively correlated with DNA methylation.

Conclusion: Methylated CLIP4 may be a novel prognostic and therapeutic biomarker for
breast cancer.

Keywords: DNA methylation, CAP-Gly domain containing linker protein family member 4, breast cancer, prognosis,
biomarker, integrated analysis

INTRODUCTION

Breast cancer is the most common female malignancy in China and is the main cause of mortality in
Western countries (Chen et al., 2016; Siegel et al., 2018). Moreover, the incidence of breast cancer is
gradually rising in most countries (DeSantis et al.,, 2019). Despite advances in early screening,
diagnosis, and treatment of breast cancer, the overall prognosis for patients remains poor. Thus, it is
urgent to find sensitive and specific biomarkers for breast cancer.
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Microtubules have a dynamic structure that continuously
changes during growth and shrinkage (Mitchison and
Kirschner, 1984). Microtubule-associated proteins (MAPs)
influence microtubule properties. One group of MAPs, the
plus end binding proteins (or +TIPs), bind to and stabilize
microtubule plus ends. Mammalian cytoplasmic linker protein
(CLIP)-170, links microtubule plus ends to kinomeres,
endocytosis vesicles, and the leading edge of migrating cells
(Howard and Hyman, 2003), is a prototypical +TIP (Perez
et al., 1999). The CLIP-170 family (CLIP1, CLIP2, CLIP3, and
CLIP4) associates microtubules with cellular organelles through a
cytoskeleton-associated protein glycine rich (CAP-Gly) domain.
The CAP-Gly domain, which is conserved among organisms, is a
small 80-residue protein module (Riehemann and Sorg, 1993).
CAP-Gly domains are important to the function of CLIPs and
many other proteins, and are implicated in cell polarity
maintenance, intracellular transport, cell migration, and
oncogenesis (Galjart and Perez, 2003; Akhmanova and
Hoogenraad, 2005; Galjart, 2005). Recent research on CLIP4
uncovered its potential functions in cancers. However, the role
of CLIP4 in breast cancer remains unknown.

Here, we first evaluated the expression profile of CLIP4 in
breast cancer by data mining. The prognostic value of CLIP4 was
also analyzed. To gain further insight into the molecular
mechanisms involved in breast cancer-related CLIP4
regulatory networks, GSEA was used. Finally, the regulation of
the expression of CLIP4 in breast cancer was investigated by
genetic and epigenetic analyses.

METHODS

Expression profile analysis
The expression pattern of CLIP4 was analyzed using Oncomine
and TCGA. First, the expression profile of CLIP4 was analyzed
with Oncomine, which facilitates investigation of cancer
microarray databases and genome-wide expression analysis
(Rhodes et al., 2004). The cut-off of p-value, fold change, and
gene rank were defined as 0.05, 2, and 10% (Fan et al,, 2019),
respectively. The gene expression (1,098 cases) and
corresponding clinical data were downloaded from TCGA
official website for Breast Invasive Carcinoma (TCGA-BRCA).
All statistical analyses were performed using R (v.3.6.3). The
association with clinical features and CLIP4 was analyzed with
the Wilcoxon signed-rank and logistic regression test.
bc-GenExMiner (Jezequel et al, 2012) was used to assess
relationships among CLIP4 expression and clinicopathological
features including age, nodal status, hormone receptor status (ER
and PR), HER2, pathological subtype, NPI, and SBR grade. A
value of p <0.05 was statistically significant.

Survival analysis

The Kaplan-Meier Plotter (http://kmplot.com/analysis/), an
online tool established from gene expression and survival data
of cancer patients originated from the GEO database (Gyorfty
etal., 2010), was used to evaluate the prognostic value of CLIP4 in
breast cancer. The survival plot, hazards ratio (HR), 95%

CLIP4 in Breast Cancer

confidence interval (CI), and log-rank p were displayed on the
web page. The prognostic significance are available from Human
Protein Atlas (https://www.proteinatlas.org/) (Uhlen et al., 2005).
A log-rank p <0.05 was statistically significant.

Analysis of Co-Expression and
Protein-Protein Interaction Networks

The genes co-expressed with CLIP4 were analyzed using
UALCAN (Chandrashekar et al., 2017). A total of 687 genes
positively and negatively correlated with CLIP4 in breast cancer
were downloaded. Genes with a Pearson’s correlation coefficient
>0.3 (absolute value) were included. The protein-protein
interaction network was established using STRING v11.0 and
was based on co-expressed genes (https://string-db.org/cgi/input.
pl/) (Szklarczyk et al., 2019). The confidence score was defined as
0.4 (Fan et al, 2019).

Metascape and Gene Set Enrichment
Analysis

Gene ontology (GO) and pathway enrichment analysis of CLIP4-
associated genes were performed using Metascape (http://
metascape.org/) (Zhou et al, 2019). A computational method
GSEA was used to determine whether a prior defined set of
genes shows statistically significant, concordant differences
between two biological states (Subramanian et al., 2005). In this
study, an ordered list of genes was first generated by GSEA based
on correlation with CLIP4 expression. The significant survival
difference observed between high and low CLIP4 was elucidated.
Gene set permutations were performed 1,000 times each analysis.
The expression level of CLIP4 was used as a phenotype label. The
nominal p-value and normalized enrichment score (NES) were
used to classify the pathways enriched in each phenotype.

Analysis of DNA Methylation and Genetic

Alterations

To further investigate the regulatory effect of DNA methylation
modification on CLIP4 mRNA expression, we used DiseaseMeth,
version 2.0, which was updated along with the increased DNA
methylation data and associations between diseases and genes.
These datasets were collected from revolutionary large
international disease projects such as TCGA and GEO among
others (Xiong et al., 2017). Then, 871 breast invasive carcinoma
samples in MEXPRESS (https://mexpress.be/) (Koch et al., 2015)
datasets were analyzed to evaluate the CLIP4 gene. The genetic
alterations of CLIP4 were identified by a web portal (http://www.
cbioportal.org/) (Cerami et al, 2012) evaluated from breast
invasive carcinoma (TCGA, Firehose Legacy, 1108 samples).

RESULTS

The Expression of CLIP4 in Breast Cancer
To identify the roles of CLIP4 in cancers, we searched the
Oncomine dataset for CLIP4 mRNA expression in common

Frontiers in Molecular Biosciences | www.frontiersin.org

51

January 2021 | Volume 7 | Article 616190


http://kmplot.com/analysis/
https://www.proteinatlas.org/
https://string-db.org/cgi/input.pl/
https://string-db.org/cgi/input.pl/
http://metascape.org/
http://metascape.org/
https://mexpress.be/
http://www.cbioportal.org/
http://www.cbioportal.org/
https://www.frontiersin.org/journals/moleculariosciences
www.frontiersin.org
https://www.frontiersin.org/journals/moleculariosciences#articles

Fan et al. CLIP4 in Breast Cancer
A Disease summary for CLIP4 B Comparison of CLIP4 Across 15 Analyses
Cancer Under-expression
/S.
NC;‘I mal
Analysis Type by Cancer Median Rank  p-Value Gene
331.0 4.68E-7 CLIP4
1/2|3(4|5|6(7|8|9(10]{11|12(13|14]15
Bladder Cancer
Brain and CNS Cancer Legend
Brexst Gancer 1. Ductal Breast Carcinoma in Situ vs. Normal 9. Ductal Breast Carcinoma in Situ Epithelia
Cervical Cancer Curtis Breast, Nature, 2012 vs. Normal
Colorectal Cancer 2. Invasive Breast Carcinoma vs. Normal Ma Breast 4, Breast Cancer Res, 2009
Esophageal Cancer Curtis Breast, Nature, 2012 10. Invasive Ductal Breast Carcinoma Stroma
Gastric Cancer 3. Invasive Ductal and Invasive Lobular Breast ~ VS- Normal
Carcinoma vs. Normal Ma Breast 4, Breast Cancer Res, 2009
H Neck . : .
Saciand Neck Cancer Curtis Breast, Nature, 2012 11. Ductal Breast Carcinoma vs. Normal
Kidney Cancer 4. Invasive Ductal Breast Carcinoma vs. Richardson Breast 2, Cancer Cell, 2006
Leukemia Normal 12. Invasive Breast Carcinoma vs. Normal
Liver Cancer Curtis Breast, Nature, 2012 TCGA Breast, No Associated Paper, 2011
Lung Cancer 5. Invasive Lobular Breast Carcinoma vs. 13. Invasive Ductal Breast Carcinoma vs.
Lymphoma Normal Normal
= Curtis Breast, Nature, 2012 TCGA Breast, No Associated Paper, 2011
elanoma
6. Mucinous Breast Carcinoma vs. Normal 14. Invasive Lobular Breast Carcinoma vs.
Myeloma Curtis Breast, Nature, 2012 Normal
Other Cancer 7. Tubular Breast Carcinoma vs. Normal TCGA Breast, No Associated Paper, 2011
Ovarian Cancer Curtis Breast, Nature, 2012 15. Mixed Lobular and Ductal Breast
Pancreatic Cancer 8. Invasive Breast Carcinoma vs. Normal Carcinoma vs. Normal
Prostate Canicer Gluck Breast, Breast Cancer Res Treat, TCGA Breast, No Associated Paper, 2011
2011
Sarcoma
Significant Unique Analyses 1 5 10 25 25 10 5 1
Total Unique Analyses . . D D D D D . . D Not measured
1510 10 5 1 [
EED0O0OEm :
" The rank for a gene is the median rank for that gene across each of the analyses.
Cell color s dtermined by the best gene rank percentil forthe anlyses within the cll The p-Value for a gene s its p-Value for the median-ranked analysis.
NOTE: An analyss may be counted in more than ane cance type.
c D
[To el
[ p=8.442e-53 25 | p = 5.069e-29 ;
. l | 1
& 20
c [=]
k=] k=)
2 o 2
o © g 15 1
e = =
& 3 8
<+ 2 -
a - Y é 10
3
—
= [ X o o "::uj. ®) -
w o ove AN X 5
- ¥
o - 0 -
T T
Normal Tumor Normal Tumor
FIGURE 1 | Expression pattern of CLIP4 in breast cancer. (A) Expression of CLIP4 in different human cancers by analysis of cancer and normal tissue based on
Oncomine; (B) Oncomine meta-analysis for the expression of CLIP4 in breast cancer; (C) CLIP4 mRNA expression in breast cancer and normal tissue (TCGA datasets);
and (D) CLIP4 mRNA expression in breast cancer and adjacent normal tissue (TCGA datasets).

cancer types. Comparison of cancer and normal samples was
performed to analyze the expression pattern of CLIP4 in breast
cancer (Figure 1A). The meta-analysis based on Oncomine was
used to evaluate the integrated and median expression of CLIP4
across 15 analyses (p = 4.68E-7, <0.001) (Figure 1B). As shown in
Table 1, the CLIP4 expression was significantly decreased in
invasive breast carcinoma, invasive lobular breast carcinoma,
invasive ductal breast carcinoma, tubular breast carcinoma,
mucinous breast carcinoma, ductal breast carcinoma in situ, and
mixed lobular and ductal breast carcinoma (Richardson et al., 2006;

Ma et al., 2009; Curtis et al., 2012; Gluck et al., 2012). For further
validation, we also investigated the expression of CLIP4 from
TCGA datasets. As shown in Figure 1C, CLIP4 expression was
dramatically lower in breast cancer than in normal tissues (p =
8.44E-53, <0.001). Furthermore, the paired plot for CLIP4 showed
that the expression in breast cancer was significantly downregulated
compared with adjacent normal samples (p = 5.07E-29, <0.001)
(Figure 1D). Taken together, the combination of bioinformatic
analyses demonstrated that CLIP4 was significantly downregulated
in breast cancer.
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CLIP4 in Breast Cancer

TABLE 1 | The significant changes of CLIP4 in breast cancer from oncomine datasets.

Types of cancer vs normal tissues

Invasive ductal breast carcinoma -2.268
Invasive lobular breast carcinoma -2.215
Invasive ductal and invasive lobular breast carcinoma -2.253
Tubular breast carcinoma -2.130
Mucinous breast carcinoma -2.187
Ductal breast carcinoma in situ -2.187
Invasive breast carcinoma -2.158
Invasive ductal breast carcinoma -5.492
Invasive breast carcinoma -3.581
Invasive lobular breast carcinoma -3.466
Mixed lobular and ductal breast carcinoma -2.242
Invasive breast carcinoma -3.063
Ductal breast carcinoma -3.054
Invasive ductal breast carcinoma stroma -2.615
Ductal breast carcinoma in situ epithelia -5.191

We further evaluated the associations between CLIP4
expression and clinicopathological characteristics using the bc-
GenExMiner tool (Figure 2). There was no significant difference
of CLIP4 expression between the nodal-positive and -negative
groups (p = 0.1797, >0.05). Age, ER, PR, HER?2 status, NPI, and
SBR grade were negatively related to CLIP4 expression (Age: p =
0.0015, <0.01; ER status: p < 0.0001; PR status: p < 0.0001; HER2
status: p < 0.0001; NPL p = 0.0003, <0.001; SBR grade: p <
0.0001). However, the expression of CLIP4 was markedly
upregulated in basal-like and triple-negative breast cancer
(TNBC) (basal-like status: p < 0.0001; triple-negative status:
p < 0.0001). To further evaluate the association between TNM
stage and CLIP4 expression, we performed analysis using R
(v.3.6.3) based on TCGA datasets. The results showed that the
T, N, and stage were negatively associated with CLIP4 expression
(T3-4 vs. T1-2: p = 0.008, <0.01; nodal-positive vs. -negative: p =
0.046, <0.05; stage III-IV vs. stage I-II: p = 0.027, <0.05)
(Supplementary Figure S1). However, logistic regression
analysis showed no significant differences between T, N, stage
and CLIP4 expression (p > 0.05) (Supplementary Table S1). In
short, these results indicated that CLIP4 expression may play a
favorable role in breast cancer patients.

Prognostic Significance of CLIP4 in Breast

Cancer

The analysis using the Kaplan-Meier plotter based on 626 breast
cancer patients showed that CLIP4 upregulation was significantly
associated with better overall survival (OS) [HR: 0.71 (0.50-0.99);
p = 0.043, <0.05, Figure 3A]. High expression of CLIP4 was
associated with better relapse-free survival (RES) in 1,764 breast
cancer patients [HR: 0.64 (0.55-0.76); p = 1.30E-07, Figure 3B].
Furthermore, CLIP4 was also positively associated with distant
metastasis-free survival (DMFS) in breast cancer, although
statistical significance was not reached [HR: 0.77 (0.54-1.10);
p = 0.150, >0.05, Figure 3C]. Based on TCGA dataset and the
optimal cutoff value, the survival rate was significantly better in
breast cancer patients (n = 726) with high expression of CLIP4
than in those with low expression (n = 349) (p = 0.020, <0.05)

Fold change (>2)

t-test p-value (<1E-4) Reporter ID
-33.329 4.48E-79 ILMN_1759792
-23.245 2.12E-68 ILMN_1759792
-19.951 8.72E-47 ILMN_1759792
-16.210 2.42E-31 ILMN_1759792
-14.080 9.84E-22 ILMN_1759792

-9.924 4.68E-7 ILMN_1759792
-6.366 1.15E-6 ILMN_1759792
-27.864 4.28E-70 A_23_P209230
-12.411 1.09E-22 A_23_P209230
-11.370 1.22E-15 A_23_P209230

-7.247 1.15E-5 A_23_P209230

-14.220 4.71E-9 27167
-5.849 3.36E-7 226425_at
-5.451 4.71E-5 Hs.56123.0.51_3p_at

-5.361 9.44E-5

(https://www.proteinatlas.org/) (Figure 3D). In summary, CLIP4
may be a novel prognostic indicator in breast cancer patients.
Meanwhile, the value of CLIP4 in different intrinsic subtypes of
breast cancer was evaluated using the Kaplan-Meier plotter. High
CLIP4 expression in three intrinsic subtypes (Luminal A,
Luminal B, and HER2 positive) but not in the basal-like
subtype was correlated with better OS [Luminal A: HR: 0.63
(0.37-1.07), p = 0.085; Luminal B: HR: 0.46 (0.21-1.01), p = 0.047;
HER?2 positive: HR: 0.46 (0.21-1.02), p = 0.050] (Supplementary
Figure S2).

Genes Co-Expressed with CLIP4 and

Potential Biomolecular Networks

To find the potential role and regulatory mechanism of
CLIP4 in breast cancer, genes co-expressed with CLIP4
were predicted using the UALCAN database, and 687 genes
were identified (Supplementary Table S2). A PPI network
for CLIP4 co-expressed genes, based on experimental
evidence, was constructed using the STRING database
(Supplementary Figure S3). We further performed GO
and pathway enrichment analysis for these genes using
Metascape (Figure 4). The top 20 clusters with their
enriched terms, which originated from two categories,
were included: GO biological process (BP) and
Reactome gene sets. The representative enriched GO
functions for these co-expressed genes included Wnt
signaling pathway (GO: 0016055), actin cytoskeleton

organization (GO: 0030036), developmental growth
(GO: 0048589), transmembrane receptor protein
tyrosine kinase signaling pathway (GO: 0007169),

regulation of GTPase activity (GO: 0043087), toll-like
receptor 2 signaling pathway (GO: 0034134), and
regulation of epidermal growth factor receptor signaling
pathway (GO: 0042058). To further identify molecular
signaling pathways differentially activated in breast
cancer, GSEA between CLIP4 low and high expression
datasets was performed (Supplementary Table S3, S4).
GSEA identified significant differences (FDR g-value
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<0.25, NOM p-value <0.05) in enrichment of the MSigDB
Collection  (c2.cp.kegg.v6.2.symbols.gmt). The most
enriched tumor-associated signaling pathways were
selected based on their NES values (Wu and Zhang,
2018) (Figure 5; Table 2). As shown in Figure 5, Hh
signaling pathway, JAK-STAT signaling pathway, cell
adhesion molecules, ERBB signaling pathway, Wnt
signaling pathway, and pathways in cancer were
differentially enriched in the CLIP4-high expression
phenotype. These results demonstrated that upregulation

of CLIP4 in breast cancer may involve the Wnt, ERBB,
or other tumor-associated signaling pathways. Another
result based on multiple GSEA analysis is shown in
Supplementary Figure S4.

Promoter Methylation of CLIP4 in Breast

Cancer
To assess whether CLIP4 downregulation was related with DNA
methylation in breast cancer, the DiseaseMeth database was
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FIGURE 5 | Enrichment plots for CLIP4 in breast cancer obtained by GSEA. GSEA results showing Hedgehog signaling pathway (A), JAK-STAT signaling pathway
(B), pathways in cancer (C), cell adhesion molecules (D), ERBB signaling pathway (E), and Wnt signaling pathway (F) are differentially enriched in CLIP4-related breast
cancer. NES, normalized ES; NOM p-value, normalized p-value; FDR g-value, false discovery rate g-value.

TABLE 2 | The most enriched and tumor-associated signaling pathways in phenotype high.

MSigDB collection Gene set name

c2.cp.kegg.v6.2.symbols.gmt HEDGEHOG_SIGNALING_PATHWAY
JAK_STAT_SIGNALING_PATHWAY
PATHWAYS_IN_CANCER
CELL_ADHESION_MOLECULES_CAMS
ERBB_SIGNALING_PATHWAY
WNT_SIGNALING_PATHWAY

ES NES NOM p-value FDR g-value
-0.528 -2.010 0.000 0.057
-0.504 -1.991 0.006 0.052
-0.442 -1.958 0.006 0.044
-0.561 -1.889 0.018 0.049
-0.463 -1.822 0.004 0.053
-0.396 -1.723 0.015 0.077

Note: NES, normalized enrichment score; NOM, nominal; FDR, false discovery rate. Gene sets with NOM p-val <0.05 and FDR g-val < 0.25 are considered as significant.

analyzed. The results showed that the CLIP4 promoter was
hypermethylated in patients compared with normal controls
(p = 4.533E-11, <0.001) (Figure 6A). MEXPRESS was used to
confirm the promoter methylation status of CLIP4 in breast
cancer. The samples were presented in ascending order
according to the level of expression, and CLIP4 expression was
negatively associated with DNA methylation based on Pearson’s
correlation analyses (Supplementary Figure S5). The results
indicated that promoter hypermethylation of CLIP4 was
related to the downregulation of mRNA expression.

Furthermore, we investigated whether CLIP4 downregulation
was caused by genetic alterations. Copy number alterations
and gene mutations of CLIP4 were analyzed using the
cBioPortal online tool. Genetic alterations of CLIP4 were
mutually exclusive and only found in 11 (1.1%) of 963
invasive breast carcinoma patients, of which six samples had
DNA amplification, two had deep deletion, two had a truncating
mutation, and one had a missense mutations (Figure 6B). These
results supported the significant role of DNA methylation in the
regulation of CLIP4 expression.
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DISCUSSION

In the present study, the expression of CLIP4 was investigated in
breast cancer by bioinformatics analysis. Oncomine and TCGA
analysis revealed mRNA expression of CLIP4 to be significantly
decreased in breast cancer, when compared to normal samples.
CLIP4 expression was negatively correlated with HER2 status,
NPI, SBR grade, nodal status, and tumor stage. However, the
basal-like and TNBC types were positively associated with CLIP4
expression. The prognostic role of CLIP4 in breast cancer was
then investigated using the Kaplan-Meier Plotter, and the results
demonstrated that higher expression of CLIP4 was associated
with better RFS and OS, especially in Luminal B and HER2
positive breast cancers. Analysis of epigenetic and genetic
alterations of CLIP4 in breast cancer indicated that promoter
methylation was the main mechanism underlying the regulation
of CLIP4 gene expression. These findings suggested that
promoter methylation-mediated loss of CLIP4 expression may
be a novel prognostic biomarker for breast cancer.

Cytoskeletal proteins play important effects in cellular
functions such as opposing compression, invasion, migration,
and transport. The cytoskeleton also provides an optimal scaffold
for the process of signal transduction (Balikov et al., 2017).
However, the role of the cytoskeleton and microtubule-
associated protein CLIP4 in human cancer has not been
studied extensively. The methylation of XKR6, CCDC57,
MAML3, SDC2, and CLIP4 is associated with age and tumor
location in gastric cancer (Chong et al, 2014). The promoter
methylation of IRF4, ELMOI, CLIP4, and MSC is related with
increasing seriousness from gastritis with no metaplasia to
gastritis with metaplasia and gastric cancer (Pirini et al., 2017).

Contrary to the results of this study, increased expression of four
genes (CLIP4, NOX4, LAMP5, and MATN3) is related to poor
prognosis, and the expression of these genes is higher in stromal
components than in epithelial cancer cells in gastric cancer (Lee
etal., 2014). CLIP4 shows high expression levels in kidney cancer
cell lines compared with normal cell lines, and CLIP4 significantly
increases cell migration and viability (Ahn et al., 2016). In clear
cell renal cell carcinoma (ccRCC), CLIP4 mutations are three-fold
higher in patients with aggressive tumors than in those without
aggressive ccRCC, and high expression levels of MOCOS,
BAIAP2L1, DDXI11, and CLIP4 are markedly associated with
poor OS (Park et al., 2020). Interestingly, potentially pathogenic
mutations of CLIP4 and other genes may state a subset of lung
adenocarcinoma among never-smoking women (Donner et al,,
2018). In line with this study, 43 genes (including CLIP4) were
downregulated in ovarian cancer tumor samples and reactivated
after treatment with 5-Aza-2’-deoxycytidine (5-aza-dC); CLIP4,
GULP1, BAMBI, NT5E, and TGFB2 showed a pattern of cancer-
specific methylation (Maldonado et al, 2018). Three DNA
methylation markers, C9orf50, KCNQS5, and CLIP4, can
discriminate between the plasma from colorectal cancer
patients and that of healthy individuals (Jensen et al., 2019).
Furthermore, CLIP4 has been considered a promising epigenetic
biomarker by analysis of differentially methylated genes and
differentially expressed genes between matched tumor and
non-tumor tissues of the colon (Wu et al., 2020). Of note,
CLIP4 was associated with better OS in Luminal B and HER2
positive breast cancers but not TNBC type in this study, the result
revealed that CLIP4 may be used as a target to overcome the drug
resistance, incomplete responders, and relapsed in individualized
treatment of Luminal B and HER2 breast cancer. Despite many
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studies providing important data and tumor-specific roles for
CLIP4 in human cancer, its biological function and molecular
mechanism Another CAP-Gly domain
containing linker protein, CLIP1 is a mRNA stemness index-
related key gene associated with a better lung adenocarcinoma
prognosis, which is involved in tumor metastasis, relapse, and
drug resistance (Zhao et al.,, 2020). A report showed that cells
expressing FGFR2-CLIP1 fusion were sensitive to INCB054828 (a
pan-FGFR inhibitor) in cholangiocarcinoma while the FGFR2
N549H mutation was resistant to this inhibitor (Krook et al.,
2019).

Unlike previous reports, analyzing gastric cancer and ccRCC,
this study showed that high CLIP4 expression was associated with
a better prognosis, suggesting that CLIP4 had a suppressive
function in breast cancer. To elucidate the molecular
mechanism underlying the function of CLIP4 in breast cancer,
we constructed a CLIP4-associated regulatory network. The
present findings supported the important role of CLIP4
upregulation in tumor-associated signaling pathways such as
Hh, JAK-STAT, Wnt, and ERBB, and suggested that it acted
as a tumor suppressor in breast cancer. GSEA and Metascape
analysis indicated that CLIP4 was related to the Wnt signaling
pathway. Wnt signaling plays a critical role in normal
development as well as tumorigenesis (Yin et al, 2018).
Overactivation of Wnt signaling is implicated in human
diseases including breast cancer. However, the association of
CLIP4 with Wnt signaling and cytoskeletal proteins in human
cancers has not been reported to date. Tankyrases, which are
multifunctional poly (ADP-ribose) polymerase (PARP)
superfamily members with features of both signaling and
cytoskeletal proteins, antagonize the Wnt/B-catenin signaling
(Kuusela et al., 2016). In addition, the Wnt/p-catenin pathway
can influence the distribution of microtubules and
neurofilaments (Tian et al, 2019). As a therapeutic target to
overcome drug resistance in breast cancer (Tabassum et al,
2019), the JAK-STAT signaling pathway was associated with
CLIP4 in this study. However, only one previous study has
shown that another cytoskeletal protein, CLIP3, plays an
essential role in astrocyte activation, and is associated with
STAT3 pathway activation induced by spinal cord injury
(Chen et al., 2018). Therefore, there is lack of other evidence
in human cancers that identifies the role of CLIPs in JAK-STAT
signaling. Similarly, one study reported that the cytoskeletal
protein Zyxin is involved in fine tuning the neural plate
patterning in Xenopus laevis embryos by modulating the
activity of an effector of Hh signaling, the transcription factor
glioma-associated oncogene 1 (GLI1) (Martynova et al., 2018).
Hh signaling, which results in activation of GLI transcription
factors and correlates with worse outcomes of breast cancer, is
activated in human mammary stem cells (Bhateja et al., 2019).
Although therapeutic agents such as Herceptin, which are
designed to inhibit ERBB activity, have dramatically improved
the survival of patients with HER2 positive breast cancer,

remain unclear.

CLIP4 in Breast Cancer

approximately 50% of patients acquire drug resistance within
1 year (Zahnow, 2006). Therefore, it is important to identify gene
targets associated with ERBB signaling. The present findings on
the association between CLIP4 and ERBB signaling in breast
cancer may provide a novel research direction.

In summary, the cytoplasmic linker protein CLIP4 may act as
a novel prognostic and epigenetic biomarker for breast cancer
patients. There were limitations to this study. First, the analysis
was based on mRNA levels from public datasets, which requires
confirmation at the mRNA and protein level. Second, some of
the bioinformatics tools used had only limited functionality,
such as hierarchical analysis without multivariable Cox
regression analysis. Finally, there was a lack of in vivo and
in vitro direct evidence to confirm the biological function and
molecular mechanism of CLIP4 in breast cancer. Additional
basic studies and clinical trials are urgently needed to validate
the findings of this study. For the future, we plan to confirm and
evaluate the value of CLIP4 as a potential biomarker for breast
cancer.
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Background: Accumulating evidence shows that the elevated expression of DCBLD2
(discoidin, CUB and LCCL domain-containing protein 2) is associated with unfavorable
prognosis of various cancers. However, the correlation of DCBLD2 expression value
with the diagnosis and prognosis of pancreatic ductal adenocarcinoma (PDAC) has
not yet been elucidated. Methods: Univariate Cox regression analysis was used
to screen robust survival-related genes. Expression pattern of selected genes was
investigated in PDAC tissues and normal tissues from multiple cohorts. Kaplan—Meier
(K=M) survival curves, ROC curves and calibration curves were employed to assess
prognostic performance. The relationship between DCBLD2 expression and immune
cell infiltrates was conducted by CIBERSORT software. Biological processes and KEGG
pathway enrichment analyses were adopted to clarify the potential function of DCBLD2
in PDAC. Results: Univariate analysis, K-M survival curves and calibration curves
indicated that DCBLD2 was a robust prognostic factor for PDAC with cross-cohort
compatibility. Upregulation of DCBLD2 was observed in dissected PDAC tissues as well
as extracellular vesicles from both plasma and serum samples of PDAC patients. Both
DCBLD2 expression in tissue and extracellular vesicles had significant diagnostic value.
Besides, DCBLD2 expression was correlated with infiltrating level of CD8™ T cells and
macrophage M2 cells. Functional enrichment revealed that DCBLD2 might be involved
in cell motility, angiogenesis, and cancer-associated pathways. Conclusion: Our study
systematically analyzed the potential diagnostic, prognostic and therapeutic value of
DCBLD2 in PDAC. All the findings indicated that DCBLD2 might play a considerably
oncogenic role in PDAC with diagnostic, prognostic and therapeutic potential. These
preliminary results of bioinformatics analyses need to be further validated in more
prospective studies.

Keywords: DCBLD2, pancreatic ductal adenocarcinoma, prognosis, diagnosis, extracellular vesicles, immune
infiltrates

Frontiers in Molecular Biosciences | www.frontiersin.org 61

March 2021 | Volume 8 | Article 659168


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2021.659168
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmolb.2021.659168
http://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2021.659168&domain=pdf&date_stamp=2021-03-23
https://www.frontiersin.org/articles/10.3389/fmolb.2021.659168/full
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles

Feng et al.

A Prognostic and Diagnostic Biomarker

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest
cancers in the world with a 5-year survival rate lower than 9%
(Siegel et al., 2020). Curative resection is the only established
treatment and it remarkably improves the 5-year survival rate to
20-30% (Kamisawa et al., 2016). Unfortunately, only minority of
PDAC patients have surgical indication since over 80% patients
are diagnosed with unresectable, advanced-stage tumors (Wong
and Raman, 2010). Accumulating evidences have demonstrated
that diagnosis of PDAC at an earlier, resectable stage is
likely to result in dramatic improvement of patient outcome
(Ideno et al,, 2020). Thus, novel diagnostic and prognostic
biomarkers of PDAC with satisfactory sensitivity and specificity
is urgently needed.

The discoidin, CUB and LCCL domain-containing protein
2 (DCBLD2) is a type-I transmembrane protein which has
been discovered to have considerable tumor-specific functions
(Schmoker et al., 2019). DCBLD2 is upregulated in lung cancer
and promotes cell motility (Koshikawa et al., 2002). In colorectal
cancer, high DCBLD2 expression is associated with poor patient
survival, as well as tumorigenesis, invasion and metastasis of
cancer cells (He et al, 2020). In gastric cancer, DCBLD?2 is
downregulated by epigenetic modification, and it exhibits a
suppressive role in cancer cell proliferation and invasion (Kim
et al., 2008). In the context of PDAC, the elevated expression
of DCBLD?2 is correlated with poor clinical outcome (Raman
et al., 2018; Feng et al., 2020). However, the prognostic value of
DCBLD2 was evaluated solely in microarray data (Feng et al.,
2020), which does not capture mRNA expression as accurately
as RNA-Sequencing (Zhao et al., 2014). Compared with clinical
predictors such as age and histological grade, the superiority of
DCBLD2 expression for survival prediction is largely unclarified.
In addition, although DCBLD2 was frequently reported to be
upregulated in PDAC, its diagnostic value is rarely studied,
especially in extracellular vesicles.

In this study, we aim to integrate transcriptome data and
survival data from multiple cohorts and platforms in order
to comprehensively and systematically analysis the diagnostic
and prognostic potential of DCBLD2 in PDAC. The prognostic
performance was validated in both microarray data and RNA-
sequencing data to ensure compatibility and reliability. The
diagnostic value was investigated in both PDAC tissues and
extracellular vesicles from serum and plasma samples. The
considerable clinical relevance of DCBLD2 may facilitate early
detection and personalized treatment of PDAC.

MATERIALS AND METHODS
PDAC Cohorts

The ten PDAC cohorts included in this study for survival analyses
were the MTAB-6134 cohort (N = 288), PACA-AU cohort
(N = 62), PACA-CA cohort (N = 181), TCGA cohort (N = 139),
and six microarray cohorts, GSE21501 (N = 97), GSE28735
(N = 42), GSE57495 (N = 63), GSE62452 (N = 64), GSE71729
(N = 123), and GSE85916 (N = 79). Eleven cohorts including

GSE15471, GSE16515, GSE28735, GSE32676, GSE41368,
GSE55643, GSE60979, GSE62165, GSE62452, GSE71729, and
GSE71989 were employed to evaluate the expression of genes. All
these cohorts contained both PDAC tissue samples and normal
tissue samples. In addition, GSE133684 cohort, which provided
expression profiles of extracellular vesicles in human plasma
samples from PDAC, chronic pancreatitis (CP) and healthy
individuals, was chosen to investigate the potential implication of
genes in liquid biopsy. The normalized gene expression data and
clinical information of all GSE cohorts were downloaded from
the Gene Expression Omnibus' (GEO). Data of MTAB-6134
cohort was downloaded from ArrayExpress database®. All data
of PACA-AU and PACA-CA cohorts was obtained from the
International Cancer Genome Consortium® (ICGC). The TCGA
data was obtained from the TCGA hub at UCSC Xena'. In
each cohort, patients with incomplete clinical data or with a
histopathological type other than PDAC were removed from this
study. Patients with a survival time of <1 month were excluded.
The baseline characteristics of all PDAC patients with global
clinical information are detailed in Supplementary Table S1.

In-House Serum Samples

Serum samples from patients with CP (n =5), PDAC (n =73), and
from healthy donors (n = 42) were collected at the Department
of General Surgery of Ruijin Hospital from March 2018 to
December 2018 and frozen at —80°C. None of the patients
received preoperative chemotherapy or radiotherapy. Written
informed consent was obtained from all patients. The Ethics
Committee of Ruijin Hospital affiliated with Shanghai Jiao Tong
University approved the study (No. 121 in 2017).

Survival-Related Genes Screening

The univariate Cox regression analysis was conducted to identify
the survival-related genes in six independent microarray cohorts
(GSE21501, GSE28735, GSE57495, GSE62452, GSE71729, and
GSEB85916 cohorts). Venn diagram® was used to screen common
prognostic genes with P < 0.05 in all six cohorts. The identified
genes were deemed as robust survival-related genes.

Prognostic Validation of Robust
Survival-Related Genes

Patients in each cohort were divided into low- and high-
expression groups according to the optimal cut-off value
calculated by X-Tile software (Camp et al, 2004). Kaplan-
Meier (K-M) survival curves were utilized to assess the
survival differences between low- and high-expression groups.
Calibration plots comparing the predicted and observed clinical
outcome were adopted to evaluate the predictive performance.
ROC curves were used to compare the efficiency of genes with
that of clinical indicators for prognosis prediction.

Uhttps://www.ncbi.nlm.nih.gov/geo/
Zhttps://www.ebi.ac.uk/arrayexpress/
3htps://icgc.org/

*https://tcga.xenahubs.net
*https://www.omicshare.com/tools/Home/Soft/venn
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Estimation of Tumor Immune Infiltrates

We estimated the relative proportions of the 22 subtype immune
cells in each sample by the software CIBERSORT. Samples with
a P < 0.05 were included. The CIBERSORT software can use
the deconvolution algorithm to estimate the composition of
immune infiltrating cells according to gene expression matrix
(Chen et al., 2018). We further used the Pearson correlation
analyses to determine the correlation of gene expression level
with the immune infiltrates.

Functional Enrichment Analysis

To shed light on the biological function, co-expressed genes
(P < 0.05) were screened by Pearson correlation analysis
in MTAB-6134 cohort and TCGA cohort respectively. Top
1,000 positively correlated genes were subjected to biological
process and The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis on DAVID online website
(Huang et al., 2009).

Isolation of Extracellular Vesicles and
Extracellular Vesicular RNA

For each case, 1.2 mL of serum was used, and an exoRNeasy
Serum/Plasma Kit (Qiagen, Hilden, Germany) was used to
extract extracellular vesicles following the manufacturer’s
instructions. Extracellular vesicles were eluted with 100 pL
phosphate-buffered saline (PBS), and half of them were used
for characterization and the rest for RNA isolation. Morphology
of extracellular vesicles was observed by transmission electron
microscopy (TEM, JEOL, Japan) on a JEOL-1230 instrument.
The density and size distribution of the extracellular vesicles
were measured by nanoparticle tracking analysis (NTA)
using a ZetaView PMX 110 (Particle Metrix, Germany).
Extracellular vesicular RNA was extracted using QIAzol (Qiagen,
Hilden, Germany).

Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR)

The extracellular vesicular RNAs of total 120 samples (Ruijin
cohort) were reverse-transcribed using an Evo M-MLV RT Kit
(Accurate Biology, China). Real-time PCR was conducted with
an ABI 7900 instrument using ChamQ SYBR qPCR Master
Mix (Vazyme, Nanjing, China). Quantitation was performed
in triplicate and expression was computed using the 274 4 €T
method. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal reference. The primer sequences
for amplified mRNAs are as follows: DCBLD2-Forward: 5'-
GCTCCAACTCCTCCTCCTTCTCC-3'; DCBLD2-Reverse:
5'-GTGTCCACATCCATCACCTTGCTG-3'; GPADH-Forward:
5'- GCACCGTCAAGGCTGAGAAC-3'; GAPDH-Reverse: 5'-
TGGTGAAGACGCCAGTGGA-3'.

Statistical Analysis

The statistical analysis and graphical work were carried out in
the R environment (version 3.5.2). Cox regression analyses and
K-M survival curves were plotted by the “survival” package.
The ROC curves for diagnosis were derived from the “pROC”

package while the ROC curves for prognosis were generated
from the “survivalROC” package. Boxplots were depicted using
the “ggpubr” package. Calibration curves were produced by
the “rms” package. Correlation curves were plotted by the
“ggstatsplot” package. The enriched pathways and biological
processes were illustrated by the “ggplot2” package. A two-sided
log-rank P < 0.05 was considered significant.

RESULTS

DCBLD2 Was Associated With
Unfavorable Survival in PDAC

Figure 1 shows the research workflow of this study. Univariate
Cox regression analysis was first applied to screen survival-
related genes and hundreds of prognostic genes in each cohort
were identified. Subsequently Venn diagram revealed that only
DCBLD2 was consistently correlated with patient survival in
six independent microarray cohorts. We then evaluated the
prognostic value of DCBLD2 in four RNA-sequencing cohorts.
The results showed that in all these abovementioned cohorts,
DCBLD2 was significantly associated with overall survival (OS)
of patients (GSE21501: HR = 1.21, 95% CI = 1.06-1.39,
P =0.0065; GSE28735: HR = 1.98, 95% CI = 1.24-3.14, P = 0.004;
GSE57495: HR = 1.53,95% CI = 1.16-2.01, P = 0.0029; GSE62452:
HR =1.68,95% CI = 1.24-2.29, P = 0.0009; GSE71729: HR = 1.28,
95% CI = 1.00-1.64, P = 0.0457; GSE85916: HR = 1.89, 95%
CI = 1.43-2.51, P < 0.0001; MTAB-6134: HR = 1.39, 95%
CI=1.19-1.56, P < 0.0001; PACA-AU: HR = 1.52,95% CI = 1.13-
2.05, P = 0.0056; PACA-CA: HR = 1.14, 95% CI = 1.03-1.25,
P =0.0098; TCGA: HR = 1.24, 95% CI = 1.03-1.49, P = 0.0199).

DCBLD2 Is Upregulated in PDAC With

Diagnostic Potential

As illustrated in Figure 2A, DCBLD2 was remarkably
overexpressed in PDAC tissues compared with unpaired normal
tissues in seven independent GEO cohorts. According to the
Gene Expression Profiling Interactive Analysis (GEPIA) database
(Tangetal., 2017), DCBLD2 expression was significantly elevated
in PDAC tissues (Figure 2B). Figures 2C-F demonstrated that
DCBLD2 expression was also significantly increased in PDAC
tissues compared with paired normal tissues. Furthermore,
we explored the diagnostic potential of DCBLD2 in four GEO
cohorts (GSE32676, GSE60979, GSE62165, and GSE71729). The
area under the curve (AUC) values of DCBLD2 for diagnosis
were 0.800, 0.874, 0.984, and 0.818, respectively (Figures 2G-]J).
This finding suggested that diagnostic accuracy of DCBLD2 was
comparable to that of an established diagnostic marker, CA19-9,
whose AUC value was approximately 0.84 (Xing et al., 2018). In
addition, the expression of DCBLD2 was markedly increased in
patients with high grade (P < 0.05), suggesting that DCBLD2 was
related to high tumor malignancy (Supplementary Figure 1).

Prognostic Performance of DCBLD2
We next assessed the prognostic efficiency of DCBLD2 in 10
independent PDAC cohorts. K-M survival curves illustrated
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Identification of robust prognostic biomarkers for PDAC in six microarray datasets
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FIGURE 1 | Overall flowchart study design and data analyses of this study.

that patients in the high-expression group of DCBLD2 had a
significant shorter OS than patients in the low-expression group
(Figures 3A-]). The calibration curves revealed that the predicted
survival probabilities by DCBLD2 were in good accordance with
the observed survival probabilities (Figures 4A-]J).

We further compared the robustness of DCBLD?2 with clinical
indicators, including histological grade, N stage and T stage, in

MTAB-6134, PACA-AU, and TCGA cohorts. The AUC values of
DCBLD?2 for 1-year OS prediction were 0.708, 0.753, and 0.690,
respectively, which were higher than those of clinical factors
in all three cohorts (Figures 5A-C). This finding suggested
that DCBLD2 outperformed traditional indicators in predicting
PDAC survival. Moreover, patients in the high-expression
group had a significantly decreased disease-free survival (DFS)
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FIGURE 2 | Expression of DCBLD2 in PDAC tissues and its diagnostic value. (A) The expression of DCBLD2 in unpaired PDAC tissues and normal tissues in seven
independent PDAC cohorts. (B) Expression profile of DCBLD2 based on the GEPIA database. (C~F) Expression pattern of DCBLD2 in PDAC tissues and matched
adjacent normal tissues in four independent PDAC cohorts. (G-J) ROC curves illustrated the value of DCBLD2 in the diagnosis of PDAC in four independent PDAC
cohorts. The statistical significance of differential expression was assessed by Wilcoxon test (*p < 0.05, “*p < 0.01 and **p < 0.0001).

compared with patients in the low-expression group in MTAB-
6134 and TCGA cohorts, indicating that DCBLD2 may also serve
as a prognostic indicator of DFS (Supplementary Figure 2).

Relationship Between Immune Cell
Infiltration and DCBLD2 Expression

The infiltration level of immune cells is strongly associated
with the clinical effects of immunotherapy and the prognosis
of PDAC patients (Inman et al., 2014). Consequently, we
investigated the relationship between DCBLD2 expression and
immune cell infiltration and explored the possibility of DCBLD2
as the precise predictor of response to immunotherapy. The
abundance of macrophage M0 and M2 was positively related
to DCBLD2 expression, while CD8% T cell infiltration had a
negative correlation with DCBLD2 expression in MTAB-6134

cohort (P < 0.05, Figures 6A-C). Similar trends were observed
in TCGA cohort (P < 0.05, Figures 6D-F).

Biological Function and Pathway of
DCBLD2

In order to preliminarily illuminate the function of DCBLD2,
we performed biological process analysis and KEGG pathway
enrichment analysis on top 1,000 positively co-expressed genes
of DCBLD2. For biological process, DCBLD2 was found
to be primarily involved in angiogenesis, cell adhesion, cell
motility, and cell migration in both cohorts (Figures 7A,B).
For pathway enrichment, DCBLD2 was mainly associated
with PI3K-AKT signaling pathway, Hippo signaling pathway,
Rapl signaling pathway and pancreatic cancer in both cohorts
(Figures 7C,D).
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Expression of DCBLD2 in Extracellular

Vesicles From Human Plasma Samples

Early diagnosis of PDAC remains challengeable, and extracellular
vesicles have emerged as attractive diagnostic biomarkers for
early detection of PDAC (Yee et al., 2020). Since DCBLD2 was
upregulated in PDAC tissues, we wondered whether DCBLD2
was also highly expressed in extracellular vesicles from plasma
samples of PDAC patients. As Figure 8A illustrated, expression of
DCBLD?2 in extracellular vesicles from plasma samples of PDAC
patients was significantly higher than that from normal donors
(P =0.0029) or CP patients (P < 0.0001). In addition, DCBLD2
in extracellular vesicles could serve as a moderate diagnostic
biomarker for PDAC as the AUC value was 0.627 (Figure 8B).

Validation of DCBLD2 Expression in
Extracellular Vesicles From Human

Serum Samples
Extracellular vesicles can be isolated from both plasma and
serum of whole blood, and we had proved that DCBLD2

in extracellular vesicles from plasma samples had diagnostic
potential based on the public data. We next analyzed our own
data to evaluate the diagnostic value of DCBLD2 in extracellular
vesicles from serum samples. The results of NTA analysis and
TEM demonstrated typical characteristics of isolated extracellular
vesicles (Figures 9A,B). Figure 9C showed that the expression
of DCBLD?2 in extracellular vesicles from serum samples was
markedly elevated in PDAC patients compared with healthy
donors (P < 0.0001) or CP patients (P = 0.0018). Similarly,
DCBLD?2 in extracellular vesicles from serum samples also bore
moderate diagnostic accuracy for PDAC as the AUC value was
0.756 (Figure 9D).

DISCUSSION

For PDAC patients, early detection is laudable and beneficial
for long-term survival, but it is challenging. New strategies and
better biomarkers are urgently needed to achieve early detection,
especially for potentially curable PDAC (Singhi etal, 2019).
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In the current study, we identified a robust diagnostic
and prognostic biomarker, DCBLD2, with cross-platform
compatibility through bioinformatic analyses. The proposed
gene exhibited satisfactory predictive performance and could
be detected in extracellular vesicles from both human plasma
and human serum samples. Mechanistically, DCBLD2 was

correlated with immune infiltrates, cell motility and several
essential oncogenic pathways.

DCBLD2 is a neuropilin-like transmembrane scaffolding
receptor and participates in the regulation of receptor tyrosine
kinase (RTK) signaling pathway (Nie et al., 2013; Feng et al,,
2014; Li et al, 2016). Elevated expression of DCBLD2 was
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FIGURE 6 | Correlation analysis between DCBLD2 expression and immune infiltrates. (A-C) The correlation between DCBLD2 expression and the abundance of
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significantly associated with decreased OS time in various
cancers including PDAC (Raman et al., 2018), colorectal cancer
(Martinez-Romero et al., 2018), hypopharyngeal squamous cell
carcinoma (Fukumoto et al., 2014) and melanoma (Osella-Abate
et al., 2012). Apart from OS, we found that high expression
of DCBLD2 was also indicative of short DFS. We previously
reported that DCBLD2 was overexpressed in pancreatic cancer
stem cells (Feng et al., 2020), a small population of cancer cells
with an indispensable role for tumor metastasis and recurrence
(Hermann et al., 2007; Simeone, 2008). These results suggested
that DCBLD2 was potentially involved in the regulation of cell
stemness and might serve as a promising therapeutic target for
PDAC. Function analysis of DCBLD2 revealed that this gene
was positively associated with several pathways participating in
stemness regulation, such as PI3K-AKT signaling pathway (Qin
et al., 2021; Yoon et al,, 2021) and Hippo signaling pathway
(Cordenonsi et al., 2011; Park et al., 2018). These findings could
provide new insight into biological implications and clinical
relevance of DCBLD2 in PDAC.

In addition to prognostic potential, we also attempted to
characterize the diagnostic potential of DCBLD2 in tissue
samples, plasma samples and serum samples. DCBLD2

expression could be a useful diagnostic biomarker to evaluate
invasive properties of myxofibrosarcoma (Kikuta et al., 2017),
but its diagnostic value in PDAC remained unclear. We profiled
DCBLD2 expression in several cohorts containing either
matched or unmatched PDAC tissues and adjacent normal
tissues. Compared with normal tissues, DCBLD2 expression
increased in PDAC tissues, which revealed an oncogenic role
of DCBLD2. The diagnostic ability of DCBLD2 in tissues was
satisfactory, as the AUC value was close to or no less than CA19-
9, an established diagnostic biomarker for PDAC (Luo et al,
2020). Extracellular vesicles contain proteins, lipids and RNA
from donor cells and can be an attractive source of diagnostic
biomarkers for human cancers (Yu et al, 2020). More and
more researches have focused on the application of extracellular
vesicular protein markers in the diagnosis of human cancers
(Melo et al., 2015; Yang et al., 2017). Based on the RNA-seq
data from GSE133684 dataset, we found that DCBLD2 existed
in extracellular vesicles from plasma samples and could serve
as a moderate marker in the early diagnosis of PDAC. We
also experimentally verified the diagnostic value of DCBLD2
in extracellular vesicles from serum samples. These findings
highlighted the clinical utility of DCBLD2 in liquid biopsy.
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Researchers recently reported two prognostic gene signatures
constructed using DCBLD2 in PDAC (Raman et al.,, 2018; Feng
et al., 2020). The prognostic accuracy of DCBLD2 was certainly
inferior to that of gene models, because accumulating evidence
had demonstrated that multi-gene signatures achieved higher
prognostic accuracy compared with a single gene (Beane et al,,
2009; Sim et al., 2017; Schmidt et al., 2018; Huang et al., 2020;
Ahluwalia et al., 2021). However, we found that the diagnostic
accuracy of DCBLD2 was close to or no less than that of gene
models. The diagnostic AUC values of DCBLD2 were 0.800,
0.874, 0.984, and 0.818 while those of a four gene signature
containing DCBLD2 (Feng et al., 2020) were 0.806, 0.881, 0.997,

and 0.724 in GSE32676, GSE60979, GSE62165, and GSE71729
cohorts, respectively (Supplementary Figure 3). High diagnostic
accuracy of DCBLD2 might facilitate novel development of
a single-marker qPCR approach for PDAC detection with a
reduced cost and widespread applicability.

To preliminarily elucidate the underlying mechanism of
DCBLD2-resulted poor prognosis, we investigated the biological
function and immune infiltrates associated with DCBLD2
expression. Co-expressed genes with DCBLD2 were mainly
enriched in cell motility and multiple classic oncogenic pathways.
We observed that the DCBLD2 expression was negatively
correlated with the CD8" T cells infiltration while it was
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positively correlated with the infiltrating level of M2 macrophage

cells. Above findings further

DCBLD2 and indicated that DCBLD2 had a potential impact

confirmed the oncogenic role of

on cell immunity. Multiple pathways related to DCBLD2 were
implicated in immunological function. For instance, inhibition
of PI3K-dependent phosphorylation of Akt and its transcription
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factor target Foxol resulted in defective T cell immunity (Xu
et al., 2021). Hippo signaling pathway was also involved in T
cell immunity (Bouchard et al., 2020) and TGF-beta signaling
pathway were known to induce M2-like macrophage polarization
(Gratchev, 2017). Above findings could partly explain how
DCBLD?2 affects the infiltration of immune cells. Therefore, this
study provided the reference for clarifying the potential biological
role of DCBLD2 in tumor immunology and PDAC progression.

However, this study, after all, is a retrospective study
and has several limitations. First, the clinical application
of DCBLD2 in PDAC management should be tested and
validated in more prospective studies. Second, more in vivo and
in vitro experiments are needed to verify the abovementioned
bioinformatic findings, especially the biological function of
DCBLD2 in PDAC tumorigenesis. Finally, we fail to adequately
assess the relationship between DCBLD2 expression and
clinical factors due to the lack of significant data. With the
development of follow-up research, we hope to supplement them
in future studies.

In conclusion, we integrated and analyzed genomic data
and clinical data of multiple PDAC cohorts to demonstrate
that expression value of DCBLD2 was a reliable diagnostic
and prognostic factor and was significantly associated with
immune and oncogenic signaling pathways in PDAC. DCBLD2
might facilitate tumor progression and bore strong diagnostic,
prognostic and therapeutic value in PDAC.

Abbreviations: AUC, area under the curve; CP, chronic
pancreatitis; DCBLD2, discoidin, CUB and LCCL domain-
containing protein 2; DEFS, disease-free survival; GEO, Gene
Expression Omnibus; GEPIA, Gene Expression Profiling
Interactive Analysis; KEGG, The Kyoto Encyclopedia of Genes
and Genomes; K-M, Kaplan-Meier; OS, overall survival; PDAC,
pancreatic ductal adenocarcinoma; ROC, receiver operating
characteristic; RTK, receptor tyrosine kinase; QRT-PCR,
quantitative real-time polymerase chain reaction.
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In the most recent decades, oxaliplatin has been used as a chemotherapeutic agent
for colorectal cancer and other malignancies as well. Oxaliplatin interferes with tumor
growth predominantly exerting its action in DNA synthesis inhibition by the formation of
DNA-platinum adducts that, in turn, leads to cancer cell death. On the other hand,
unfortunately, this interaction leads to a plethora of systemic side effects, including
those affecting the peripheral and central nervous system. Oxaliplatin therapy has been
associated with acute and chronic neuropathic pain that induces physicians to reduce
the dose of medication or discontinue treatment. Recently, the capability of oxaliplatin
to alter the genetic and epigenetic profiles of the nervous cells has been documented,
and the understanding of gene expression and transcriptional changes may help to
find new putative treatments for neuropathy. The present article is aimed to review the
effects of oxaliplatin on genetic and epigenetic mechanisms to better understand how to
ameliorate neuropathic pain in order to enhance the anti-cancer potential and improve
patients’ quality of life.

Keywords: oxaliplatin, neuropathic pain, glial cells, genetic mechanisms, epigenetic mechanisms

INTRODUCTION

The Anti-cancer Features of Oxaliplatin
In the last decades, despite early cancer diagnosis, cancer deaths rapidly increased (Kanavos, 2006).
Among the most common cancer types, colorectal cancer is one of the most diffuse cancer in
both genders worldwide. Indeed, it has been recently reported that more than 1.8 million new
cases and about 0.9 million deaths were estimated in 2018, ranking the colorectal cancer third in
terms of incidence and second in terms of mortality in both male and female (Bray et al., 2018).
Therefore, the researchers are making great efforts in order to counteract this debilitating and
mortal health concern.

The platinum-derived drugs are widely used as chemotherapeutic agents and, among these
compounds, cisplatin was the first one patented (Rosenberg et al., 1969). However, the poor effects
of cisplatin against different cancer types (Taylor and Filby, 2017), its side effects (Lokich, 2001),
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and the cancer resistance (Stordal and Davey, 2007) limited its use
in chemotherapy leading physicians and researchers to explore
new paths in order to improve the quality of life of patients.

Within this framework, new platinum analogs have been
developed. Although other new platinum-derived drugs are
under study (Johnstone et al, 2016; Dai and Wang, 2020),
nowadays, carboplatin and oxaliplatin are the most widely used
in clinical practice (Fischer and Ganellin, 2006).

Oxaliplatin, a third generation 1,2-diaminocyclohexane
platinum compound patented in 1976, shows high efficacy
against colorectal cancer (Wiseman et al.,, 1999). Recently, its
efficacy has been found also in other cancer types including lung
(Raez et al., 2010), gastric (Cunningham, 2006; Zhang et al,
2019), ovarian, and prostate cancer (Zhou et al., 2017).

The primary anti-cancer effect exerted by oxaliplatin therapy,
as well as for the other platinum-derived drugs, is due to DNA
damage. Indeed, it has been largely demonstrated that oxaliplatin
forms intra-strand crosslinks with DNA, as the main mechanism
for the induction of DNA lesions, inhibiting the proliferation
of neoplastic cells (Culy et al, 2000). Furthermore, another
intriguing anti-cancer effect of oxaliplatin was discovered by
Tesniere and colleagues, demonstrating that oxaliplatin-treated
CT26 colorectal cancer cells were able to release immunogenic
signals that trigger an immune response, thus leading to an
enhanced anti-cancer effect promoted by the immune system
(Tesniere et al., 2010).

With respect to oxaliplatin pharmacokinetics, it has been
reported that the platinum compound can interact with and
bind to plasma proteins. In patients affected by cancer, the
platinum-plasma protein binding increased around 70% after 2 h
of infusion, growing up to 95% 5 days after infusion. However,
it can be considered that the maximum platinum concentration
is achieved during the first cycle of oxaliplatin administration
and no accumulation was reported after single or multiple doses,
except for erythrocytes where an accumulation has been found
(Culy et al., 2000; Lévi et al,, 2000). On the other hand, the
main excretion of platinum products occurs mainly by the
renal route, consisting in about 50% after 72 h, whereas the
excretion by defecation is very low, ranging about 2% after 5 days
(Culy et al., 2000).

However, even if the antineoplastic efficacy of oxaliplatin
is overt, it also wunfortunately generates a series of
undesired side effects.

The Side Effects of Oxaliplatin

Administration
Among the DNA-interfering chemotherapeutic agents,
platinum-derived drugs can potentially interact with normal cells
with high proliferating turnover, thus altering their physiological
features and leading to adverse side effects (Oun et al., 2018).
Over the years, many researchers have highlighted the
deleterious events in different organs and tissues resulting from
oxaliplatin treatment. For instance, it has been shown that
oxaliplatin exhibits irritant properties that may lead to the
occurrence of vesicant lesions (Foo et al., 2003; Kennedy et al.,
2003; Kretzschmar et al., 2003).

In contrast to cisplatin, oxaliplatin is not nephrotoxic or
ototoxic, but it produces various adverse effects, the main one is
neurotoxicity. Oxaliplatin-dependent neurotoxicity can be acute
and/or chronic, but both types give rise to neuropathic pain
(Satat, 2020). The acute type elicits a transient neuropathy that
occurs in 90% of patients within a few hours of chemotherapy
administration, lasts for a few days, and recurs with subsequent
administrations. The main signs and symptoms of acute
neuropathy are exacerbated by cold and consist of dysesthesia
and paresthesia of the hands and feet. Motor symptoms
may also occur, such as tetanic spasms, fasciculations, and
prolonged muscular contractions. It has been demonstrated
that acute neuropathy is caused by a Na, channel activation
that transiently induces nerve hyperexcitability (Gebremedhn
et al., 2018). In 70% of cases, prolonged exposure to oxaliplatin
induces a severe chronic peripheral neuropathy, with symptoms
very similar to those of acute form that force patients to
discontinue the treatment (Miaskowski et al., 2017). Among
all, the most relevant mechanism that trigger neuropathic pain
(extensively reviewed by Kanat et al., 2017), is the binding
of oxaliplatin to the mitochondrial DNA of sensory neurons,
thus causing their death. This oxaliplatin-dependent neuronal
loss also accounts for the persistence of symptoms for up
to years following treatment discontinuation (Kokotis et al.,
2016). The loss of sensory neurons is further confirmed by
alterations in taste and smell frequently observed in patients
who underwent oxaliplatin treatment (reviewed in Gamper
et al.,, 2012). Other relevant side effects consist of fever (Saif,
2007), thrombocytopenia (Jardim et al., 2012), anemia (Cobo
et al., 2007), nausea (Fleishman et al., 2012), liver function
abnormalities (Lu et al., 2019), and gastro-intestinal dysfunction
(Boussios et al., 2012).

This latter side effects, such as diarrhea or constipation, might
be ascribed to enteric neuronal loss. In this regard, McQuade and
colleagues demonstrated that the use of antioxidant molecules,
such as the novel BPF-15, ameliorated the oxidative stress-
dependent gastrointestinal symptoms (McQuade et al., 2016,
2018). Also, oxaliplatin can induce cognitive impairment. This
debilitating condition was observed in a rat model (Fardell et al.,
2012) and in patients who experienced an oxaliplatin-dependent
impairment of verbal memory (Cruzado et al,, 2014).

Another side effect of oxaliplatin treatment was observed by
Okamoto in a Japanese patient who reported the Lhermitte’s sign,
a sudden sensation resembling an electric shock that passes down
the back of the neck and into the spine and may then radiate out
into the arms and legs. This symptom mainly occurs in multiple
sclerosis and is believed to be due to a demyelination of the
posterior columns of the spinal cord induced by chemotherapy
(Okamoto et al., 2020).

Finally, in a very recent study a high increase of serum
neurofilament light chain level was observed in patients
who referred an oxaliplatin-dependent neuropathic pain.
The serological increase of neurofilament light chain has
been previously reported in patient with Alzheimer’s disease,
frontotemporal dementia, and multiple sclerosis. However,
even if the authors concluded that a major part of the serum
neurofilament light chain originates from the peripheral nervous
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system, it is not excluded that something has happened in the
CNS, but more insights are needed (Kim et al., 2020).

OXALIPLATIN-INDUCED NEUROPATHY

Many authors have underlined the main effects exerted by
oxaliplatin (Table 1) and have evidenced that one of the main
causes of the neuropathy onset is its accumulation inside the cells.
Within the nervous system, oxaliplatin preferentially accumulates
in those cells that express specific membrane transporters such as
the multidrug and toxin extrusion proteins (MATEs), the organic
anion-transporting polypeptides (OATPs), and the organic cation
transporter (OCT) (Huang et al, 2020). The expression of
OCT-type transporters by sensory neurons of the dorsal root
ganglia (DRG) (Fujita et al., 2019) not only demonstrates the
accumulation of the chemotherapy mainly in these cell type,
but also that this event could trigger a peripheral neurotoxicity.
These data were corroborated by other results demonstrating
the oxaliplatin-dependent detrimental effect on DRG neurons
causing a reduced volume of the neuronal soma and an increase
in the number of multinucleated neuronal nuclei (Di Cesare
Mannelli et al., 2017).

The OCT transporter is also expressed on the luminal surface
of the blood-brain barrier (BBB) micro-vessel endothelial cells,
the OCT role in transporting oxaliplatin inside the cells has
been demonstrated (Lin et al., 2010). In this regard, recently
it has been reported that in a rat brain endothelial cell line
expressing OCT protein (Friedrich et al., 2003), oxaliplatin elicits
a dislocation of the Zonula Occludens-1 (ZO-1), one of the tight
junction proteins that contribute to constitute the BBB (Branca
et al., 2018). The increased permeability of the BBB allows the
chemotherapy agent to enter the brain parenchyma, affecting
both the neuronal (Park et al, 2009) and glial compartment
(Lee and Kim, 2020).

As for the effects of oxaliplatin on neurons, an increase in
oxidative stress is the most remarkable event. In vitro experiments
have demonstrated that oxaliplatin is able to increase the reactive
oxygen species (ROS) and the superoxide anion levels as well
as protein carbonylation (Di Cesare Mannelli et al., 2013b),
thus suggesting that oxidative stress could be responsible for
oxaliplatin-induced neuropathic pain.

In vivo analysis carried out on plasma, sciatic nerves, and
lumbar portion of the spinal cord obtained from oxaliplatin-
treated rats strengthened the role of oxidative stress in the onset
of neuropathic pain (Di Cesare Mannelli et al., 2012).

Analysis of the signaling pathway that triggers neuropathy
highlighted the involvement of activating transcription factor
3 (ATF3) protein. This protein is a member of the cAMP-
responsive element binding protein family (Li et al, 2019)
that, following the activation of the Toll Like receptors (TLRs),
regulates a signaling cascade involved in the onset of neuropathy.
Also, its expression has been found significatively increased in
oxaliplatin-treated nerves and DRGs (Di Cesare Mannelli et al.,
2013a) that should be achieved by cAMP-increased levels, as
reported by in vitro analysis on oxaliplatin-treated neuronal
cells (Morucci et al., 2015). Moreover, an oxaliplatin-dependent
alteration of the cell viability and of the expression of the growth
associated protein 43 (GAP-43), a well-known marker of axon
development (Morucci et al., 2015), was also reported.

With respect to the glial compartment, neuropathic pain has
been linked to changes in the gene expression and secretory
profile of microglia that elicits a signaling cascade resulting in
neuroinflammation (Ji et al., 2016).

As demonstrated by in wvitro analysis both in human
and murine cells, oxaliplatin induced an increase in
pro-inflammatory marker expression such as clusters of
differentiation 86 (CD86), and morphological changes shifting
from resting to activating shape (Branca et al, 2015). These
effects are in accordance with ex vivo experiments carried

TABLE 1 | Main signaling pathways involved in oxaliplatin-dependent alterations.

Effects

Literature

ABCs (ATP-binding cassettes)

Single nucleotide polymorphisms (e.g., rs717620, rs8187710,

Nichetti et al., 2019

rs2231142 and rs1045642) inhibit the oxaliplatin efflux increasing its

accumulation
OCTs (organic cation transporters)
ROS (oxidative stress)

ATF3 (activating transcription factor 3)

cAMP Increased production after oxaliplatin-treated SH-SY5Y

GAP-43 (growth associated protein 43)  Expression level down-regulation after oxaliplatin-treated SH-SY5Y

CD86 Increased levels of protein expression after oxaliplatin-treated microglial
cells

CX3CLA Histone H4 acetylation in the CX3CL1 promoter region induces the

up-regulation of the cytokine
GFAP (glial fibrillary acidic protein)

Ibat (ionized calcium-binding adapter
molecule 1)

Resting — Activating state

Epigenetic modification increases the oxaliplatin influx in resistant cells
Overproduction/activation following mitochondrial impairment

Significant increase in the DRG neurons in oxaliplatin-treated rats

Cell number increases both in spinal cord (dorsal horn) and brain cortex
Cell number increases both in spinal cord (dorsal horn) and brain cortex

Morphological shift from ramified/resting to activating microglia

Liu et al., 2016

Di Cesare Mannelli et al., 2012, 2013b, 2016;
Massicot et al., 2013; De Monaco et al., 2014,
Stankovic et al., 2020

Di Cesare Mannelli et al., 2013a
Morucci et al., 2015
Morucci et al., 2015
Branca et al., 2015

Huang et al., 2016

Di Cesare Mannelli et al., 2013a, 2015
Di Cesare Mannelli et al., 2013a, 2015

Branca et al., 2015
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out in oxaliplatin-treated rats, showing an increase in the
number of cells expressing the microglial marker Iba-1 (ionized
calcium-binding adapter molecule 1) in the spinal cord as
well as in the basal ganglia and “pain matrix” brain areas
(Di Cesare Mannelli et al., 2013a).

The onset of microglia-dependent neuroinflammation also
induces the recruitment of astrocytes. Indeed, it has been
demonstrated that oxaliplatin treatment causes an increase in the
expression levels of glial fibrillary acidic protein (GFAP) and a
modification of astrocytic shape, both in the spinal cord and in
some brain areas (Di Cesare Mannelli et al., 2015).

Microglia and astrocyte activation is strictly related to pain
sensitivity since the selective inhibition of one or the other
cellular type prevented pain development (Di Cesare Mannelli
et al,, 2014). On the other hand, an indiscriminate glial cell
silencing impaired the neurorestorative mechanisms promoted
by these cell types (Di Cesare Mannelli et al., 2014).

Another important target of oxaliplatin-dependent toxicity is
the mitochondrion whose dysfunction leads to the generation
of reactive oxygen species (ROS). Although the research on
the mechanisms underlying mitochondrial toxicity and ROS
generation are only beginning to be analyzed, some studies
have fully demonstrated that the antioxidant properties of
different molecules are able to mitigate the oxaliplatin-dependent
neuropathy (Di Cesare Mannelli et al., 2016). These results
suggest that ROS generation and mitochondrial impairment are
early events in the oxaliplatin-triggered signaling pathway that
results in the onset of neuropathy.

GENETIC AND EPIGENETIC ROLE IN
OXALIPLATIN-INDUCED NEUROPATHIC
PAIN

Over the last 10 years research has highlighted a very important
role of epigenetics in determining variations that induce lasting
or permanent changes in neuronal function (Borrelli et al,
2008). Also, it is now evident that drug exposure leads to
epigenomic changes that are the basis of the different individual
responses to chemotherapy. Indeed, the focus is now centered on
improving the chemotherapeutic efficacy of anticancer molecules
through pharmacogenetic and pharmacoepigenetic approaches
(Mohelnikova-Duchonova, 2014).

Pharmacogenetics, recently changed to the term
pharmacogenomics, is the field of research that encompasses
all genes in the genome that may determine drug response
(Pirmohamed, 2001). Indeed, especially for what may concern
drug resistance and chemotherapy, the study of genetic
polymorphisms is essential to choose the optimal personalized
therapeutic treatment, minimizing the side effects produced
by chemotherapy (Lesko, 2007). On the other hand, epigenetic
modifications can influence the drug response and a decisive role
in personalized medicine is assigned to pharmacoepigenetics
(Majchrzak-Celinska, 2017).

In view of these fascinating scenarios, it has been recently
hypothesized that the pivotal role of single nucleotide
polymorphisms (SNPs) affects the gene coding for oxaliplatin

transporters. The alteration of the expression levels and the
functioning of these transporters, in particular, the SNPs
occurring in ATP-binding cassette (ABCs) transporters (such
as rs717620, rs8187710, rs2231142, and rs1045642), causes an
increase in the oxaliplatin concentration inside the cells (in
particular, the DRG neurons) that may account for an higher risk
to develop an oxaliplatin-dependent neuropathy as previously
reported (Nichetti et al., 2019).

It has been reported that a prolonged and high oxaliplatin
intracellular accumulation, induced ROS overproduction
mediated by mitochondrial impairment (Massicot et al,
2013). Thus, even if specific transporter polymorphisms
are not beneficial for patients that unfortunately do not
correctly excrete oxaliplatin leading to its accumulation,
the simultaneous use of antioxidant molecules during a
chemotherapy regimen could help to retrieve and ameliorate the
oxaliplatin-induced neuropathic pain (De Monaco et al., 2014;
Stankovic et al., 2020).

However, there are many other elements that influence
chemotherapeutic drug sensitivity, such as the glutathione
S transferase P1 (GSTP1), involved in the inactivation of
platinum-DNA adducts (Kweekel et al,, 2005). For example,
the 105Val allele variant at exon 5 of the GSTP1 gene confers
a significantly decreased risk of developing severe oxaliplatin-
related neuropathy (Lecomte et al., 2006; Chen et al., 2010, p. 201;
McLeod et al., 2010; Hong et al., 2011).

Moreover, genetic polymorphisms play a key role also in
adjuvant therapies where opioid drugs are used in order to
ameliorate oxaliplatin-induced neuropathic pain (Wang, 2014).

Despite a clear correlation between oxaliplatin-based
neuropathy and  individual  genetic  polymorphisms,
pharmacotherapy based on genetic profile is not yet routinely
introduced, perhaps because different polymorphisms can
correlate and a wide range of genomic analysis in a larger
population is needed (Peng et al., 2013; Ruzzo et al., 2015).

In the attempt to find the molecular basis for neuropathy
induction and maintenance, attention has recently been turned to
epigenetic mechanisms. Epigenetic-dependent alterations of gene
expression are independent of DNA sequence alterations, but
they are heritable and reversible. Recently, environmental stimuli
have been observed to induce long-term epigenetic modifications
of the gene expression profile that characterizes neuropathic pain
(extensively reviewed by Penas and Navarro, 2018).

If SNPs represent a risk of developing neuropathy, epigenetic
regulation of the ABC transporters expression levels may lead to a
decreased risk. Indeed, these transporters regulate the oxaliplatin
efflux from cells (Sparreboom et al., 2003), thus reducing its
accumulation (Huo et al., 2010).

A similar fascinating result in this field was obtained by the
epigenetic modification of the OCT2 transporter both in vitro
and in xenografts. Some authors have promoted the epigenetic
expression of this oxaliplatin transporter in renal cancer cells
in order to increase the oxaliplatin sensitization of these cells
(Liu et al., 2016). It could be argued that the OCT2 epigenetic
modification could induce an oxaliplatin accumulation also into
other cell compartments, including the brain, thus leading to the
induction of neuropathy.
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Epigenetic modifications of glial cells have also been shown to
play a role in neuropathic pain. Astrocytic DNA methylation and
histone modifications, two of the major epigenetic modifications,
induce the production of pro-inflammatory cytokines triggering
a microglia neuroinflammatory activation that, in turn,
contributes to the development of neuropathy (McMahon et al.,
2005; Descalzi et al., 2015; Machelska and Celik, 2016).

It has also been demonstrated that oxaliplatin treatment
significantly increased the histone H4 acetylation in the
CX3CL1 promoter region in spinal cord neurons (Huang et al.,
2016), inducing the up-regulation of this cytokine. In vivo
studies have demonstrated involvement in the induction of
central sensitization and acute pain behavior after oxaliplatin
administration (Huang et al., 2016; Zhang et al., 2018). More
recently, it has been evidenced that oxaliplatin treatment is able
to increase the expression of 10-11 translocation methylcytosine
dioxygenase 1 (TET1), a well-known enzyme involved in DNA
demethylation. The researchers found that TET1 up-regulation
indirectly acts on Homeobox A6 protein (HOX-A6) expression
in neurons, thus becoming a pivotal target in ameliorating
oxaliplatin-induced neuropathy (Deng et al., 2020).

CONCLUDING REMARKS

The oxaliplatin-induced neuropathic pain is a deleterious
side effect for patient healthcare that could lead to therapy
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Aberrant Notch signaling profoundly affects cancer progression. Especially the Notch3
receptor was found to be dysregulated in cancer, where its expression is correlated with
worse clinicopathological features and poor prognosis. The activation of Notch3 signaling
is closely related to the activation of cancer stem cells (CSCs), a small subpopulation in
cancer that is responsible for cancer progression. In addition, Notch3 signaling also
contributes to tumor chemoresistance against several drugs, including doxorubicin,
platinum, taxane, epidermal growth factor receptor (EGFR)-tyrosine kinase inhibitors
(TKls) and gemcitabine, through complex mechanisms. In this review, we mainly focus
on discussing the molecular mechanisms by which Notch3 modulates cancer stemness
and chemoresistance, as well as other cancer behaviors including metastasis and
angiogenesis. What’'s more, we propose potential treatment strategies to block
Notch3 signaling, such as non-coding RNAs, antibodies and antibody-drug
conjugates, providing a comprehensive reference for research on precise targeted
cancer therapy.

Keywords: cancer, Notch3, mechanism, targeted therapy, cancer biology

INTRODUCTION

Notch signaling is a highly conserved among multicellular organisms, and it is involved in cell fate
decision, cell proliferation/differentiation, as well as cell lineage specification (Bray, 2006; Bray,
2016). The activation of Notch signaling is mediated by cell-to-cell interactions with a Notch ligand.
In mammals, there are four Notch receptors (Notchl-4) and five ligands [Jagged (JAG)1, 2 and

Abbreviations: CSL, CBF-1 (RBPJ)/suppressor of hairless/Lagl; TNM, tumor node metastasis; ZIP4, zinc transporter 4; LSD1,
lysine-specific demethylase 1; SIRT1, Sirtuinl; akt, AKT serine/threonine kinase; PBX1, PBX homeobox 1; SUSD2, sushi
domain containing 2; PI3K, phosphatidylinositol 3-kinase; PD-L1, programmed death ligand 1; mTOR, mammalian target of
rapamycin; IL6, interleukin 6; HIFla, hypoxia inducible factor 1 subunit alpha; COX-2, cyclooxygenase 2; ERK1/2, extra-
cellular-regulated kinase 1/2; MSI-1, musashi RNA binding protein 1; NUMB, NUMB endocytic adaptor protein; TGF-p,
transforming growth factor beta; ZEB1, zinc finger E-box binding homeobox 1; GATA3, GATA binding protein 3; KIBRA,
kidney and BRAin; NR2F6, nuclear receptor subfamily 2 group F member 6; MUC4, mucin 4, cell surface associated; VEGF-A,
vascular endothelial growth factor a; ANG-2, angiogenin 2; CHACI, cation transport regulator-like protein 1; JNKI, c-jun N-
terminal kinase 1; CCNDI, cyclin D1; NF-kB, nuclear factor kappa B; OCT-4, organic cation/carnitine transporter 4.
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FIGURE 1 | Notch3 signaling. (A) The structure of Notch3 and its ligand. The full-length Notch3 protein consists of 34 epidermal growth factor (EGF) repeats, a
negative regulatory region (NRR) [composed of three Lin-Notch repeats (LNRs) and a heterodimerization domain (HD)], a transmembrane domain, an RBPJ-association
module (RAM) domain, seven ankyrin (ANK) repeats, two nuclear localization signals (NLS), a transactivation domain (TAD) and a C-terminal domain rich in proline,
glutamic acid, serine, and threonine (PEST domain) (Xiu and Liu, 2019). The Notch ligand consists of EGF repeats and a Delta/Serrate/LAG-2 (DSL) domain. (B)
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Delta-like ligand (DLL)1, 3 and 4]. Before it is trafficked to the cell
membrane, the full-length Notch receptor undergoes initial
cleavage, also called S1 cleavage, in the Golgi apparatus. When
a Notch ligand (JAG or DLL) in the cell membrane of an adjacent
signal-sending cell interacts with a Notch receptor in the cell
membrane of the signal-receiving cell, the Notch receptor is
activated and undergoes another proteolytic cleavage. This so-
called S2 and S3 cleavage steps are induced by A Disintegrin And
Metalloprotease domain 10 (ADAMI10) and the y-secretase
complex, respectively (Bray, 2006; Kopan and Ilagan, 2009;
Bray, 2016). Subsequently, the Notch intracellular domain
(NICD) is released and translocated into the nucleus, where it
binds to the effector DNA-binding transcription factor CSL. The
latter then recruits the transcription co-activator mastermind-like
protein (MAML) to induce the transcription of downstream
target genes. Finally, the Notch receptor or NICD undergoes
proteasomal/lysosome degradation (Bray, 2006; Kopan and
Ilagan, 2009; Bray, 2016; Xiu and Liu, 2019) (Figure 1, shown
on the example of Notch3 signaling).

The Notch3 receptor is encoded on chromosome 19p13.12
(19: 15159038-15200995), spanning 33 exons (https://www.ncbi.
nlm.nih.gov/gene/4854). The aberrant high expression of Notch3
is common in human cancer tissues, as shown in several studies
(Giovannini et al., 2009; Park et al., 2010; Zhang et al., 2011;
Rahman et al,, 2012; Hu et al., 2013; Ye et al., 2013; Ozawa et al,,
2014; Liu et al., 2016b; Zhang et al.,, 2017; Tang et al., 2019; Xu
et al., 2019), as well as the Cancer Genome Atlas (TCGA) and
Oncomine database (Figure 2). High Notch3 expression in
cancer tissues is correlated with a series of clinicopathological
features, such as large tumor size, advanced TNM stage, high
pathological grade and tumor metastasis, as well as a diminished
prognosis of cancer patients, such as poor overall survival (OS),

disease-free survival (DEFS), relapse-free survival (RFS) and

progression-free survival (PFS) (Table 1) (Park et al, 2010;
Zhang et al, 2011; Mann et al, 2012; Rahman et al, 2012;
Alqudah et al, 2013; Hu et al, 2013; Ye et al, 2013; Zhou

et al., 2013; Ozawa et al.,, 2014; Yuan et al.,, 2015; Liu et al,,
2016a; Liu et al., 2016b; Ma et al., 2016; Zhou et al., 2016; Kim
etal,2017a; Xue etal., 2017; Yu et al., 2017; Zhang et al., 2017; Lin
et al,, 2018; Tang et al,, 2019; Xu et al., 2019; Zhang et al., 2019).

Notch3 overexpression in cancer is mainly caused by
alterations of the Notch3 gene. According to TCGA, the
Notch3 gene was altered in 5% of cancer samples, mainly via
amplification and mutation (Figure 3). Notch3 has been reported
to be amplified in 10-25% of ovarian carcinoma (OC) (Park et al.,
2006; Etemadmoghadam et al., 2009; Cancer Genome Atlas
Research Network, 2011; Hu et al, 2014). Among all cancer
types in the TCGA database, OC has the highest Notch3
amplification rate (11.64%, 68 of 584 cases) (Figure 3). In
addition to amplification, mutations in the negative regulatory
region (NRR) and proline (P), glutamic acid (E), serine (S),
threonine (T)-rich (PEST) domains of Notch3 gene can cause
Notch3 activation (gain-of-function/activating mutations), as
seen in human T-cell acute lymphoblastic leukemia (T-ALL)
(Bernasconi-Elias et al., 2016).

Notch signaling plays complex roles in regulating cellular
behaviors during cancer progression, and each Notch receptor
has its specific pattern (Majumder et al., 2021). A major role of
Notch3 is maintaining the stemness of cancer stem cells (CSCs).
As a population of self-renewing cells with high tumorigenic
potency, CSCs are found to be activated by Notch3 signaling in
several kinds of cancer and contribute to cancer progression
through complex mechanisms (See Notch3 and Cancer Stem Cell
Properties). Another main feature of Notch3 signaling is to induce
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FIGURE 2 | The expression of Notch3 in human cancers. (A) The Notch3 expression levels of different cancer types in TCGA were determined using TIMER
(https://cistrome.shinyapps.io/timer/) (*p < 0.05, **p < 0.01, **p < 0.001). (B). Notch3 expression levels in different cancer types from the Oncomine database (www.

tumor resistance against several kinds of chemotherapeutic drugs,
including doxorubicin, platinum, taxane, epidermal growth
factor receptor (EGFR)-tyrosine kinase inhibitors (TKIs) and
gemcitabine (See in Notch3 and Drug Resistance). Of note,
Notch3-supported CSC activity is also involved in the
mechanisms of tumor chemoresistance, as well as tumor
metastasis and angiogenesis, indicating the key role of Notch3
signaling in cancer (Sullivan et al, 2010; Xiao et al, 2011;
McAuliffe et al., 2012; Cheung et al., 2016a; Sansone et al,
2016; Kim et al, 2017a; Kim et al., 2017b; Jeong et al., 2017;
Wang et al., 2018a; Leontovich et al., 2018; Liu et al., 2018;

Papadakos et al., 2019; Fan et al., 2020; Fang et al., 2020; Mansour
et al., 2020).

There are numerous published review articles on the effects of
Notch signaling in cancer treatment (Giovannini et al., 2016;
Bellavia et al., 2018; Giuli et al., 2019; Katoh and Katoh, 2020). By
contrast, this review mainly focuses on the underlying Notch3-
related molecular mechanisms that regulate cancer stemness and
chemoresistance. In addition, the relationships between Notch3
and other tumor biological characteristics, including metastasis
and angiogenesis are also discussed. Finally, we summarize
known Notch3-targeting strategies/methods for cancer therapy.
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TABLE 1 | The clinical significance of Notch3 in different types of cancer.

Cancer type

Sample count

Clinicopathological and prognostic significance of high Notch3 expression in
cancer

Correlated with advanced TNM stage and lymph node metastasis
Correlated with metastasis, venous invasion and satellite lesions

Correlated with large tumor size, multiple tumors and advanced TNM stage

Predicts poor relapse-free survival and distant metastasis

Correlated with low differentiation degree and venous invasion

Correlated with positive expression of ERa and PR, with reduced lymph node metastasis
Correlated with advanced TNM stage and lymph node metastasis

Correlated with advanced TNM stage, high pathological grade, lymph node metastasis

Correlated with advanced TNM stage, lymph node metastasis, distant metastasis, and

Correlated with advanced TNM stage, high pathological grade, advanced histological

Correlated with large tumor size, advanced TNM stage, invasion, lymph node metastasis,

Lung adenocarcinoma 20 Predicts poor OS
Non-small-cell lung carcinoma 104 Predicts poor OS and DFS
3663 (Meta- Predicts poor OS
analysis)
131 Predicts poor OS
Hepatocellular carcinoma 86 Predicts poor OS
95 Predicts poor OS
Hepatitis B virus-related hepatocellular 465 Predicts poor OS and RFS
carcinoma
Colorectal carcinoma 305
Breast carcinoma 72
Triple-negative breast carcinoma 105
Tongue carcinoma 74 Correlated with advanced TNM stage
Pancreatic adenocarcinoma 42 Predicts poor OS and DFS
Correlated with lymph node metastasis
101 Predicts poor OS
and venous invasion
Gliomas 60 Predicts poor OS
Ovarian carcinoma 42 Predicts poor OS and PFS
61 Predicts poor OS and PFS
86 Predicts poor OS
chemoresistance
120 Predicts poor OS
type, lymph node metastasis, and ascites
266 Predicts poor OS and PFS
Urothelial carcinoma 59 Predicts poor OS
Correlated with distant metastasis
Gallbladder carcinoma 126 Predicts poor OS
and inability of surgical resection
Osteosarcoma 70 Predicts poor OS

Correlated with tumor metastasis
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Overall, this review provides comprehensive information on the
role of Notch3 signaling in cancer and its value as a therapeutic
target.

NOTCH3 AND CANCER STEM CELL
PROPERTIES

Tumor initiation and progression is driven by a small population
of cancer cells with self-renewal and tumor-formation capacity,
known as CSCs (Dawood et al., 2014). The activation of Notch3
signaling is widely found in CSCs, where it regulates their
abundance and activity through several molecular mechanisms
(Figure 4). The expression of aldehyde dehydrogenase (ALDH), a
recognized CSC marker, is significantly positively correlated with

Notch3 expression, as seen in OC, lung carcinoma (LC),
hepatocellular carcinoma (HCC) and breast carcinoma (BC)
(Sullivan et al., 2010; Xiao et al., 2011; Zhang et al.,, 2015; Kim
et al.,, 2017a). Suppression of Notch3 signaling in LC cells by
treatment with either a y-secretase inhibitor (GSI) or short
hairpin RNA (shRNA) against Notch3 resulted in a significant
decrease of ALDH" CSCs, indicating that Notch3 is critical for
ALDH expression (Sullivan et al., 2010).

In OC, the zinc transporter ZIP4 was identified as a novel CSC
marker that physically interacts with Notch3 and activates
Notch3 signaling (Fan et al., 2020). Several studies also found
that the activation of Notch3 signaling enhances CSC activity,
especially in chemoresistant OC tumors (Kim et al., 2017b; Jeong
et al,, 2017; Fang et al., 2020), and the relevant mechanisms are
discussed in Platinum and Taxane.
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In HCC, the activation of Notch3 signaling was found to
inhibit Wnt/p-catenin signaling and increase the expression of
the stemness-related protein Nanog, which promotes the
maintenance of the CSC population, thereby contributing to
the pathogenesis of HCC (Zhang et al., 2015). In addition,
Notch3 signaling in liver CSCs is supported by cancer-
associated fibroblasts in the tumor microenvironment and
maintains tumor cell self-renewal (Liu et al, 2018).
Mechanistically, Notch3 signaling activates LSD1, a histone-
modifying enzyme that promotes cancer stemness, by inducing
its deacetylation by activating the class-III histone deacetylase
(HDAC) SIRT1 (Liu et al., 2018).

In the tumor microenvironment of BC, a secreted protein
named Cartilage Oligomeric Matrix Protein (COMP) physically
bridges Notch3 and JAGI on the cell membrane of CSCs, thus
driving JAG1/Notch3 signaling and subsequently activating the
B-catenin and Akt signaling pathways to maintain CSC status

(Papadakos et al.,, 2019). A recent study showed that Notch3
signaling contributes to the overexpression of the T-cell
inhibitory molecule PD-L1 in breast CSCs by activating
mTOR signaling (Mansour et al.,, 2020). Specific knockdown
of Notch3 can downregulate PD-L1 expression on CSCs and
reduce CSC activity, providing a novel strategy for anti-PD-L1
combination therapies (Mansour et al., 2020). In addition to the
mechanisms that promote CSC activity, Notch3 signaling is also
found to reduce the population of breast CSCs by negatively
regulating IL6 (Wang et al., 2018a). Furthermore, the activation
of HIFla in response to hypoxia is involved in Notch3-mediated
IL6 inhibition in breast CSCs via direct binding to the Notch3
promoter. The combination of Notch and IL6 inhibitors
significantly decreases the abundance of breast CSCs and
inhibits BC growth, suggesting it might serve as a novel
therapeutic strategy for treating Notch3-expressing BC (Wang
et al., 2018a).
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NOTCH3 AND DRUG RESISTANCE

A large number of studies have shown that Notch3 signaling is
closely related to the ability of tumors to chemotherapy. Here, we
mainly introduce the roles of Notch3 in the resistance of tumors
to five kinds of chemotherapeutic drugs (doxorubicin, platinum,
taxane, EGFR-TKIs and gemcitabine), whose mechanisms are
comparatively well-understood (Figure 5).

Doxorubicin

The resistance of tumor cells to doxorubicin, a DNA
topoisomerase II inhibitor, is associated with the activation of
Notch3 signaling (Giovannini et al., 2009; Michishita et al., 2011;
Wang et al., 2018b). In HCC cells, Notch3 signaling contributes to
doxorubicin resistance by inhibiting p53 expression, doxorubicin
uptake and DNA damage, which can be reversed by Notch3
depletion (Giovannini et al., 2009). In osteosarcoma, both in vivo
and in vitro experiments indicate that the IncRNA SOX20T
variant seven can activate DLL3/Notch3 signaling, maintaining
the stemness and doxorubicin-resistance of tumor cells (Wang
et al, 2018b). Treatment of osteosarcoma cells with
epigallocatechin gallate, a polyphenol from green tea, can
counteract the SOX20T-7/DLL3/Notch3 axis, thus inhibiting
cancer progression (Wang et al., 2018b).

Platinum and Taxane

Notch3 signaling plays a critical role in tumor resistance to
platinum, taxane, or their combination chemotherapy
regimens, especially in OC. In a clinical study of 61 OC
patients, the high expression of Notch3 was correlated with

shorter PFS and OS in patients with stage III and IV disease
treated with a standard platinum and taxane chemotherapy
regimen (Rahman et al, 2012). In vitro experiments in OC
cell lines also confirmed that Notch3 was significantly
overexpressed in cisplatin-resistant A2780cis cells (2.5-fold)
and paclitaxel (PTX)-resistant SKpac cells (25.5-fold)
compared to chemo-sensitive A2780 cells (Kim et al., 2017a).

In cisplatin-resistant OC, Notch3 signaling was found to be
induced by the activation of the c-Kit/prohibitin axis and the
nuclear orphan receptor NR2F6, as well as P53 mutations (Li
et al,, 2019; Xu et al., 2019; Fang et al., 2020). The activation of
Notch3 signaling activates the stem cell reprogramming factor
PBX1, which supports the activity of CSCs contributing to
platinum chemoresistance (Fang et al, 2020). In addition,
Notch3 signaling also upregulates the expression of Cyclin G1
and SUSD2, which contributes to both tumor metastasis and
cisplatin resistance of OC (Xu et al., 2018; Xu et al., 2019). As seen
in OC, Epstein-Barr virus (EBV)-associated nasopharyngeal
carcinoma and colorectal carcinoma (CRC), inhibition of
Notch3 signaling can significantly enhance the cisplatin
chemosensitivity of tumor cells, indicating the value of
Notch3-targeted therapy (Man et al, 2012; McAuliffe et al.,
2012; Tzeng et al., 2014; Xie et al., 2016).

In PTX-resistant OC, the decreased expression of the tumor-
suppressive miRNAs miR-136 and miR-150 contributes to the
overexpression of Notch3 (Kim et al., 2017b; Jeong et al., 2017).
Ectopic expression of miR-136 and miR-150 was found to inhibit
Notch3 expression, which suppressed the stemness and
angiogenesis of SKpac cells (Kim et al, 2017b; Jeong et al,
2017). In addition, several pre-clinical studies indicated that
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concomitant treatment with PTX and Notch3-specific inhibitors,
including GSI, Small interfering RNA (siRNA) or antibody drugs,
can enhance the efficacy of PTX treatment in several tumors,
including OC, pancreatic carcinoma (PC), and LC (Groeneweg
et al., 2014; Yen et al., 2015; Kang et al., 2016; He et al., 2017;
Morgan et al.,, 2017).

EGFR-TKIs

Studies have revealed novel mechanisms by which Notch3
induces EGFR-TKI resistance in EGFR-mutated tumors.
Notch3 receptor was identified as a substrate for EGFR-
mediated tyrosine phosphorylation, and EGFR kinase activity
induces tyrosine phosphorylation of Notch3, thus inhibiting
Notch3 signaling (Arasada et al., 2014). Unfortunately, EGFR-
TKI therapy relieves this inhibition, resulting in Notch3
activation and subsequent CSC enrichment (Arasada et al,
2014). In response to EGFR-TKI therapy of non-small-cell
lung carcinoma (NSCLC), Notch3 physically binds to
B-catenin in the cytoplasm of tumor cells to activate B-catenin
signaling (Arasada et al.,, 2018). The combination of EGFR-TKIs
and a P-catenin inhibitor abrogates the Notch3-dependent
activation of B-catenin, which strongly attenuates tumor onset,
improving the OS and RFS of NSCLC xenograft mice (Arasada
et al,, 2018). Zhang et al. found that recovering the expression of

miR-150 can directly downregulate Notch3 in TKI-resistant
NSCLC cell lines, providing another method for reversing
Notch3-mediated TKI resistance (Zhang et al., 2019).

In gliomas and triple-negative BC (TNBC), it was found
that Notch3 signaling can promote EGFR expression
(Alqudah et al, 2013; Diluvio et al., 2018). Notch3
silencing in TKI-resistant TNBC cells induces EGFR
dephosphorylation and promotes its intracellular arrest,
which increases tumor cell sensitivity to TKI-gefitinib
treatment (Diluvio et al., 2018).

Gemcitabine

In a clinical study of 71 PC patients, Notch3 was identified as a
novel biomarker for predicting the efficacy of gemcitabine
(GEM), whereby low Notch3 expression was associated with
better GEM treatment efficacy and longer OS of PC patients
(Eto et al., 2013). Mechanistically, Notch3 increases the activity of
PI3K/Akt signaling in PC cells in response to GEM treatment,
and this effect can be reversed by Notch3-specific siRNAs (Yao
and Qian, 2010). In addition, Notch3 signaling also contributes to
GEM resistance in NSCLC cells. Treatment with GEM and GSI
significantly enhances GEM sensitivity and leads to tumor cell
apoptosis, but the underlying molecular mechanisms remain
unclear (Hu et al., 2018).
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NOTCHS3 IN OTHER ASPECTS OF CANCER
BIOLOGY

Notch3 in Cancer Epithelial-Mesenchymal
Transition and Metastasis

Notch3 has a close relationship with tumor metastasis (Figure 6).
In clinical studies, high expression of Notch3 was found to be
associated with tumor metastasis in OC, NSCLC, prostate
carcinoma (PCa), HCC, PC and gallbladder carcinoma (Ye
et al,, 2013; Zhou et al, 2013; Liu et al,, 2016a; Liu et al,
2016b; Zhou et al., 2016; Kim et al., 2017a; Lin et al., 2018;
Kim and Gu, 2019). Matrix metalloproteinases (MMPs) cascade
with Notch3 signaling and promote tumor metastasis. The
Notch3-MMP-3 axis contributes to bone metastasis of PC by
promoting the formation of osteoblastic lesions and decreasing
osteoblastogenesis (Ganguly et al., 2020). In HCC and pancreatic
ductal adenocarcinoma (PDAC), Notch3 signaling activates the
COX-2 and ERK1/2 pathways, which subsequently enhance the
migration and invasion of tumor cells by upregulating the
expression of MMP-2 and MMP-9 (Zhou et al, 2013; Zhou
et al.,, 2016). In addition, MMP-14 and MMP-28 were found to
promote tumor metastasis by inducing Notch3 signaling. The
MMP-14-Notch3-Bl-integrin axis can be activated by
interactions between lymphatic endothelial cells and
melanoma cells, leading to the transformation of non-
metastatic melanoma cells into invasively sprouting melanoma
cells (Pekkonen et al., 2018). The MMP-28-Notch3 axis promotes
the Epithelial-Mesenchymal Transition (EMT), migration and
invasion of HCC cells in vivo and in vitro (Zhou et al., 2019).

In advanced CRC, Notch3 expression is positively correlated
with lymph node as well as distant metastasis, and its expression
is dependent on the activation of Akt signaling (Varga et al,
2020). Additionally, DLL4/Notch3 signaling was found to
upregulate the expression of the RNA-binding protein MSI-1
in metastatic CRC tumors. Active MSI-1 can inhibit the
expression of NUMB, a negative regulator of Notch signaling,
which maintains the activation of oncogenic Notchl and Notch3
signaling pathways (Pasto et al., 2014).

As a key component of Wnt signaling, Wnt3a can activate
Notch3 signaling to promote the EMT and metastasis of NSCLC
(Lietal, 2015). In bone metastasis of NSCLC, Notch3 signaling
is also involved in TGF-p signaling-induced EMT by activating
the EMT regulator ZEB1 (Liu et al., 2014a). In metastatic OC
tumors, several downstream targets of Notch3 signaling were
found to be activated, including type IV collagen (COL4A2),
sushi domain containing 2 (SUSD2), Cyclin GI and integrin
subunit alpha 1 (ITGA1) (Brown et al., 2015; Xu et al., 2018; Xu
et al., 2019; Price et al., 2020). Blocking Notch3 signaling in
metastatic OC can inhibit the adhesion, migration and
metastasis of tumor cells, while also enhancing their chemo-
sensitivity (Brown et al., 2015; Xu et al., 2018; Xu et al., 2019;
Price et al., 2020).

The role of Notch3 in BC metastasis is controversial. A study
of 72 BC cases reported that Notch3 expression is correlated with
a lower risk of lymph node metastasis, as well as the expression of
estrogen receptor a (ERa), progesterone receptor (PR) and

Notch3 in Cancer

GATA3 (Lin et al, 2018). N3ICD in the nucleus of BC cells
can bind to the promotors of ERa and GATA3 to promote their
expression. ERa and GATA3 activated by Notch3 signaling
upregulate vimentin expression and repress E-cadherin
expression, which then suppresses the EMT and metastasis of
BC by maintaining a luminal phenotype (Dou et al., 2017; Lin et al,,
2018). Another Notch3-mediated EMT-suppression mechanism in
BC relies on the activation of Hippo/YAP signaling by upregulating
the transcription of KIBRA, an upstream factor of Hippo signaling
(Zhang et al., 2016b). The inhibitor of DNA binding 2 (Id2), a
transcription factor belonging to the bHLH family, can promote
the transcription of Notch3, thus attenuating the EMT in BC (Wen
et al,, 2018). By contrast, microRNAs 221 and 222 were found to
target the 3 UTR of Notch3 and suppress its protein translation in
BC cells, which reverses EMT inhibition by Notch3 signaling
(Liang et al., 2018).

Although the inhibitory effect of Notch3 on BC metastasis has
been confirmed in several studies, a pro-EMT function of Notch3
has been also identified. It was found that the activation of Notch3
signaling is linked to BC seeding and lung/brain metastasis, while
abrogation of Notch3 reduces the self-renewal and invasion
ability of BC cells, restoring a luminal CD44"°"/CD24"8"/
ERa™&" phenotype (Leontovich et al,, 2018). Mechanistically,
aberrant Aurora A kinase activity activates Notch3 in breast
CSCs and contributes to metastatic growth (Leontovich et al,
2018). In addition, IL6 was found to activate Notch3 signaling in
CD133"8"/ERa*"/IL6"" breast CSCs, where it promotes
endocrine resistance and metastatic progression (Sansone
et al, 2016). In bone-metastatic BC, the activation of JAG1/
Notch3 signaling induced by osteoblasts and osteoblast-derived
TGE-B1 contributes to aggressive osteolytic metastasis and bone
destruction in vivo (Zhang et al., 2010). These findings indicate
that the relationship between Notch3 and BC metastasis should
be explored further.

Notch3 and Tumor Angiogenesis

The functions of Notch signaling in tumor vasculature are mainly
determined by Notch ligands. JAG1-mediated Notch signaling
induces neovascularization and sprouting angiogenesis, while
DLL4-mediated Notch signaling inhibits tumor angiogenesis
(Xiu et al., 2020b; Xiu et al., 2020a). Notch3 is also involved
the regulation of tumor angiogenesis (Figure 7).
Immunohistochemistry for Notch3 expression in 105 TNBC
tissues showed that its expression is positively correlated with
tumor microvascular density (MVD), which suggests a potential
pro-angiogenic role of Notch3 (Xue et al., 2017). MUC4, a large
membrane-anchored  glycoprotein, can facilitate
angiogenesis and increase tumor MVD in PC by activating
Notch3 signaling and downstream pro-angiogenic genes,
including VEGF-A and ANG-2 (Tang et al, 2016). In
addition, Notch3 signaling can be activated by interactions
between tumor cells and cells in the tumor microenvironment,
which contribute to tumor angiogenesis in several cancers. The
interactions between tumor cells and cancer-associated
fibroblasts activate Notch3 signaling, thus promoting
angiogenesis in oral squamous cell carcinoma (Kayamori et al.,

in

tumor
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2016). Similarly, the interactions between CSCs and endothelial ~ Serafin et al., 2011; Hassan et al., 2016; Kang et al., 2016; Diluvio
cells (ECs) activate Notch3 signaling to promote angiogenesis in et al., 2018). However, the low efficiency of traditional siRNA/
OC, which can be inhibited by Notch3-targeting miRNAs,  shRNA delivery vehicles remains a significant obstacle for their
including miR-136 and miR-150 (Kim et al, 2017b; Jeong  clinical application. To overcome this, researchers developed a
et al,, 2017). Additionally, the interactions between CSCs and  novel aptamer-siRNA chimera-based delivery system to inhibit
ECs activate Notch3 signaling to promote angiogenesis and  Notch3 expression (Cheng et al., 2017). The chimera consisting of
vasculogenic mimicry in melanoma (Hsu et al., 2017). an aptamer and Notch3-specific siRNA was bonded with cationic
Notch3 signaling promotes tumor angiogenesis in a canonical ~ Au-Fe;O,4 nanoparticles (NPs). This chimera exhibited a high
CSL-dependent manner, which requires cell-cell interactions and ~ Notch3 silencing efficiency in OC cell lines, as well as potent anti-
is driven by Notch ligands. However, Notch3 was also found to  tumor effects (Cheng et al.,, 2017). However, there are still no
act as a dependent receptor in tumor ECs to negatively regulate  reports on the in vivo use of this Au-Fe;0, NP-chimera, and its
tumor angiogenesis, circumventing CSL (Lin et al, 2017).  potential value also needs evaluation in clinical studies.
Mechanistically, Notch3 receptors on the surface of tumor ECs
can directly activate caspase-9, which induces the caspase- Non-Coding RNAs
dependent cell death of ECs (Lin et al, 2017). Interestingly, = Many non-coding RNAs (ncRNAs), including microRNAs
overexpression of JAGI ligand can abrogate this effect and  (miRNAs), long noncoding RNAs (IncRNAs) and circular
promote tumor neovascularization. This indicates that the  RNAs (circRNAs), play oncogenic or tumor-suppressor roles
effects of Notch3 on tumor angiogenesis depend on the by regulating Notch3 expression (Table 2) (Song et al., 2009;
cellular context, such as the availability and amounts of Notch Furukawa et al., 2013; Liu et al., 2014b; Wang et al., 2015; Cheung
ligands in tumors (Lin et al., 2017). et al,, 2016a; Zhang et al,, 2016a; Kim et al., 2017b; Kim et al,,
2017b; Cai et al.,, 2017; Jeong et al., 2017; Liang et al., 2018; Zhang
et al,, 2018; Yao et al,, 2019; Zhang et al., 2019; Zhu et al., 2019;

NOTCH3-TARGETING STRATEGIES FOR Cai et al., 2020; Chen et al., 2020; Pei et al., 2020; Zhang et al.,
CANCER THERAPY 2020; Zong et al., 2020; Kang et al., 2021). MiRNAs are small

noncoding nucleotides that directly interact with the 3'-
GSlIs that prevent the S3 cleavage of Notch receptor are the most ~ untranslated region (3'-UTR) to degrade a targeted mRNA or
commonly used therapeutic option for blocking Notch signaling  inhibit its translation (Vishnoi and Rani, 2017). Most Notch3-
in cancer (Shih Ie and Wang, 2007). However, they lack  targeting miRNAs are tumor-suppressive, and are downregulated
specificity and may interfere with the processing of other  in tumor tissues compared to normal tissues. Several IncRNAs
transmembrane proteins. What’s more, pre-clinical studies  and circRNAs were found to “sponge” Notch3-targeting
have shown that the use of GSIs is associated with severe side ~ miRNAs, thus resulting in Notch3 overexpression and forming

effects, such as gastrointestinal tract toxicity (Milano et al., 2004; competing endogenous RNA (ceRNA) networks in cancer,
van Es et al,, 2005). Therefore, it is essential to propose other  including the RUSCI1-AS1-miR-7-Notch3 axis (Chen et al,
potential methods/strategies that target Notch3 signaling. 2020), Circ_PUM1-miR-136-Notch3 axis (Zong et al., 2020),

LINC00707-miR-206-Notch3 axis (Zhu et al, 2019),

. L. Circ_0058124-miR-218-Notch3 axis (Yao et al, 2019),

Small Interfering RNAs and Short Hairpin LINC00210-miR-328-Notch3 axis (Zhang et al, 2018),
RNAs FAM225A/HOTAIR-miR-613-Notch3 axis (Cai et al, 2017;
siRNAs and shRNAs are powerful molecules that can directly =~ Zhang et al, 2020), and TUGI-miR-1299-Notch3 axis (Pei
knock down the expression of target genes (Rao et al,, 2009). In et al., 2020). Treatment strategies based on inhibiting the
pre-clinical experiments, Notch3-specific siRNAs or shRNAs  expression of these IncRNAs and circRNAs or recovering the
were able to prevent Notch3 activation and potently inhibit  expression of miRNAs have been confirmed to suppress Notch3
tumor cell growth in vivo and in vitro (Yao and Qian, 2010;  expression and block Notch3-controlled oncogenic mechanisms
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TABLE 2 | Non-coding RNAs that target Notch3 in cancer.

Observations

MiR-1 inhibits in vitro tumor cell migration by targeting Notch3

LncRNA RUSC1-AS1 sponges miR-7 to upregulate Notch3
and promotes tumor cell proliferation in vitro

Circ_PUM1 sponges miR-136 to upregulate Notch3, and
promotes the proliferation, migration and invasion of tumor

MiR-136 inhibits the stemness, angiogenesis and
chemoresistance of tumor cells in vitro by targeting Notch3
MiR-150 inhibits the stemness, angiogenesis and
chemoresistance of tumor cells in vitro by targeting Notch3
MiR-150 inhibits tumor cell proliferation in vitro by targeting

MiR-96/183 inhibit stem cell-like properties of tumor cells
in vitro and inhibit tumor growth in vivo by downregulating the
expression of NICD3 and NICD4

MiR-206 inhibits the proliferation and migration of tumor cells

LINC00707 sponges miR-206 to upregulate Notch3 and
promotes the proliferation and metastasis of tumor cells

Circ_0058124 sponges miR-218 to upregulate Notch3, and
promotes the proliferation, migration and invasion of tumor

MiR-221/222 promote the epithelial-mesenchymal transition
of tumor cells in vitro by targeting Notch3

LINC00210 sponges miR-328 to upregulate Notch3 and
promotes the proliferation and migration of tumor cells in vivo

MiR-491 inhibits the proliferation, migration and invasion of
tumor cells in vitro and inhibits tumor growth in vivo by

MiR-491/875 inhibit the proliferation, migration and invasion
of tumor cells in vitro and in vivo by targeting Notch3
LncRNA FAM225A sponges miR-613 to upregulate Notch3
and promotes the proliferation, migration and invasion of

LncRNA HOTAIR sponges miR-613 to upregulate Notch3
and inhibits the proliferation, migration and invasion of tumor

LncRNA TUG1 sponges miR-1299 to upregulate Notch3 and
inhibits tumor cell proliferation in vitro and in vivo

Non- Role Cancer type/cell line
coding RNA
miR-1 Tumor- CRC
suppressive
LncRNA Oncogenic HCC
RUSC1-AS1
miR-7 Tumor-
suppressive
Girc_PUM1 Oncogenic Endometrial carcinoma
cells in vitro and in vivo
miR-136 Tumor- OC
suppressive
miR-150 Tumor- OoC
suppressive
Lung adenocarcinoma
Notch3
miR-96/183 Tumor- EBV-associated NPC
suppressive
miR-206 Tumor- HCC, CRC, osteosarcoma
suppressive and Hela cells in vitro by targeting Notch3
LncRNA 00707 Oncogenic CRC
in vitro
Circ_0058124 Oncogenic Papillary thyroid carcinoma
miR-218 Tumor-
suppressive cells in vitro and in vivo
miR-221/222 Oncogenic BC
LncRNA 00210 Oncogenic NPC
miR-328 Tumor-
suppressive and in vitro
miR-491 Tumor- NPC
suppressive
targeting Notch3
miR-491/875 Tumor- GC
suppressive
LncRNA Oncogenic CRC
FAM225A
miR-613 Tumor- tumor cells in vitro
suppressive
LncRNA HOTAIR  Oncogenic PC
cells in vitro and in vivo
LncRNA TUG1 Oncogenic OoC
miR-1299 Tumor-
suppressive
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References

Furukawa et al. (2013)

Chen et al. (2020)

Zong et al. (2020)

Jeong et al. (2017)
Kim et al. (2017b)
Zhang et al. (2019)

Cheung et al. (2016b)

Song et al. (2009); Liu et al. (2014b);
Wang et al. (2015); Cai et al. (2020)
Zhu et al. (2019)

Yao et al. (2019)

Liang et al. (2018)

Zhang et al. (2018)
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Pei et al. (2020)

Notes: CRC: colorectal carcinoma; HCC: hepatocellular carcinoma; OC: ovarian carcinoma, EBV: Epstein-Barr virus; NPC: nasopharyngeal carcinoma; BC: breast carcinoma; GC: gastric

carcinoma; PC: pancreatic carcinoma.

in vivo and/or in vitro (Song et al., 2009; Furukawa et al., 2013; Liu
et al.,, 2014b; Wang et al., 2015; Cheung et al., 2016a; Zhang et al.,
2016a; Cheung et al., 2016b; Kim et al., 2017b; Cai et al., 2017;
Jeong et al., 2017; Liang et al., 2018; Zhang et al., 2018; Yao et al,,
2019; Zhang et al., 2019; Zhu et al., 2019; Cai et al., 2020; Chen
et al., 2020; Pei et al., 2020; Zhang et al., 2020; Zong et al., 2020;
Kang et al., 2021).

Antibodies
Antibodies that target Notch receptors/ligands have been
confirmed to effectively modulate Notch signaling activity

(Xiu et al., 2020b; Gharaibeh et al., 2020). The monoclonal
antibodies (mAbs) named A4, A8, MOR20350 and
MOR20358, were designed to bind the NRR domain (Lin-
Notch repeat (LNR) and heterodimerization domain (HD)
domain) of Notch3 protein, which prevents the exposure of
the S2 cleavage site and blocks Notch3 activation (Li et al.,
2008; Tiyanont et al., 2013; Bernasconi-Elias et al., 2016). In
T-ALL harboring Notch3 gain-of-function mutations, anti-
Notch3 NRR mAbs show potent anti-leukemic activity in
T-ALL cell lines and tumor xenografts (Bernasconi-Elias
et al.,, 2016).
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In addition to anti-Notch3 NRR mAbs, another mAb against
epidermal growth factor (EGF) repeats of Notch2/3 named
tarextumab (also called OMP-59R5) has been used to block
Notch2/3 signaling in pre- and clinical studies (O'Reilly et al,
2015; Yen et al, 2015; Hu et al, 2019; Smith et al, 2019).
Tarextumab was found to significantly inhibit the growth of PC,
BC, OC and small-cell lung carcinoma (SCLC) xenograft tumors,
partly by reducing the abundance of CSCs. Additionally, the
combination of tarextumab with GEM plus nab-paclitaxel
exhibited more potent anti-tumor effects (Yen et al, 2015). In the
phase 1b clinical study NCT01647828, tarextumab in combination
with gemcitabine plus nab-PTX was evaluated in 38 untreated
metastatic PDAC patients, and the overall response rate (ORR)
was 29% (O'Reilly et al., 2015). The recommended phase 2 dose
was 15 mg/kg with standard doses of the cytotoxic agents. The
frequent tarextumab-related emergent adverse events (TEAEs) were
diarrhea (60%) and fatigue (43%), which were mostly grade 1 or 2
(O'Reilly et al., 2015). In another phase 1 study (NCT01277146) dose
escalation and expansion of tarextumab was evaluated in 42 patients
with solid tumors (Smith et al., 2019). Tarextumab was well tolerated
at doses of 2.5 mg/kg weekly, as well as 7.5 mg/kg every 14 or 21 days.
Diarrhea (81%) was the most common TEAE, followed by fatigue
(48%), nausea (45%) and decreased appetite (38%) (Smith et al,
2019). Unfortunately, the results of a phase 2 study (NCT01859741)
indicated that tarextumab treatment in combination with platinum-
based therapy in 145 untreated SCLC patients did not improve PES,
OS, or ORR of patients (Daniel et al., 2017). In another phase 2 study
(NCT01647828) of 177 untreated metastatic PDAC patients,
tarextumab treatment in combination with GEM plus nab-
paclitaxel also did not improve the OS, PES, or ORR, while PFS
was even statistically worse in tarextumab-treated patients (Hu et al,,
2019). Due to the adverse effects of tarextumab shown in phase 2
clinical trials, its clinical development was discontinued.

As mentioned in EGFR-TKIs, co-blockage of EGFR and Notch
receptors is necessary in some cases. In recent studies, bispecific
mAbs targeting both Notch2/3 (tarextumab) and EGFR/HER3
(panitumumab/RG7116/MEHD7945A) have been established
using the “Knobs into holes” and “CrossMAb” technologies
(Hu et al, 2017; Fu et al, 2019). In vivo and in vitro
experiments on NSCLC and TNBC showed that EGFR/Notch-
bispecific mAbs exhibit potent anti-tumor effects, especially
decreasing the abundance of CSCs, which limits tumor
resistance to EGFR-TKIs and has potential value for clinical
applications (Hu et al., 2017; Fu et al.,, 2019).

Antibody-Drug Conjugates

Antibody-drug conjugates (ADCs) are mAbs conjugated to
small-molecule chemotherapeutic agents via a chemical linker.
ADCs can selectively bind to specific targets on the surface of
cancer cells and directly deliver the ultra-toxic payload, thus
killing cancer cells (Chau et al, 2019). PF06650808, a novel
Notch3-targeting ADC, contains a humanized anti-Notch3
IgG1 antibody, a cleavable maleimidocapronic-valinecitruline-
p-aminobenzylooxycarbonyl peptide linker, and an auristatin-
based cytotoxic payload (Geles et al, 2015). Pre-clinical
experiments revealed that PF06650808 can effectively inhibit
the growth of TNBC, OC and NSCLC xenograft tumors

Notch3 in Cancer

(Geles et al,, 2015). In a recent phase 1, dose-escalation study
with 40 solid tumor patients, PF-06650808 was well tolerated at
doses <2.0mg/kg, and the maximum tolerated dose was
24 mg/kg (Rosen et al, 2020). The most common TEAEs
were fatigue (40.0%), decreased appetite (37.5%), nausea
(35.0%) and alopecia (32.5%). The ORR and clinical benefit
response in the 31 response-evaluable patients was 9.7 and
35.5%, respectively (Rosen et al, 2020). However, the study
has been terminated due to a change in sponsor prioritization.

Histone Deacetylase Inhibitors

Histone deacetylases (HDACs) regulate gene transcription by
removing active histone marks such as acetyl groups from &-N-
acetyl lysine on a histone, allowing the histones to wrap the DNA
more tightly (Jenke et al., 2021). Several reports indicate that
impairing the acetylation/deacetylation balance of Notch3 using
HDAC inhibitors (HDACi) that favor hyperacetylation can
negatively affect the stability and function of Notch3 in cancer
cells and tumor xenograft mouse models (Palermo et al., 2012;
Jaskula-Sztul et al., 2015; Zhang et al., 2017; Pinazza et al., 2018).
Mechanistically, HDACi such as trichostatin A (TSA),
suberoylanilide hydroxamic acid (SAHA) and AB3 increase
the ubiquitination and proteasomal/lysosomal degradation of
Notch3, which reduces its abundance at the cell surface and
impairs Notch3 signaling (Palermo et al., 2012; Jaskula-Sztul
et al,, 2015; Zhang et al., 2017; Pinazza et al., 2018).

Other Drugs/Compounds

Temozolomide (TMZ) is an alkylating chemotherapeutic agent
that can penetrate the blood-brain barrier and is clinically used in
the treatment of glioblastoma (GBM). One study demonstrated
that the inhibition of Notch3 expression contributes to TMZ-
induced GBM cytotoxicity (Chen et al., 2017). Mechanistically,
TMZ enhances the expression of the ER stress protein CHACI by
activating JNK1/c-JUN signaling. Subsequently, CHACI binds to
Notch3 protein, which reduces the generation of N3ICD, thus
preventing Notch3 signaling (Chen et al., 2017). However, a
recent study found that TMZ can also activate DLL4/Notch3
signaling to maintain CSC properties in GBM by upregulating
MMP14 expression (Ulasov et al., 2020). Thus, the effect of TMZ
on Notch3 signaling needs further exploration.

In HCC chemotherapy, a well-tolerated combination of
sorafenib and valproic acid was found to synergistically inhibit
tumor growth by downregulating Notch3 and p-Akt (Zhu et al.,
2017). Mangiferin, a C-glucosyl xanthone (1,3,6,7-tetrahydroxy-
xanthone-C2-B-D-glucoside), can specifically repress Notch3
signaling, which increases apoptosis and inhibits OC tumor
growth both in vitro and in vivo (Zou et al., 2017). In spite of
these success stories, more drugs/compounds that potentially
target Notch3 should be screened in the future.

DISCUSSION AND CONCLUSION

Notch3 signaling plays critical roles in cancer progression, and the
related molecular mechanisms have been studied in some detail. Stem
cell-like properties are a primary feature of Notch3-positive cancer
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TABLE 3 | The associations between Notch3 signaling and other signaling pathways.

Notch3 in Cancer

Pathway Cancer type Function References
Whnt/-catenin/Notch3 oC Not shown Chen et al. (2010)
NSCLC Promotes tumor cell cycle progression Li et al. (2011)
Promotes tumor cell proliferation and survival Li et al. (2013)
Promotes tumor cell invasion and EMT. Li et al. (2015)
Promotes tumor cell drug resistance Arasada et al. (2018)
Notch3/Wnt/B-catenin HCC Promotes tumor cell stemness Zhang et al. (2015)
BC — Papadakos et al. (2019)
Akt/Notch3 CRC Promotes tumor cell invasion and metastasis Varga et al. (2020)
CC Promotes tumor cell survival Guest et al. (2016)
Notch3/Akt BC Promotes tumor cell stemness Papadakos et al. (2019)
GC Promotes the proliferation, invasion and metastasis of tumor cells Kang et al. (2021)
PC Promotes tumor cell drug resistance Yao and Qian (2010)
IL6/Notch3 BC Promotes the stemness, metastasis and drug resistance of tumor cells Sansone et al. (2016)
Notch3/IL6 BC Inhibits tumor cell stemness Wang et al. (2018a)
NSCLC Promotes tumor cell EMT and metastasis Liu et al. (2014a)
EGFR/Notch3 BC Inhibits tumor cell stemness Arasada et al. (2014)
Notch3/EGFR BC Promotes tumor cell drug resistance Diluvio et al. (2018)
Gliomas Promotes the proliferation, migration and invasion of tumor cells Alqudah et al. (2013)
TGF-p/Notch3 NSCLC Promotes tumor cell EMT and metastasis Liu et al. (2014a)
BC Zhang et al. (2010)

Notch3/NF-«xB EBV-associated NPC
T-cell malignancies Promotes tumor cell survival

HCC -

Promotes tumor cell proliferation

Man et al. (2012)
Bellavia et al. (2000); Vacca et al. (2006)
Qiao et al. (2016)

Notes: OC: ovarian carcinoma; NSCLC: non-small-cell lung carcinoma; EMT: epithelial-mesenchymal transition; HCC: hepatocellular carcinoma; BC: breast carcinoma,; CRC: colorectal
carcinoma; Akt: AKT Serine/Threonine Kinase; CC: cholangiocarcinoma; GC: gastric carcinoma; PCa: pancreatic carcinoma; IL6: Interfeukin 6; EGFR: Epidermal Growth Factor Receptor;
TGF-B: Transforming Growth Factor Beta; NF-«xB: Nuclear Factor kappa B; EBV: Epstein-Barr virus; NPC: nasopharyngeal carcinoma.

cells, and the overexpression of Notch3 may act as a biomarker for
CSCs (See Notch3 and Cancer Stem Cell Properties). Notch3 signaling
can regulate tumor resistance to chemotherapeutic drugs including
doxorubicin, platinum, taxane, EGFR-TKIs, and gemcitabine, which
is also dependent on CSCs (See Notch3 and Drug Resistance).

To maintain the stemness and proliferation of tumor cells,
Notch3 signaling can activate the expression of downstream genes,
such as cell cycle-related genes (CCND1, C-MYC and NF-kB1),
antiapoptotic genes (SURVIVIN and BCL2), as well as stemness-
related genes (OCT-4, ALDH1, NANOG, PBX1, CD44 and
CD133) (Park et al, 2010; Man et al, 2012; McAuliffe et al.,
2012; Alqudah et al., 2013; Jeong et al., 2017). In addition, there are
several associations and cross-talk interactions between Notch3
signaling and other signaling pathways, mainly including the Wnt/
B-catenin, Akt, IL6, EGFR, TGF-B and NF-kB signaling pathways,
which affect several aspects of cancer cell behavior (Table 3). In
tumor metastasis, Notch3 signaling was found to cascade the
MMP, Wnt, Akt, IL6 and TGF-p signaling pathways, thereby
promoting the invasion and EMT of tumor cells (See Notch3 in
Cancer EMT and Metastasis). However, anti-EMT properties and
mechanisms of Notch3 signaling were also found in BC, suggesting
a controversial role of Notch3 in BC metastasis (Zhang et al,
2016b; Dou et al,, 2017; Liang et al., 2018; Lin et al,, 2018; Wen
et al., 2018). Moreover, Notch3 signaling activated by cell-cell
interactions between tumor cells and tumor ECs can promote
tumor angiogenesis and vasculogenic mimicry (See Notch3 and
Tumor Angiogenesis). These findings suggest that Notch3 has
diverse, complex and wide-ranging roles in tumor cells.

To prevent the abnormal activation of Notch3 signaling in
cancer, key Notch3-targeting strategies have been proposed and

confirmed effective in pre-clinical studies, including the
application of siRNAs/shRNAs, ncRNAs, antibodies, ADCs,
and HDACi (See Notch3-Targeting Strategies for Cancer
Therapy). Different mAbs against Notch3 can specially block
Notch3 signaling. However, phase 2 clinical trials of the anti-
Notch2/3 mAb drug tarextumab have showed poor efficacy, and
the relevant clinical trials have been terminated (Daniel et al.,
2017; Hu et al., 2019). Recently, bispecific mAbs targeting both
Notch2/3 and EGFR/HER3 have been developed. The main
advantage of these bispecific mAbs is that they can target/
block both Notch3 and EGFR signaling, which reverses the
activation of Notch3 signaling in response to EGFR-TKIs (Hu
etal,2017; Fuetal,, 2019). The efficacy of bispecific mAbs may be
worth testing in future clinical trials.

ADC:s are novel drugs that can kill tumor cells which express
specific target molecules. The first Notch3-targeting ADC drug
PF06650808 has been evaluated in pre-clinical experiments and a
phase 1 clinical trial. Although preliminary, the results
demonstrate a manageable safety profile and early signs of
anti-tumor activity in cancer patients (Geles et al., 2015; Rosen
et al., 2020). Other Notch3-targeting strategies, such as siRNAs/
shRNAs, non-coding RNAs and HDACI, have not been tested in
clinical trials, so that their efficacy and safety in the treatment of
cancer patients need to be evaluated in the future.

In order to develop Notch3-targeting methods/drugs for cancer
treatment, the following potential strategies should be considered: 1)
Inhibiting Notch3 gene expression using siRNAs, shRNAs, or
ncRNAs. 2) Preventing the cleavage of Notch3 protein using
small molecules such as using ADAMI0 inhibitors (prevent S2
cleavage) and GSIs (prevent S3 cleavage). 3) Antibodies targeting

Frontiers in Molecular Biosciences | www.frontiersin.org

91

June 2021 | Volume 8 | Article 694141


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Xiu et al.

Notch3 protein. 4) Killing Notch3-positive tumor cells by ADCs. 5)
Promoting Notch3 degradation by HDACi. Notably, Notch3-specific
inhibitors such as antibodies and ADCs are more specific than pan-
Notch inhibitors such as GSIs, which may merit further pre- and
clinical evaluation.

In summary, Notch3 signaling affects cancer progression
through complex molecular mechanisms. Future studies
should investigate the relevant mechanisms and exact roles of
Notch3 signaling in regulating different cancer behaviors (such as
CSC properties, Epithelial-Mesenchymal Transition (EMT),
metastasis, drug resistance and angiogenesis) in different
tumor types. Furthermore, it is necessary to propose, establish
and evaluate more potential Notch3-targeting methods/strategies
for cancer treatment.
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Triple-negative breast carcinoma (TNBC) is an aggressive disease that has a poor
prognosis since it lacks effective treatment methods. Neurotrophic tyrosine receptor
kinase (NTRK) fusion genes are excellent candidates for targeted RTK inhibitor therapies
and there are available targeted therapy drugs for the treatment of TRK fusion-positive
tumors in a tumor agnostic pattern. Our study was designed to investigate the NTRK
gene fusion status in TNBC patients and to determine whether RTK-targeted therapies
are suitable for TNBC patients. A total of 305 TNBC patients were enrolled in our study.
IHC was employed as a prescreening method, and IHC positive cases were further
submitted for evaluation by FISH, RT-PCR, and NGS methods. NTRK IHC was evaluated
successfully in 287 of the 305 cases, and there were 32 (11.15%) positive cases. FISH
was carried out in the 32 IHC positive cases. There were 13 FISH-positive cases if
the threshold was set as >15% of the 100 counted tumor cells having a split orange
and green signal with more than one signal diameter. There were only 2 FISH-positive
cases if the cutoff value was defined as >15% of the counted tumor cells having a
split signal with more than two signal diameter widths. One of the FISH-positive cases
had a separate NTRK3 FISH signal in 88% of the tumor cells, and its IHC result was
strong nuclear staining in all the tumor cells. After evaluation of the morphology, it was
re-diagnosed as secretory breast carcinoma, and the NGS result confirmed that it had
a NTRK3-ETV6 fusion gene. The other FISH-positive cases were all negative for NTRK
gene fusion in the NGS or RT-PCR examination. The NTRK gene fusion rate was low
in our TNBC cohort. NTRK gene fusion may be a rare event in TNBC. The high false-
positive rate of NTRK gene fusion detected by IHC questions its role as a prescreening
method in TNBC. More data may be needed to determine a suitable threshold for NTRK
FISH in TNBC in the future. More studies are needed to confirm whether RTK-targeted
therapies are appropriate treatments for TNBC patients.
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INTRODUCTION

Breast carcinoma is the most common carcinoma in females. It had an incidence of approximately
2.1 million new cases worldwide in 2018 (Ahmad, 2019). Treatment decision is mainly determined
by the hormone and HER2 status when a patient presents in an advanced clinical stage. Triple-
negative breast carcinoma (TNBC) is a subtype of breast carcinoma with hormone receptor
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immunohistochemistry (IHC) stains of less than 1% for estrogen
receptors (ER) and progesterone receptors (PR) and is devoid
of HER2 protein overexpression or HER2 gene amplification (or
both) (Bergin and Loi, 2019). TNBC is a special subgroup of
breast carcinoma which has a poor prognosis, early recurrence,
and high metastasis rates. TNBC patients usually present with
advanced clinical stage, large tumor size, and poor Nottingham
prognostic index when evaluated using pathological criteria at
diagnosis (Li et al., 2013). Systemic chemotherapy is the mainstay
treatment since TNBC lacks effective targeted therapies. TNBC is
always a hotspot of investigation owing to the above-mentioned
characteristics, and our study focuses on it too.

The neurotrophic tyrosine receptor kinase (NTRK) gene
encodes three different tropomyosin receptor kinases, TRKA,
TRKB, and TRKC. These proteins play an important role
in the physiology of the development and function of the
nervous system (Stephen, 2008). The proteins are structured into
three components: the extracellular ligand-binding domain, the
transmembrane part, and the intracellular kinase domain. The
intracellular domain can undergo homodimerization upon ligand
binding or gene fusion caused by chromosomal translocation.
Aberrant fusion of the NTRK 3’ kinase domain with the other
genes can lead to ligand-independent activation of the NTRK
gene and constitutively cause an increase in proliferation and
decreased apoptosis of the tumor cells (Nakagawara, 2001).
Patients with a positive NTRK fusion gene are excellent
candidates for targeted RTK inhibitor therapies. To date, two
drugs (entrectinib and larotrectinib) have been approved by
the FDA for the treatment of TRK fusion-positive tumors in
a tumor agnostic pattern. Secretory breast carcinoma patients
who have a high incidence of NTRK fusion gene have shown
an excellent clinical response to these targeted drugs in clinical
trials (Drilon et al., 2018; Scott, 2019). Secretory breast carcinoma
is characterized by NTRK3-ETV6 gene fusion (Vasudev and
Onuma, 2011). However, the incidence of NTRK gene fusion in
other types of breast carcinoma is low, ranging from 0 to 0.08%
(Remoué et al., 2019; Vranic et al., 2019; Rosen et al., 2020).
But then again, few reports have been focusing on exploring the
NTRK fusion rate in TNBC until now.

Tumors harboring NTRK fusion genes can be divided into two
groups: one is a special type of tumor that has a high frequency
of NTRK fusion genes, including secretory carcinoma of the
breast and salivary glands, congenital mesoblastic nephroma,
and infant fibrosarcoma (Stransky et al., 2014; Kheder and
Hong, 2018). The other is the common tumor in which
NTRK fusion is a rare event (Gatalica et al., 2019). There are
different methods for the detection of NTRK fusion, such as
immunohistochemistry (IHC), fluorescence in situ hybridization
(FISH), reverse transcription-polymerase chain reaction (RT-
PCR), and next-generation sequencing (NGS). The clinical trials
did not employ a specific or uniform diagnostic test, and
there are no approved companion diagnostic assays. There are
recommendations for the methods of identifying NTRK fusion-
positive patients in the common tumor types, such as the ESMO
and the Japan Society of Clinical Oncology, and the Japanese
Society of Medical Oncology (Marchio et al., 2019; Naito et al.,
2020). The IHC method can be used as a prescreening method

in common tumors with a low incidence of NTRK fusion.
Although targeted therapy drugs are histologically agnostic,
whether the IHC methods are also histology-based triage needs
to be evaluated.

In our study, we evaluated NTRK gene fusion in TNBC patient
samples using the NTRK IHC method as a prescreening method.
Other methods, including FISH, RT-PCR, and NGS, were carried
out in the THC positive samples to determine the final NTRK
fusion status in TNBC.

MATERIALS AND METHODS

Patient Selection
Three hundred and five patients who underwent surgery between
January 2011 and December 2014 at Peking Union Medical
College Hospital (Beijing, China) were enrolled in our study.
All cases had an THC profile of less than 1% for ER and PR
and were devoid of HER2 protein overexpression or HER2 gene
amplification (or both). The average age of the TNBC patients
were 49 years old. None of the patients under evaluation had a
history of taking NTRK targeted therapy drugs.

This study was approved by the Institutional Review Board of
Peking Union Medical College Hospital.

Tissue Microarray Construction

The selective areas of representative morphology of
the hematoxylin-eosin staining slides were labeled. The
corresponding  formalin-fixed paraffin-embedded (FFPE)
primary tumor samples were obtained from the Department of
Pathology. A tissue microarray construction machine (Quick-
Ray UT-06, UNITMA) was used, and two core-tissue biopsies of
2.0 mm diameter were collected for each sample.

Immunohistochemistry

NTRK immunohistochemical staining was performed using the
antibody clone EPR17341 (Roche, Tusan, United States) to
assess NTRK1, NTRK2, and NTRK3 protein expression in the
FFPE samples. Positive results were defined as staining above
background in at least 1% of tumor cells in any pattern, including
membranous, cytoplasmic, perinuclear, or nuclear.

FISH

Representative FFPE samples were cut into 4-um thick slides,
and FISH was performed using the Thermo-Brite Elite automated
FISH slide prep system (Leica, Richmond, CA, United States).
The FISH break-apart probes used in our study included NTRK1,
NTRK2, and NTRK3 Break Apart FISH Probe (ZytoVision
GmbH, Bremerhaven, Germany). The results were evaluated
using the cytoVision DM6000B fluorescent microscope system
(Leica, Biosystem, Buffalo Grove, IL). One hundred tumor nuclei
per case were calculated and the percentage of the positive signals
was calculated in each case using two different criteria. One was
a split of two or more signal widths apart between the orange
and green signals in more than 15% of the tumor cells, and the

Frontiers in Molecular Biosciences | www.frontiersin.org

August 2021 | Volume 8 | Article 654387


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles

Wu et al.

NTRK Gene Fusion in TNBC

other was a split of more than one signal width apart between the
orange and green signals in more than 15% of the tumor cells.

NGS

DNA was extracted from FFPE tissues using the QlAamp DNA
FFPE Tissue Kit (Qiagen) according to the manufacturer’s
instructions.  After fragmentation with a Covaris S2
ultrasonicator (Covaris, United States) to generate fragments
with a 300-bp peak, we performed library construction reactions
to generate sequencing libraries using the NEBNext® Ultra™
DNA Library Prep Kit for Illumina® (NEB) according to the
manufacturer’s instructions. Then, we enriched the library DNA
for targeted regions using customized probe sets (Integrated
DNA Technologies, IDT) according to the manufacturer’s
instructions. The DNA libraries were then sequenced with
a paired-end 2 x 100 bp protocol aiming for an average
coverage of 20 x and 100 x for the tumor DNA, respectively.
All the final DNA libraries were subsequently sequenced on
the Gene + Seq-2000 to generate approximately 6.2 Gb data.
MuTect2 (3.4-46-gbc02625) was used to call single nucleotide
variants (SNVs), while GATK was employed to call small
insertions and deletions (indels). Copy number variations
(CNVs) were detected using Contra (2.0.8). Structure variations
(SVs) were detected with BreakDancer. All final candidate
variants were verified with an integrative genomics viewer
browser. After annotation, the variants were cross-referenced
with those in the 1000 Genomes Project, GAD, dbSNP,
and ExAC.

The DNA-based NGS assay used at Geneplus interrogates
whole exon region in NTRK1/2/3, and introns 8-11 in NTRKI,
intron 12 in NTRK?2, and introns 4-6 in ETV6, the most common
NTRK3 fusion partner. However, because of the aforementioned
issues involving coverage of the NTRK3 introns, NTRK3 fusion
coverage selected the breakpoint region.

For RNA-seq, total RNA was isolated from FFPE using an
RNeasy Mini Kit (Qiagen) and RNeasy FFPE Kit (Qiagen),
respectively. ¢cDNA synthesis and NGS library preparation
were performed using NEBNext® Ultra™ II Directional RNA
Library Prep Kit (NEB) following the manufacturer’s protocol,
but a substituted adaptor and an index primer were used in
Gene + Seq-2000. The library was quantitated using Qubit 3.0
(Life Invitrogen, United States) and quality was assessed using the
LabChip GX Touch (PerkinElmer, United States). The libraries
were sequenced on the Gene + Seq-2000 with a paired-end
2 x 100 bp protocol resulting in 20 Gb per sample. After
removal of terminal adaptor sequences and low-quality data
using fastp (version: 0.19.5), and rRNA reads were removed by
aligning clean reads to the rRNA database (downloaded from
NCBI) by using bowtie2 (version:2.2.8), clean reads without
known rRNA were aligned to the reference human genome
(hg19) through STAR (version 020201). Fusions were detected
using a customized version of Arriba 1.1.0. and annotated using
the in-house software annoFilterArriba (version:1.0.0) with the
NCBI release 104 database. All final candidate fusions were
manually verified with an integrative genomics viewer browser.

A series of quality control metrics were computed using RNA-
SeQC (Gatalica et al., 2019) assessment. A threshold of > 80
million mapped reads and > 10 million junction reads per
sample was set.

RT-PCR

The NTRK Gene Fusions Detection Kit (AmoyDx) was used in
this study. The kit can qualitatively detect 109 fusions in NTRK1,
NTRK?2, and NTRK3. There were three major steps, including
RNA extraction, reverse PCR, and DNA amplification. There are
eight NTRK PCR mix tubes that contain fusion detection and
internal control systems. The fusion detection system includes
primers and FAM-labeled probes specific for NTRK1/2/3 gene
fusions. The internal control system contained primers and a
VIC-labeled probe for detection of reference genes to reveal
the RNA quality and presence of PCR inhibitors that may lead
to false-negative results. Reverse transcription and amplification
PCR were run on an ABI 7500 PCR machine. For the NTRK
PCR mix, FAM Ct values <25 were considered positive. Detailed
information on the NTRK fusion types examined by the RT-PCR
kit is summarized in Table 1.

RESULTS

A total of 305 TNBC patients were enrolled in our study. NTRK
THC was evaluated successfully in 287 cases, of which 32 (11.15%)
were positive. Six cases showed strong NTRK immunostaining
with an average staining percentage of 47% (ranging from 2 to
100%), and the stain was located either in the cytoplasm (5 cases)
or nucleus (1 case). There were 15 cases with moderate staining
intensity in the tumor cell cytoplasm or nucleus, and the average
stain percentage of the tumor cells was 21.67% (ranging from 5 to
40%). The remaining 11 patients had weak cytoplasmic staining
in the tumor cells, with an average percentage of 10.27%. Detailed
information on IHC staining is summarized in Table 2.

All THC positive cases were subjected to FISH testing. If the
evaluation threshold was set to be >15% of the tumor cells with a
separation width of more than one signal diameter, there were
13(4.5%) positive cases with an average ratio of 28.46%. The
highest proportion of the separated signals was 88%, followed by
36% and 28%. If the evaluation threshold was set to be > 15%
of the tumor cells with a separation width of more than two
signal diameters, there were 2 (0.70%) positive cases with an
average ratio of 55%. One of the FISH positive cases had a
positive NTRK1 separation signal in 22% of the tumor cells
(Figure 1A), while its IHC result showed a strong cytoplasmic
stain in 80% of the tumor cells (Figure 1B). The other FISH
positive case identified an NTRK3 separation signal in 88% of
the tumor cells (Figure 1C), and THC results indicated a strong
and diffuse nuclear stain in almost all tumor cells (Figure 1D).
After further evaluation of the HE slides, the latter case was
modified from breast carcinoma, no special type to secretory
breast carcinoma (Figure 1E).

DNA-based NGS was carried out in 13 cases in which the IHC
was positive and FISH could identify separated orange and green
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TABLE 1 | The detailed information on the NTRK fusion types examined
by the RT-PCR kit.

TABLE 1 | Continued

Tube Detected target Fusion type
Tube Detected target Fusion type

LMNA exon12;NTRK1 exon12
TP53 exon8;ins6 NTRK1 exon8 MPRIP exon14:NTRK1 exon12
TP53 exon9;ins6 NTRK1 exon8 MPRIP exon18;:NTRK1 exon12
TP53 exon10;ins6 NTRK1 exon8 TPR exon6;NTRK1 exon12
TP53 exon11;ins6 NTRK1 exon8 GRIPAP1 exon22;NTRK1 exon12
CTRC exon2;NTRK1 exon8 SCYL3 exon11;NTRK1 exon12
IRF2BP2 exon1;NTRK1 exon8 MEF2D exon9;NTRK1 exoni12
LRRC71 exon1;NTRK1 exon8 AMOTL2 exon6;NTRK1 exon12
LMNA exon2;NTRK1 exon11 PRDX1 exon5;NTRK1 exon12
LMNA exon3;NTRK1 exon11 @ NTRK1 Fusion MPRIP exon21;NTRK1 exon14
LMNA exon5;NTRK1 exon11 LMNA exon2;NTRK1 exon16
LMNA exon10;NTRK1 exon11 ® NTRK2 Fusion VCL exon16;NTRK2 exon12

LMNA exon11 del150;NTRK1 exon11
PPL exon21;NTRK1 exon11
GRIPAP1 exon22;NTRK1 exon11
BCAN exon13;NTRK1 exon11

TFG exon5;NTRK1 exon9

TPR exon21;NTRK1 exon9 ®
TFG exon4;NTRK1 exon9

TPM3 exon10;NTRK1 exon9

AFAP1 exon4;NTRK1 exon9

TRIM63 exon8;NTRK1 exon9

TPM3 exon8;NTRK1 exon10
SQSTM1 exon2;NTRK1 exon10
SQSTM1 exon5;NTRK1 exon10

TPR exon10;NTRK1 exon10

TPR exon16 del54;NTRK1 ins13 exon10
TPR exon21;NTRK1 exon10

CD74 exon8;NTRK1 exon10
IRF2BP2 exon1;NTRK1 exon10
IRF2BP2 exon1 del48;NTRK1 exon10
PPL exon21;NTRK1 exon10

PEAR1 exon15;NTRK1 exon10

TFG exon5;NTRK1 exon10

GRIPAP1 exon22;NTRK1 exon10
TFG exon6;NTRK1 exon10 @
F11R exon4;NTRK1 exon10

F11 exon4;NTRK1 exon10

SQSTM1 exon6;NTRK1 exon10
ARHGEF2 exon21;NTRK1 exon10
CHTOP exon5;NTRK1 exon10
NFASC exon21;NTRK1 exon10
TPM3 exon7 del39;NTRK1 exon10
BCAN exon12;NTRK1 exon10

PPL exon11;NTRK1 exon13

TPMS3 exon8;NTRK1 exon12

LMNA exon6 del172;NTRK1 exon12
MPRIP exon21;NTRK1 exon12
SSBP2 exon12;NTRK1 exon12
LMNA exon2;NTRK1 exon12

LMNA exon4;NTRK1 exon12

LMNA exon8;NTRK1 exon12

LMNA exon10;NTRK1 exon12

NTRK2 Fusion

NTRKS Fusion

AFAP1 exon13;NTRK2 exon12
VCAN exon6; NTRK2 exon12
NCAA2 exon5;NTRK2 exon13
NOS1AP exon9; NTRK2 exon13
TBC1D2 exon6; NTRK2 exon14
TRIM24 exon12;NTRK2 exon15
TRAF2 exon9;NTRK2 exon15
SQSTM1 exon4;NTRK2 exon15
ETV6 exon5;NTRK2 exon15
TLE4 exon7;NTRK2 exon15
TRIM24 exon12;NTRK2 exon16
AGBL4 exon6;NTRK2 exon16
SQSTM1 exon5;NTRK2 exon16
STRN3 exon7;NTRK2 exon16
WNK2 exon24;NTRK2 exon16
QKI exonB;NTRK2 exon16
STRN exon3;NTRK2 exon16
GKAP1 exon9; NTRK2 exon16
KCTD8 exon1;NTRK2 exon16
PRKAR2A exon2;NTRK2 exon16
PANS exon1;NTRK2 exon17
SQSTM1 exon5;NTRK2 exon17
BCR exon1;NTRK2 exon17
ETV6 exon4;NTRK3 exon14
ETV6 exon5;NTRK3 exon14
EML4 exon2;NTRK3 exon14
SQSTM1 exon5;NTRK3 exon14
TFG exon6;NTRK3 exon14
MYH9 exon31;NTRK3 exon14
RBPMS exon5;NTRK3 exon14
BTBD1 exon4; NTRK3 exon14
SPECC1L exon5;NTRK3 exon14
VIM exon8;NTRK3 exon14
STRN exon3;NTRK3 exon14
STRN3 exon3;NTRK3 exon14
HNRNPA2B1 exon7;NTRK3 exon14
AKAP13 exon3;NTRKS3 exon14
ETV6 exon5;NTRK3 exon15
ETV6 exon4;NTRK3 exon15
SQSTM1 exonB;NTRK3 exon15
ETV6 exon6;NTRK3 exon15

(Continued)

(Continued)
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TABLE 1 | Continued

Tube Detected target Fusion type

NTRKS Fusion ETV6 exon4;NTRK3 exon12
ETV6 exon5;NTRK3 exon13
ETV6 exon4;NTRK3 exon13

ETV6 exon5;NTRK3 exon16

signals of more than one diameter width in over 15% of the tumor
cells. Besides the one which is confirmed to be secretory breast
carcinoma (Figure 1F), the rest of them are all negative for NTRK
rearrangement. RNA-based NGS was further evaluated in 7 cases
that were negative for NTRK fusion examined by DNA-based
NGS and had a good quality of RNA for further analysis. The
final results were also negative for NTRK gene rearrangement
at the RNA level.

RT-PCR was also carried out in the 7 cases that had been
evaluated by RNA-based NGS, and the results were also negative
for NTRK rearrangement (Figure 1G).

DISCUSSION

In our study, we used five different platforms to evaluate NTRK
gene rearrangement in TNBC. IHC was used as a pre-screening
method with a high false-positive result. DNA-based NGS, RNA-
based NGS, and RT-PCR methods did not identify positive NTRK
gene rearrangements except in one secretory breast carcinoma
case with NTRK3 gene fusion, which was misdiagnosed as TBNC.
Different FISH evaluation criteria yield diverse positive results
for NTRK gene fusion. Only the NTRK FISH result with a high
proportion of split signals in the tumor cells can achieve positive
NGS or RT-PCR results.

NTRK gene fusion is reported to be a rare event in common
cancer types, such as pancreatic carcinoma and lung cancer,
with a reported incidence below 1% (Rosen et al., 2020). There
are several massive sequencing results showing that NTRK
gene fusion in breast carcinoma ranges from 0 to 0.34%,
most of which are focused on breast carcinoma (NOS). As we
know, TNBC is a special type of breast carcinoma that lacks
effective treatment methods, and at diagnosis, is always at an
advanced clinical stage, with high recurrence and metastasis
rates. Therefore, exploring new targeted therapy methods for
this type of tumor is meaningful. Unfortunately, our preliminary
results show that the NTRK fusion rate in TNBC is low. To our
knowledge, there is only one report focusing on investigating
NTRK gene fusion in TNBC, and its conclusion is similar to ours
(Remoué et al., 2019).

Secretory breast carcinomas are a rare type of breast
carcinoma, accounting for less than 0.15% of the invasive breast
cancers (Lee et al, 2014; Del Castillo et al,, 2015). They are
characterized by NTRK3-ETV6 gene rearrangement (Vasudev
and Onuma, 2011). Secretory breast carcinoma usually presents
as a phenotype of triple-negative breast carcinoma with typical
features of intracellular and extracellular eosinophilic secretion
material. One secretory breast carcinoma was wrongly included

in TNBC because of its negative expression of ER, PR, and HER-2
in our study. NTRK THC showed strong nuclear staining in all the
tumor cells and positive NTRK FISH signals in 88% of the tumor
cells. NGS also identified NTRK3 fusion signals in this peculiar
case. Correct diagnosis of secretory breast carcinoma is important
because it is morphologically and immunohistologically different
from TNBC. Second, it has targeted therapy for advanced-stage
patients because of the high prevalence of characteristic NTRK3-
ETV6 gene fusion.

There are different methods to detect the fusion status of
NTRK genes, including NGS, RT-PCR, FISH, and IHC (Solomon
and Hechtman, 2019). Each one has its own advantages and
disadvantages. NGS methods, which include DNA-based NGS
and RNA-based NGS, are a massive sequencing method that
can tell the corresponding fusion partners. Their disadvantage
is the long turnaround time and requirement of a high amount
of DNA input and good quality of RNA. Although RT-PCR has
a short turnaround time compared to the NGS method, it can
only detect the known fusion types of NTRK, and there are
currently no commercial testing kits available on the market. The
FISH method is limited by the experience of the pathologists
and may produce false-negative results if the breakpoints involve
non-canonical sites. The THC method is a labor and time
saving method that can be carried out in most pathology labs.
However, the absence of a standardized scoring method limits
its application in clinical practice. Since there are no uniform
examination methods in clinical trials, there is no consensus
method for the detection of NTRK gene fusion.

Recently, the ESMO working group proposed a two-step
method to detect NTRK fusions in daily practice, and IHC can
be used as a pre-screening method in common cancers that
have a low prevalence of NTRK fusion (Marchio et al., 2019).
In our study, we used the IHC method to screen for NTRK
fusion patients in TNBC. The final results showed that the
fusion rate of TNBC in our cohort was 11.15%, which is high
above the reported level. Further NGS analysis showed that the
THC positive cases were all negative for NTRK rearrangement
at the DNA and RNA levels, except for one secretory breast
carcinoma case. Our preliminary results question the role of
IHC as a prescreening method in TNBC because of its high
false positivity rate. This phenomenon was not observed in lung
cancer, gallbladder carcinoma, or pancreatic cancer in our parallel
study (data not published). Several studies have investigated the
sensitivity and specificity of the pan-TRK IHC method vs. the
FISH or NGS method, and the results showed that the positive
predictive value and negative predictive value are high between
the various methods in infant fibrosarcoma, lipofibromatosis-
like neural tumor, colorectal cancer, and lung adenocarcinoma
(Hechtman et al., 2017; Rudzinski et al., 2018). In Solomen’s
report, NTRK THC specificity was 100% for carcinomas of the
colon, lung, thyroid, pancreas, and biliary tract, while decreased
specificity was seen in breast and salivary gland carcinomas (82
and 52%, respectively) (Solomon et al., 2019). Some research
result indicated that the pan-TRK antibody can predict the
NTRK fusion partners according to the staining patterns. For
example the ETV6-NTRK3 positive cases were prone to have
nuclear staining, like the secretory carcinoma in our study
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TABLE 2 | The detail information of the NTRK immunohistochemistry positive cases.

No Intensity Percentage Location FISH (one diameter) FISH (two diameter) NGS DNA NGS RNA PCR
1 S 100 Nu Pos (88%) Pos (88%) pos pos pos
2 S 80 C Pos (24%) Pos (22%) neg neg neg
3 S 60 C Pos (20%) Neg neg neg neg
4 S 20 C Pos (16%) Neg neg neg neg
5 S 20 C Neg Neg NA NA NA
6 S 2 C Neg Neg NA NA NA
7 M 40 C Neg Neg NA NA NA
8 M 40 C Neg Neg NA NA NA
9 M 40 Nu Neg Neg NA NA NA
10 M 40 C Pos (20%) Neg neg NA NA
iR M 30 (¢} Pos (22%) Neg neg NA NA
12 M 30 C Neg Neg NA NA NA
13 M 25 C Neg Neg NA NA NA
14 M 20 C Neg Neg NA NA NA
15 M 10 C Neg Neg NA NA NA
16 M 10 C Neg Neg NA NA NA
17 M 10 C Pos (24%) Neg neg neg neg
18 M 10 C Pos (26%) Neg neg NA NA
19 M 10 C Pos (28%) Neg neg NA NA
20 M 5 C Neg Neg NA NA NA
21 M 5 ] Neg Neg NA NA NA
22 W 40 C Neg Neg NA NA NA
23 W 20 C Pos (20%) Neg neg NA NA
24 W 10 C Neg Neg NA neg neg
25 w 10 C Neg Neg NA NA NA
26 W 5 C Neg Neg NA NA NA
27 w 5 o] Neg Neg NA NA NA
28 w 5 C Neg Neg NA NA NA
29 W 5 C Neg Neg NA NA NA
30 W 5 C Pos (18%) Neg neg neg neg
31 W 5 C Pos (28%) Neg neg neg neg
32 W 3 C Pos (36%) Neg neg NA NA

S, strong; M, moderate; W, weak; C, cytoplasm; Nu, nuclear; Neg, negative; Pos, positive; NA, not available. FISH, fluorescence in situ hybridization; NGS, next generation

sequencing; PCR, polymease chain reaction.

which showed diffuse and strong nuclear stain. While LMNA-
NTRKI1 fusion positive samples displayed perinuclear expression
pattern and TPM-NTRKI1 fusions showed membranous staining
(Gatalica et al., 2019).

Together with our study results, we found that although
the NTRK treatment relies on the specific molecular alteration
instead of the histological classification, the prescreening THC
method should be histology-triaged, and IHC is not a suitable
prescreening method in TNBC tumor type.

FISH is regarded as the gold standard method for the detection
of gene fusion because it can visualize the separation or fusion
signals under a microscope, even in poorly preserved FFPE
samples. There are currently no consensus criteria for the
evaluation of NTRK FISH results. Different criteria have been
applied in research papers, for example, a threshold of > 15% of
tumor nuclei with a positive signal (i.e., a split signal of a single 3’
orange signal, or a split pattern with 3’ and 5 signals separated by
a distance superior to the diameter of the largest signal) within

100 tumor nuclei (George et al., 2018; Remoué et al., 2019),
or cases can be considered positive for gene fusion if >10% or
>15% of nuclei display “split-apart signals” (red and green signals
should be separated by a distance greater than the size of two
hybridization probe signals) (Del Castillo et al., 2015; Marchio
etal., 2019). In our study, if the split signal proportion was below
50% of the tumor cells, regardless of the separation signal width
(more than one signal diameter or two signal diameters), the NGS
or RT-PCR method could not identify NTRK gene fusion in the
tumor cells. Only cases with a high proportion of NTRK gene split
signals in the FISH examination had positive NGS and RT-PCR
results. There have been few reports describing the detailed FISH
positive signal proportion in context. One study showed that an
average of 55, 75, 70, and 55% of the tumor cells were positive
in the FISH examination within the known fusion-positive cases
tested by NGS (Kirchner et al., 2020). Taken together, the FISH
positive threshold of the NTRK gene needs to be further evaluated
to reach a suitable cutoff value.
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FIGURE 1 | Representative image of NTRK result detected by different platforms. (A) There is a positive NTRK1 FISH signal in 22% of the tumor cells (630X). (B) The
corresponding IHC result of the case in Figure A showed a strong cytoplasmic stain in 80% of the tumor cells (200X). (C) There is a positive NTRK3 FISH signal in
88% of the tumor cells (630X). (D) The corresponding IHC result of the case in Figure C indicated a strong and diffuse nuclear stain in almost all tumor cells (200X).
(E) The morphology of the case which the diagnosis was modified from breast carcinoma, no special type, to secretory breast carcinoma (100X). (F) Positive NTRK3
result detected by DNA-based NGS. (G) Representative image of negative NTRK result detected by RT-PCR.
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The retrospective nature of our study is one of its limitations.
We lacked information on the available targeted drugs. The
specimens included in our study were at least 5-year-old archived
FFPE samples, which were not suitable for NGS analysis because
of the limitation of DNA and RNA quality. Finally, since not
all the cases underwent NGS analysis, there was no accurate
false-negative predictive value in our study.

In conclusion, NTRK gene fusion may be a rare event in
TNBC. The high false-positive rate of NTRK gene fusion detected
by IHC questions its role as a prescreening method in TNBC.
More data may be needed to determine a suitable threshold for
NTRK FISH in TNBC in the future. More studies are needed
to confirm whether RTK-targeted therapies are appropriate
treatments for TNBC patients.
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Glioblastoma (GBM) is the most commmon glial tumour and has extremely poor prognosis.
GBM stem-like cells drive tumorigenesis and progression. However, a systematic
assessment of stemness indices and their association with immunological properties in
GBM is lacking. We collected 874 GBM samples from four GBM cohorts (TCGA, CGGA,
GSE4412, and GSE13041) and calculated the mRBNA expression-based stemness indices
(mMRNAsi) and corrected mRNAsi (c_mRNAsi, mRNAsi/tumour purity) with OCLR
algorithm. Then, mRBNAsi/c_mRBNAsi were used to quantify the stemness traits that
correlated  significantly with  prognosis. Additionally, confounding variables were
identified. We used discrimination, calibration, and model improvement capability to
evaluate the established models. Finally, the CIBERSORTx algorithm and ssGSEA
were implemented for functional analysis. Patients with high mRNAsi/c_mRNAsi GBM
showed better prognosis among the four GBM cohorts. After identifying the confounding
variables, c_mRNAsi still maintained its prognostic value. Model evaluation showed that
the c_mRNAsi-based model performed well. Patients with high ¢_mRNAsi exhibited
significant immune suppression. Moreover, ¢_mMRNAsi correlated negatively with
infiltrating levels of immune-related cells. In addition, ssGSEA revealed that immune-
related pathways were generally activated in patients with high c_mRNAsi. We
comprehensively evaluated GBM stemness indices based on large cohorts and
established a c_mRNAsi-based classifier for prognosis prediction.

Keywords: glioblastoma, mRNAsi, OCLR, prognosis, stemness indices
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1 INTRODUCTION

Glioblastoma multiforme (GBM), is the most common and most
malignant glial tumour (Young et al., 2015). There is no clear way to
prevent GBM; the disease can be very difficult to treat, and a cure is
often not possible. The typical treatment, which involves surgery,
chemotherapy, and radiation therapy, (Gallego, 2015), may slow
cancer progression and reduce signs and symptoms. However, cancer
usually recurs despite treatment (Gallego, 2015). The most common
length of survival following diagnosis is 12-15 months, with less than
3-5% of the patients surviving longer than 5 years (Gallego, 2015).
Without treatment, the survival time is typically 3 months (McNeill,
2016). Therefore, developing and applying signatures or biomarkers
that can effectively predict the prognosis of these patients is of vital
importance. A good initial Karnofsky Performance Score (KPS), the
methylation of the O6-methylguanine-DNA methyltransferase
(MGMT) promoter, and mutations in isocitrate dehydrogenase 1
(IDH1) are associated with longer survival (Krex et al., 2007; Martinez
et al,, 2007; Burgenske et al., 2019; Chaddad et al., 2019). The above
signatures or biomarkers can be used either alone or in combination
to predict the prognosis of GBM (Molenaar et al., 2014). However,
their predictive capacity is rather low and a new index is needed.

Stem-like cells, which are characterised by the self-renewal
properties and therapeutic resistance, play crucial roles in various
cancers, (Kaushal and Ramakrishna, 2020), especially in GBM
(Wang et al, 2018). Although cancer stem-like cells are very
important for prognosis in GBM, (Turaga et al., 2020), there are
still some shortcomings and complications in quantifying these
cells. The stemness features have been extensively studied using
artificial intelligence and deep learning methods. (Pan et al,
2019). A good example is the calculation of the mRNA
expression-based stemness index (mRNAsi) with the one-class
logistic regression (OCLR) machine-learning algorithm (Sokolov
et al., 2016; Malta et al., 2018). Tathiane M. Malta et al. used
mRNAsi for the first time to reflect the degree of oncogenic
dedifferentiation (Malta et al., 2018). They also found tumour
heterogeneity at the single-cell level by measuring the mRNAsi
and concluded that a lower mRNAsi correlated with better
prognosis in various cancers. (Malta et al, 2018). The
prognostic value of the mRNAsi differs among different
cancers. Moreover, we have previously shown that the
prediction performance of a single mRNAsi-based signature is
not good in primary lower-grade glioma, (Zhang et al., 2020b),
partly because the tissue biopsy samples are often mixed with
non-tumour tissues (bulk tissues). This means that the expression
data on which the mRNAsi is based may be contaminated with
non-tumour information. Thus, tumour purity may solve this
issue (Xia et al., 2020).

It remains unclear whether the mRNAsi is an independent
prognostic indicator in GBM and whether the predictive capacity
of mRNAsi is better than that of existing factors such as the
mutational status of IDHI and the methylation status of MGMT.
Previous studies have shown that the combination of clinical
features with signatures or biomarkers can significantly improve
prognosis prediction, (Zhang et al., 2020b; Zhang et al., 2020c),
but this has not been verified with the mRNAsi, let alone the
corrected mRNAsi (c_mRNAsi), which is acquired using

mRBNAsi/c_mRNAsi in GBM

‘Estimation of STromal and Immune cells in MAlignant
Tumours using Expression data’ (ESTIMATE) (Yoshihara
et al, 2013) to calculate tumour purity. Whether c_ mRNAsi
can predict GBM better than mRNAsi is unknown. Furthermore,
although Tathiane M. Malta et al.(Malta et al., 2018) analysed
cancer stemness quite extensively, this was done in almost 12,000
samples of 33 tumour types from only The Cancer Genome Atlas
(TCGA) (Hoadley et al.,, 2014). Thus, overfitting was inevitable
and the generalisation ability of the mRNAsi was not evaluated.
Therefore, the prognostic value of the mRNAsi in GBM needs to
be validated in other independent databases, such as the Chinese
Glioma Genome Atlas (CGGA) and Gene Expression Omnibus
(GEO) (Barrett et al., 2013).

In this study, we used mRNA expression data and the OCLR
machine-learning algorithm to simultaneously examine the
independent prognostic value of mRNAsi/c_mRNAsi in
TCGA, CGGA, and two GEO datasets. We compared
mRNAsi/c_mRNAsi  directly and evaluated the model
improvement ability. Then, we applied the latest CIBERSORTx
tool (Newman et al., 2019) to evaluate the relationship between
mRNAsi/c_mRNAsi and immune cell infiltration and conducted
single sample gene set enrichment analysis (ssGSEA) to
comprehensively examine its prognostic value and relationship
with the immune microenvironment.

2 MATERIALS AND METHODS

2.1 Data Acquisition

RNA-sequencing data (level 3) of 158 patients with GBM from
TCGA and 279 patients with GBM from the CGGA were
obtained. The data from TCGA were downloaded from the
University of California Santa Cruz (UCSC) Xena website
(https://xena.ucsc.edu/). Transcript abundances were measured
in fragments per kilobase of transcript per million mapped reads
(FPKM). We only included patients who had adequate clinical
and pathological data. Then, to uncover the practicability and
accuracy of independent prognostic factors for GBM, samples
from the TCGA and CGGA cohorts were applied as training and
validation cohorts, respectively. Moreover, we included two GEO
datasets (GSE4412 (Freije et al., 2004) and GSE13041 (Lee et al.,
2008)) with more than 100 samples and follow-up data as our
external validation data. The characteristics of the patients from
the databases are presented as means + standard deviations
(continuous variables that satisfied the normal distribution),
median, minimum, maximum and quartile (continuous
variables that did not satisfy the normal distribution), and
percentage (categorical variables), as appropriate.

2.2 mRNAsi/c_mRNAsi Acquisition

The mRNAsi was calculated using the OCLR machine-learning
algorithm (Malta et al., 2018). Tumour purity was evaluated with
ESTIMATE (Yoshihara et al., 2013) and c_. mRNAsi was obtained
by dividing the mRNAsi by tumour purity (Zhang et al., 2020b).
The gene expression-based mRNAsi/c_mRNAsi was represented
using P values ranging from zero (no gene expression) to one
(complete gene expression).
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2.3 Analysis of Independent Prognostic

Factors

2.3.1 The Relationship Between mRNAsi/c_mRNAsi
and Overall Survival (OS)

To explore the effect of mRNAsi/c_mRNAsi on OS of patients
with GBM, we used locally weighted scatterplot smoothing
(Lowess) algorithm to flexibly evaluate the association of
mRNAsi/c_mRNAsi with OS. The results were obtained as a
fitting smooth curve. When the curve was linear, mRNAsi/
c_mRNAsi was included as a continuous variable; otherwise,
mRNAsi/c_mRNAsi was included as a dichotomous variable in
the subsequent analysis.

2.3.2 Survival Analysis

When the variables were analysed as dichotomous variables, the
optimal cut-off for each index with the associated hazard of OS
was identified by log-rank statistics in a survfit model, using the
cutp function of the survMisc package. Then, patients with GBM
were included into either the high or the low group according to
the optimal cut-off. Next, Kaplan-Meier analysis with log-rank
test was conducted to estimate the survival curves of each group
and to compare the prognosis between different groups, by using
the survival package.

2.3.3 Identification of Confounding Variables

Residual confounding variables refer to incomplete adjustment for
factors related to both exposure and outcome (Kernan et al., 2000).
The confounding variables that may influence the OS of patients
with GBM need to be identified. To estimate the magnitude of the
effect of mRNAsi/c_mRNAsi on GBM, we used the Cox
proportional hazards model. The regression coefficient changed
more than 10% when the adjustment variables were included or
not included or when those with p < 0.1 in the univariate analysis
with OS were considered as confounding variables to be adjusted
(adjusted I/Il model) (Kernan et al., 2000). The common covariates
in TCGA were age, gender, IDH, radiotherapy, chemotherapy, and
subtype. In addition, 1p19q and MGMTp were common covariates
in CGGA but without subtype. Afterward, an interaction test and a
stratified analysis (Soria et al., 2015) of the association between
mRNAsi/c. mRNAsi and OS were conducted in both the non-
adjusted model and adjusted I model (identified confounders). A
two-tailed p < 0.05 was considered statistically significant. Empower
(www.empowerstats.com; X&Y solutions Inc., Boston, MA) and R
(http://www.R-project.org) were used for the abovementioned
statistical analyses.

2.4 Construction and Comparison of

Prognostic Models

2.4.1 Model Establishment

After confirming the effect of mRNAsi/c_mRNAsi on OS, we
further evaluated and compared the benefit of five different
models, including the prognostic model constructed by well-
established clinical factors (model 1), model 1 integrated with
mRNAsi (model 2)/c_mRNAsi (model 3), and single mRNAsi
(model 4)/c_mRNAsi (model 5).

mRBNAsi/c_mRNAsi in GBM

2.4.2 Model Evaluation and Nomogram

We used discrimination, calibration, and model improvement
capability to assess the performance of the different models.
Discrimination was evaluated through the receiver operating
characteristic (ROC) curve, (Zhou et al, 2019), concordance
index (C-index) (Harrell et al, 1996) and the prediction error
and decision curve analysis (DCA) curves (Kerr et al, 2016).
Notably, the enhanced bootstrap method with 500 resamples was
used for internal validation (Wang et al., 2019). Discrimination and
calibration were evaluated by apparent and adjusted C-index and
Brier Score. Finally, model improvement capability was evaluated by
applying net reclassification improvement (NRI) and integrated
discrimination improvement (IDI) using the survIDINRI package
(Pencina et al,, 2008). After the best model was identified, the regplot
package was employed to construct the nomogram.

2.4.3 External Validation

We applied the data from CGGA and GEO as external validation. In
CGGA, as described above, we performed mRNAsi/c_ mRNAsi
acquisition, independent prognostic factors analysis, and prognostic
model construction and comparison. It should be noted that because
the clinical information in TCGA and CGGA was not identical,
common covariates were not the same. GSE4412 (Freije et al., 2004)
and GSE13041, (Lee et al., 2008), which constitute GEO, were also
applied for the external effect validation of mRNAsi/c_mRNAsi on
OS. Similarly, patients were divided into the high or low group based
on the optimal cut-off, which was previously calculated using the
same package. Kaplan-Meier analysis was employed to assess the two
groups with the log-rank test. Afterwards, ROC analysis of time-
independent outcomes was also performed.

2.5 Function Analysis

2.5.1 Infiltrative Immune Cell Analysis

To characterise the abundance of 22 infiltrative immune cell types
based on the expression matrix data of patients with GBM, the
CIBERSORTx web tool (https://cibersortx.stanford.edu/) was
applied (Newman et al., 2019). This tool uses batch correction
to adjust the gene expression profile of the bulk of cells (mixture
data) to eliminate possible cross-platform variations between the
mixture data and the gene expression data of single cells
(signature matrix) (Le et al, 2020). After enabling batch
correction, performing the Bulk mode, and selecting the
quantile normalisation algorithm, the absolute score for the
proportion of 22 immune cell subsets in GBM samples was
calculated. The samples with p < 0.05 were enrolled for
further analysis because of the high reliability of the inferred
results (Ali et al., 2016). Wilcoxon rank-sum test was used to
compare the differences in the proportion of the 22 infiltrative
immune cell subtypes between the high and low groups. The
Spearman correlation test was used to further explore the
correlation of the two indexes with immune cell types.

2.5.2 Single Sample Gene Set Enrichment Analysis
(ssGSEA)

The ssGSEA method, (Barbie et al., 2009), which is a
modification of GSEA, (Subramanian et al., 2005), was
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FIGURE 1 | Flow chart.

developed to obtain an enrichment score for a single sample ~ downloaded from the MSigDB. Then, the degree of association
instead of two groups of samples. Here, the ssGSEA was used  between each hallmark’s ssGSEA profile was estimated using
to compare differentially enriched hallmarks of cancer gene  the gsva package. Next, differential analysis was performed
sets (Barbie et al., 2009). To identify key pathways in different ~ with the limma package under the threshold of the absolute
groups, we chose to focus on 50 hallmark gene sets, which were ~ value of t > 1 and adjusted p value <0.05.

designed to highlight gene sets contained in the Molecular

Signatures Database (MSigDB), (Liberzon et al., 2015), one of

the most widely used and comprehensive databases of genesets 3 RESULTS

for performing gene set enrichment analysis. The hallmarks of

the gene sets effectively summarise most of the relevant  3.1Patient Characteristics

information of the original founder sets and, by reducing  An overview of the stemness indices-related signature
both variation and redundancy, provide more refined and  development and validation workflow is presented in Figure 1.
concise inputs for gene set enrichment analysis (Liberzon A total of 874 GBM samples (158 from TCGA as the training
et al,, 2015). Gene symbol profiles for Homo sapiens were  cohort, and 279 from CGGA and 437 from GEO as the validation
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TABLE 1 | Patient characteristics.

mRBNAsi/c_mRNAsi in GBM

Character Training cohort External validation cohort External validation GEO cohort External validation GEO cohort
TCGA (n = 158) CGGA (n = 279) GSE4412 (n = 170) GSE13041 (n = 267)

Age 59.6 (13.6) 48.00 (39.5-57.0) 42.0 (33.0-54.0) 53.71 (13.8)
mRNAsi 0.56 (0.22) 0.50 (0.17) 0.60 (0.23) 0.42 (0.33-0.52)
¢c_mRNAsi 0.74 (0.25) 0.57 (0.16) 0.71 (0.25) 0.51 (0.15)
Male 102 (64.56%) 165 (569.14%) 64 (37.65%) 151 (63.18%)
IDH

Wild type 148 (93.67%) 211 (75.63%) NA NA

Mutation 10 (6.33%) 68 (24.37%) NA NA
Radiotherapy

No 29 (18.35%) 53 (19%) NA NA

Yes 129 (81.65%) 226 (81%) NA NA
Chemotherapy

No 45 (28.48%) 49 (17.56%) NA NA

Yes 113 (71.52%) 230 (82.44%) NA NA

Data are presented as median (interquartile range) or N (%). TCGA, the cancer genome atlas, CGGA, chinese glioma genome atlas; GEO, gene expression omnibus; IDH, isocitrate

dehydrogenase; NA, not applicable.

cohort) were obtained in our study. The patient characteristics are
presented in Table 1.

3.2 mRNAsi/c. mRNAsi Acts as an

Independent Prognostic Factor

3.2.1 Patients With High mRNAsi/c_mRNAsi GBM had
a Better Prognosis

In the TCGA dataset, the relation between mRNAsi/c_mRNAsi
and OS was nonlinear. Therefore, they were considered
dichotomous variables in subsequent analysis (Supplementary
Figures S1A,B). A total of 158 samples were clustered into the
high- (n = 111) or low- (n = 47) mRNAsi group based on the
optimal cut-off value identified by survMisc package
(Supplementary Figure S2A). Patients in the high-mRNAsi
group had better OS than those in the low-mRNAsi group
(p = 0.0003) (Figure 2A). Similarly, 158 patients were
clustered into the high- (n = 123) or low- (n = 35) c_mRNAsi
group based on the optimal cut-off value identified by the same
package (Supplementary Figure S2B). Patients in the high-
c_mRNAsi group had better OS than those in the low-
c_mRNAsi group (p = 0.0008) (Figure 2B). Moreover, we
explored the relationship between mRNAsi/c_mRNAsi and
disease-specific survival/progression-free interval in TCGA,
and found that the trends for disease-specific survival (p =
0.0028) (Supplementary Figures S3A,B) and progression-free
interval (p < 0.0001) (Supplementary Figures S3C,D) were
similar to that for OS.

To determine whether the mRNAsi/c_mRNAsi-associated
prognostic signature had a similar prognostic value in different
populations, its prediction performance was validated externally
in CGGA and GEO. Similarly, we considered mRNAsi/
c_mRNAsi as a dichotomous variable in CGGA according to
the Lowess result (Supplementary Figures S1C,D). All samples
in CGGA and GEO were clustered into the high- or low-
mRNAsi/c_mRNAsi group based on the optimal cut-off value
identified by the same package (Supplementary Figure S2C).
Consistent with the findings in TCGA, the Kalan-Meier curve in

CGGA revealed that patients in the high-mRNAsi/c_ mRNAsi
group had better OS than those in the low-mRNAsi/c_mRNAsi
group (p = 0.0040 and 0.0011, respectively) (Figures 2C,D).
GSE4412 has the transcriptional profiling of 170 GBM
samples from 74 patients (Freije et al, 2004). A total of 170
GBM samples were divided into the high- (n = 121) or low- (n =
49) c_mRNAsi group based on the optimal cut-off value
(Supplementary Figure S2D), and the high-c. mRNAsi group
had better OS (p = 0.0400) (Figure 2E). GSE13041 has 267 GBM
samples from 239 patients, (Lee et al., 2008), which were divided
into the high- (n = 186) or low- (n = 81) c_mRNAsi group based
on the optimal cut-off value (Supplementary Figure S2). The
high-c mRNAsi group also had better OS (p 0.0040)
(Figure 2F).

3.2.2 Identification of Confounding Variables

Given the possible interference of confounding variables, we
carried out confounders identification and then adjusted for
these potential confounding factors. In TCGA, we found that
mRNAsi had to be adjusted for age through univariate analysis
(Figure 3A). These covariates combined with common
covariates (age, gender, IDH, radiotherapy, chemotherapy,
and subtype) were enrolled into the adjusted II model. In
the adjusted I model, after adjusting for confounders (age and
IDH), mRNAsi was still associated with OS (hazard ratio (HR)
= 0.561, 95% confidence interval (CI) 0.383-0.823, p = 0.003)
(Figure 3B). Furthermore, after adjusting for predominant
clinical and prognostic factors (age, gender, IDH,
radiotherapy, chemotherapy, and subtype) in the adjusted II
model, mRNAsi independently predicted prognosis in TCGA
(HR = 0.552, 95% CI 0.370-0.823, p = 0.004) (Figure 3C). The
interaction analysis revealed that gender played an interactive
role in the association between mRNAsi and OS
(Supplementary Table S1). Male patients had higher HRs
between mRNAsi and OS (HR =0.92; 95% CI, 0.11-7.59) than
females (HR = 0.32; 95% CI, 0.17-0.61). In the same way, we
found that only age should be adjusted on c_ mRNAsi through
univariate analysis (Figure 3D), and this covariate combined
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FIGURE 2| Survival curve of mMRNAsi/c_mRNAsi on prognosis. (A). Overall survival curve of mRNAsi in TCGA. (B). Overall survival curve of c_mRNAsiin TCGA. (C).
Overall survival curve of mMRNAsi in CGGA. (D). Overall survival curve of c_mRNAsi in CGGA. (E). Overall survival curve of c_mRNAsi in GSE4412. (F). Overall survival
curve of c_mRNAsi in GSE13041.

with common covariates were enrolled in the adjusted II
model. In the adjusted I model, after adjusting for the
confounder (age), c. mRNAsi was still associated with OS
(HR = 0.550, 95% CI 0.376-0.805, p = 0.002) (Figure 3E).
Furthermore, after adjusting for predominant clinical and
prognostic factors in the adjusted II model, ¢ mRNAsi
independently predicted prognosis in TCGA (HR = 0.552,

95% CI 0.356-0.856, p = 0.008) (Figure 3F). The effect of
mRNAsi/c_mRNAsi on OS was consistent across subgroups
(Supplementary Table S1). Ultimately, mRNAsi/c_mRNAsi
was an independent prognostic factor for OS in patients
with GBM.

Moreover, in CGGA, we identified different confounders
(IDH, chemotherapy, and 1p19q on mRNAsi, as well as IDH
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A Univariate Analysis mRNAsi (TCGA) D Univariate Analysis c mRNAsi (TCGA)
Variable No.of Patients(%) Hazard Ratio(95%Cl) _P-value Variable No.of Patients(%) Hazard Ratio(95%Cl) P-value
Age 158 | ol 1.025 (1.011-1.04) <0.001 Age 158 | a 1.025 (1.011 - 1.04 ) <0.001
Gender Gender
Female(reference) 56 (35.44 % ) | [ ] 1 Female(reference) 56 (35.44 %) | [ ] 1
Male 102 (64.56 % ) | e 0.993 (0.688-1.433) 0.97 Male 102 (64.56 % ) | T 0.993 (0688 - 1.433) 0.97
IDH IDH

No(reference) 148 (93.67 % ) | [ ] 1 No(reference) 148 (93.67 % ) | [ ] 1

Yes 10(6.33%) —l—— 0.371 (0.151-0.911) 0.03 Yes 10(6.33%) —l—— 0.371 (0.151-0.911) 0.03
Radiation therapy | Radiation therapy |

No(reference) 29(18.35%) [ ] 1 No(reference) 29(18.35%) | ] 1

Yes 129(81.65%) ~l—h 0.355 (0.231-0.547) <0.001 Yes 129(81.656%) —lh 0.355 (0.231 - 0.547 )<0.001
Chemotherapy Chemotherapy

No(reference) 45(28.48%) | [ | 1 No(reference) 45(28.48%) I | | 1

Yes 113(71.52%) 0.52 (0.356 - 0.761) <0.001 Yes 113(71.52%) 0.52 (0.356 - 0.761) <0.001

Subtpye ’_?_‘ Subtpye _F—

Classic(reference) 39(24.68 %) | [ ] 1 Classic(reference) 39(24.68%) | [ ] 1

Mesenchymal vs Classic 53 (33.54 % ) —1——1.214 (0.766 - 1.924) 0.41 Mesenchymal vs Classic 53 (33.54 %) ——— 1.214 (0.766 - 1.924) 0.41

Neural vs Classic 28(17.72%) | ——m—————— 112 (0657-1.909) 0678 Neural vs Classic 28(17.72%) | —m——— 112 (0.657-1.909) 0678

Proneural vs Classic 38(24.05%) — - 0.897 (0.544 - 1.478) 0.669 Proneural vs Classic 38(24.05%) — - 0.897 (0.544 - 1.478) 0.669

mRNAsi | c_mRNAsi |

Low(reference) 47 (29.75%) | ] 1 Low(reference) 35(2215%) | | 1

High 111(70.25% ) .—*—. 0.508 (0.348 - 0.742) <0.001 High 123 (77.85%) »—*—4 0.497 (0.327 - 0.754) 0.001

, 1 . , T | : ;
0 0.5 1 15 2 0 0.5 1 1.5 2

B Multivariate Analysis mRNAsi Adjust I (TCGA) E Multivariate Analysis c_ mRNAsi Adjust I (TCGA)

Variable No.of Patients(%) Hazard ratio (95%CIl)  P-value

Age 158 l 1.021 (1.005-1.036) 0.008

IDH | Variable No.of Patients(%) Hazard ratio(95%Cl)  P-value

. |
No(reference) 148 (93.67 %) | 1 Age 158 1.023 (1.009-1.037) 0.001
Yes 10(6.33%) 0677 (0.259-177) 0.426 c_mRNAsi |
mRNAsi | Low(reference) 35 (22.15%) 1

Low(reference) 47 (29.75 %) ’_*_‘ 1 High 123 (77.85% ) >—‘—< 0.55 (0.376 - 0.805) 0.002
High 111 (70.25% ) 0.561 (0.383-0.823) 0.003 . il | : -

. — — 0o 05 1 15 2

0 0.5 1 1.5 2

C Multivariate Analysis mRNAsi Adjust [[ (TCGA) F Multivariate Analysis c_mRNAsi Adjust [l (TCGA)

Variable No.of Patients(%) Hazard ratio(95%Cl)  P-value Variable No.of Patients(%) Hazard ratio(95%Cl) P-value
Age 158 . 1.02 (1.006 - 1.035) 0.006 Age 158 | 1.02 (1.005-1.034) 0.007
Gender I Gender o

Female(reference) 56 (35.44 %) | " 1 Female(reference) 56 (35.44 %) | " 1
IE’;A:IS 102 (64.56 % ) | l 1.216 (0.805 - 1.835) 0.353 IDl\l:-‘ale 102 (64.56 % ) | il 1.206 (0.8-1.818) 0.37

No(reference) 148 (93.67 % ) » 1 No(reference) 148 (93.67 % ) | " 1

Yes 10(6.33%) | 0737 (0274 1982) 0.545 Yes 10(6.33%) = 0.705 (0.263-1.89) 0.487
Radiation therapy | Radiation therapy |

No(reference) 29(18.35%) 1 No(reference) 29 (18.35%) n 1

Yes 129 (81.65% ) —l—— 0.376 (0.189 - 0.747 ) 0.005 Yes 129(81.65%) g1 0.368 (0.185-073) 0.004
Chemotherapy Chemotherapy |

No(reference) 45(28.48% ) I 1 No(reference) 45(28.48%) [ ] 1

Yes 113 (71.52% ) 0.896 (0.466 - 1.722) 0.741 Yes 1M3(7152%)  —W———— 0.94 (0.489-1.805) 0.852
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FIGURE 3| Forest plots of univariate and multivariate Cox regression analysis in TCGA. (A). Univariate Cox regression analysis of mRNAsi in TCGA. (B). Multivariate
Cox regression analysis of mRNAsi adjusted | model in TCGA. (C). Multivariate Cox regression analysis of mMRNAsi adjusted Il model in TCGA. (D). Univariate Cox
regression analysis of c_mRNAsi in TCGA. (E). Multivariate Cox regression analysis of c_mRNAsi adjusted | model in TCGA. (F). Multivariate Cox regression analysis of
c_mRNAsi adjusted Il model in TCGA.

and 1p19q on c_mRNAsi) that had to be adjusted through
univariate analysis (Figures 4A,D), and these confounders
(adjusted I model, Figures 4B,E) combined with common
covariates (age, gender, IDH, radiotherapy, chemotherapy,
1p19q, and MGMTp) were enrolled in the adjusted II model
(Figures 4C,F). We found that only c¢_mRNAsi was an
independent prognostic signature in patients with GBM in
both the adjusted I and adjusted II models (p = 0.008, 0.015,

respectively) (Figures 4E,F) and across stratified analyses
(Supplementary Table S2).

3.3 Construction and Evaluation of

Prognostic Models
We used discrimination, calibration, and model improvement
capability to evaluate five established models. Models 2 and 3 had
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A Univariate Analysis mRNAsi (CGGA) D Univariate Analysis ¢ mRNAsi (CGGA)
Variable No.of Patients(%) Hazard ratio(95%Cl)  P-value Variable No.of Patients(%) Hazard ratio(95%Cl) P-value
Age 279 1.005 (0.995-1.015) 0.326 Age 279 1.005 (0.995-1.015) 0.326
Gender Gender
Female(reference)114 ( 40.86 % ) 1 Female(reference)114 (40.86 % ) 1
Male 165 (59.14 % ) 1.072 (0.828 - 1.387) 0.597 Male 165 (59.14 % ) 1.072 (0.828 - 1.387) 0.597
IDH IDH
No(reference) 211 (7563 %) 1 No(reference) 211(7563%) 1
Yes 68(24.37 %) 0735 (0.545-0.99) 0.043 Yes 68 (24.37 %) 0735 (0.545-0.99) 0.043
Radiation therapy Radiation therapy
No(reference) 53(19%) 1 No(reference) 53(19%) 1
Yes 226 (81%) 0.608 (0.444-0.833) 0.002 Yes 226 (81%) 0.608 (0.444 - 0.833) 0.002
Chemotherapy Chemotherapy
No(reference) 49 (17.56 % ) 1 No(reference) 49 (17.56 %) 1
Yes 230(8244%) 0.492 (0.357 - 0.678) <0.001 Yes 230(8244%) 0.492 (0.357 - 0.678) <0.001
1p19q 1p19q
No(reference) 261 (93.55 % ) 1 No(reference) 261 (93.55 % ) 1
Yes 18 (6.45%) 0.511 (0.292-0.894) 0.019 Yes 18(6.45%) 0.511 (0.292-0.894) 0.019
MGMTp MGMTp
No(reference) 131(46.95% ) 1 No(reference) 131(46.95% ) 1
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a higher area under the curve (AUC), better C-index, and lower
prediction error than the other models (Figures 5A-C). The
apparent and adjusted C-index as well as the Brier scores in years
0.5-, 1-, and 1.5-years indicated that models 2 and 3 were better
than the others (Supplementary Table S3). DCA showed that the

net benefit of models 2 and 3 in years 0.5 and 1 years was better
than that of other models, but there was no significant difference
in year 1.5 (Figures 5D-F). We found that the calibration of
models 2 and 3 was better than that of other models in 0.5 and
1 years, while the calibration of the five models was poor in
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1.5 years (Figures 5G-I). As for model improvement capability,
when model 1 was considered as the reference, the NRI and IDI of
models 2 and 3 were both positive. In contrast, the NRI and IDI of
models 4 and 5 were both negative, although there were no
significant statistical differences (Supplementary Table S4).
From the above results, we determined that models 2 and 3
had good discrimination and calibration in the OS prediction of
patients with GBM.

In CGGA, we also built five models that were similar to those
in TCGA. In TCGA, only 24 patients were followed up for more
than 2 years, and the prognosis was very poor. Since the median
follow-up time was only 12 months, the selected time points were
0.5, 1 and 1.5 years. In CGGA, since the 62 cases were followed up
for more than 2 years, the time point was extended to 3 and
5 years. Here, models 2 and 3 also had a higher AUC and better
C-index but had the same prediction error as the other models
(Supplementary Figures S4A-C). DCA showed that the net
benefit of model 2 in 0.5, 1, 1.5, and 3 years was higher than

that of other models, but there was no significant difference in
5years (Supplementary Figures S4D-H). The calibration of
models 2 and 3 was better than that of other models in 0.5
and 1 years, while the calibration of the five models was poor in
1.5, 3, and 5years (Supplementary Figures S41-M). The Brier
scores indicated that models 2 and 3 were better than the others
(Supplementary Table S5). As for model improvement
capability, when model 1 was considered as the reference, the
NRI and IDI of models 2 and 3 were both positive. In contrast, the
NRI and IDI of models 4 and 5 were both negative
(Supplementary Table S6). Because of the limited clinical data
of GEO, we only compared models 4 and 5. The AUCs were
0.536-0.618, 0.544-0.589 in GSE4412 and GSE13041,
respectively (Supplementary Figures S4N,0).

Combined with the above results, we found that mRNAsi/
c_mRNAsi is an independent prognostic factor in TCGA, but
only c_ mRNAsi is an independent prognostic factor in CGGA. In
TCGA, the comparison of the five models revealed that models 2
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and 3 were the best, and there was little difference between these
two models. In CGGA, model 3 performed the best among the
five models. In GEO, there was no significant difference between
the single mRNAsi and c_mRNAsi models. Therefore, we finally
decided to adopt model 3 (clinical factors integrated with the
c_mRNAsi) to predict OS and construct a nomogram in TCGA
(Supplementary Figure S4). According to the nomogram, a
representative patient with the total point of 286, the 0.5-
years, 1l-year, and 1.5-years survival rates were 82.6, 68.9, and
40.4%, respectively (Supplementary Figure S5).

3.4 Functional Analysis

3.4.1 Differential Abundance of Infiltrative Immune
Cells

By applying the CIBERSORTx algorithm, the relative proportions
of 22 immune cell subsets in GBM were acquired. A total of 158
patients with GBM from TCGA and 279 patients with GBM from
the CGGA were enrolled for further analysis. In the TCGA
dataset, the infiltration level of M1 macrophages was
significantly higher in the high-c_ mRNAsi group, whereas the
infiltration levels of memory B cells, neutrophils, CD8" T cells,

and regulatory T cells were significantly higher in the low-
c_mRNAsi group (Figure 6A). In CGGA, the infiltration
levels of resting dendritic cells, monocytes, activated NK cells,
and follicular T helper cells were significantly higher in the high-
c_mRNAsi group, whereas macrophages (M0 and M2), activated
mast cells, and neutrophils were significantly higher in the low-
c_mRNAsi group (Figure 6B). Radar chart indicated that in the
TCGA dataset, c. mRNAsi was positively correlated with M1
macrophages and negatively correlated with neutrophils, M0
macrophages, resting NK cells, and activated memory CD4"
T cells in the training cohort (Figure 6C). In the CGGA
dataset, ¢ mRNAsi was positively correlated with resting
dendritic cells, activated NK cells, and follicular T helper cells,
and negatively correlated with neutrophils, activated mast cells,
and macrophages (M0 and M2) (Figure 6D).

3.4.2 Pathway Enrichment Analysis

The ssGSEA was used to estimate the degree of enrichment of the
MSigDB hallmark gene set in individual samples from the high-
and low-c_mRNAsi groups of both TCGA and CGGA. This
allowed us to identify signalling pathways involved in GBM and
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FIGURE 7 | Pathway enrichment analysis in high and low c_mRNAsi
groups. (A). Pathway enrichment analysis in TCGA. (B). Pathway enrichment
analysis in CGGA.

to estimate their degree of association with each group (high
versus low). The results indicated that spermatogenesis, MYC
targets v2, and pancreas beta cell pathways were involved
significantly in the low-c_mRNAsi group of both TCGA and
CGGA, whereas unfolded protein response, haem metabolism,
early and late oestrogen response, NOTCH signalling, glycolysis,
bile acid metabolism, interferon a/y response, apical surface,
myogenesis, adipogenesis, allograft rejection, androgen
response, xenobiotic metabolism, hypoxia, reactive oxygen

mRBNAsi/c_mRNAsi in GBM

species  pathway, apical junction, KRAS signalling,
complement, P53, IL6/JAK/STAT3 signalling, inflammatory
response, UV response DN, apoptosis, TGF-p signalling,
angiogenesis, TNFa signalling via NF-xB, IL-2/STAT5
signalling, coagulation, and epithelial mesenchymal transition
pathways were involved significantly in the high-c_mRNAsi
group of both TCGA and CGGA (Figures 7A,B).

4 DISCUSSION

GBM is composed of non-homogeneous cell populations exhibiting
varying degrees of genetic and functional heterogeneity. Cancer stem
cells are capable of sustaining tumours by manipulating genetic and
non-genetic factors to metastasise, resist treatment, and maintain the
tumour microenvironment (Saygin et al,, 2019). Understanding the
key traits and mechanisms of stemness of cancer stem-like cells
provides opportunities to improve patient outcomes via improved
prognostic models and therapeutics. However, tumour cells are
usually comprised of a heterogeneous mixture of subclones, each
of which may have its own distinct characteristics. Therefore,
accurately assessing the make-up of the different cell states within
a tumour biopsy is very important. Here, we calculated an mRNAsi,
which was also corrected by tumour purity (c_mRNAsi), based on
the expression profile of 12,953 genes in 874 GBM samples from the
TCGA, CGGA, and GEO public databases using the OCLR
machine-learning algorithm. We found that, after confounding
variable identification and interaction and stratified analyses,
c¢_mRNAsi remained an independent prognostic factor in both
TCGA and CGGA, whereas mRNAsi was affected by gender in
TCGA and was no longer an independent prognostic factor after
adjustment in CGGA. Model 2 (clinical factors integrated with
mRNAsi) and model 3 (clinical factors integrated with
c_mRNAsi) showed better calibration and discrimination than
clinical factors alone in both TCGA and CGGA. Moreover,
model 3 performed better than model 2, although there was no
significant difference between the single mRNAsi and ¢ mRNAsi
models in GEO. Therefore, we concluded that c. mRNAsi can be
used as a new index for the construction of algorithms that predict
the prognosis of patients with GBM. To explore the possible reasons
for the difference in prognosis between the high- and low-
c¢_mRNAsi groups, we applied the CIBERSORTx algorithm to
infer the abundance of immune infiltrating cells in TCGA and
CGGA and found differential infiltration patterns across 5 and 8
clusters in TCGA and CGGA, respectively. Importantly, we found
that high mRNAsi correlated significantly with high infiltration of
immune activated cells, especially M1 macrophages, dendritic cells,
monocytes, activated NK cells, and follicular T helper cells. Lastly, we
screened the potential signalling pathways of the c_ mRNAsi-related
signature and found that most of the pathways were immune-
related.

In this study, we utilised the OCLR machine-learning
algorithm to quantify mRNAsi and ¢_mRNAsi for each GBM
sample. Using OCLR, we previously identified undiscovered
biological mechanisms associated with the dedifferentiated
oncogenic state (Lian et al.,, 2019). Moreover, OCLR exhibited
comparable performance with a more flexible and convenient
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formulation to that with traditional support vector machine-
based one-class predictors (Sokolov et al, 2016). We drew
support from OCLR machine-learning algorithm to derive two
distinct molecular metrics of stemness indices and finally selected
c_mRNAsi for subsequent validation analysis, owing to its
observed prognostic significance in various data. Stemness
indices had already been identified in several malignancies and
had different prognostic values in ovarian cancer, (Kaipio et al.,
2020), medulloblastoma, (Lian et al., 2019), colon cancer, (Tao
etal,, 2019), or acute myeloid leukaemia (Seneviratne et al., 2019).
However, stemness indices are targeted at bulk tissues, a mixture
of tumour tissue and normal tissue. Although some scholars
developed new algorithms to adjust stemness indices, (Pan et al.,
2019), the algorithms are complex. The ESTIMATE algorithm
can adjust directly from transcriptome data, (Yoshihara et al,
2013), which is more convenient. In our multi-cohort screening,
we examined the capacity of c_mRNAsi, which is obtained after
correcting the index by the tumour purity calculated with
ESTIMATE, (Yoshihara et al, 2013), to predict OS. Our
findings demonstrate that c. mRNAsi can be implemented in
clinical practice, something that has not been previously reported.
Common clinical indicators of GBM include KPS, MGMT, IDH1,
and epidermal growth factor receptor vIII (Burgenske et al., 2019;
Chaddad et al., 2019). GBM-specific microRNAs, including miR-
21 and miR-10b, have also been presented as biomarkers with
promising prognostic values (Sasmita et al., 2018). Confounder
identification and interaction tests could help us to better
understand the relationship between the variables and disease.
In our study, we first used the mRNAsi/c_mRNAsi calculated by
the algorithm as a variable to carry out residual confounder
identification and interaction test with common clinical
indicators, so as to minimise the impact of confounding
factors on GBM OS as much as possible. Furthermore,
discrimination and calibration are the most commonly used
indicators in the evaluation of clinical prediction models.
However, a systematic review found that while 63% of the
studies on prediction models reported discrimination data,
only 36% included calibration data (Wessler et al, 2015). In
the present study, we report both discrimination and calibration
in the training and validation cohorts. In addition, we did not
only use the enhanced bootstrap test for internal validation, but
also directly compared multiple models in two data sets (TCGA
and CGGA) to minimise model overfitting. This significantly
differs from traditional studies of clinical models, and allowed us
to select the optimal model for prognosis prediction in patients
with GBM.

Previous studies have shown that the higher the stemness indices
scores, the worse the overall survival outcomes, (Pei et al., 2020),
which is the opposite from our results. Therefore, we wanted to
further explore the reasons for the different prognosis among the
groups. Using gene-expression-based metrics, a recent study
reported the association of stemness with immune cell infiltration
and genomic, transcriptomic, and clinical parameters across 21 solid
cancers (Miranda et al, 2019). Pervasive negative associations
between cancer stemness and anticancer immunity have also
been found (Miranda et al,, 2019). In line with the current pan-
cancer findings, we also analysed infiltrative immune cells in distinct

mRBNAsi/c_mRNAsi in GBM

cohorts (TCGA and CGGA) using the CIBERSORTXx algorithm and
found that the high-c_ mRNAsi group exhibited significant immune
suppression. Based on the expression data in TCGA and CGGA, we
observed that c. mRNAsi correlated negatively with infiltrating levels
of immune cells. Promoting Treg overrepresentation and function
induces systemic and intratumoural immunosuppression (Long
et al,, 2020). CD8" cytotoxic T lymphocyte cells, macrophages,
Tregs, and other immune cells can respond to GBM treatment,
including immunotherapy, to a certain extent (Choi et al., 2019).
Meanwhile, high ¢ mRNAsi was associated with the up-regulation
of M1 macrophages, resting dendritic cells, monocytes, activated NK
cells, and follicular T helper cells. In addition, we also found that
general immune-related pathways were activated in the high-
c_mRNAsi group, which is consistent with previous findings
(Zhang C. et al, 2020). Collectively, our results suggest that the
better prognosis of patients with high ¢ mRNAsi may be owing to
the presence of more tumour stem cells and more tumour
neoantigens, which results in the higher infiltration of tumour
immune cells. Based on our findings, we propose c_ mRNAsi as a
new marker for tumour immunotherapy in the future.

The stemness indices reflects the ability of self-renewal and
unlimited proliferation. We found that significantly different
enrichment pathways are mainly related to cell cycle, damage
repair, proliferation, apoptosis, angiogenesis, glucose, lipid
metabolism and energy metabolism through ssGSEA. The
current view is that tumour stem cells are related to the
inhibitory immune microenvironment (Alves et al, 2021). At
present, it is found that the stemness indices is also related to
IL6/JAK/STAT3, IL-2/STATS5, and TGF-p signalling pathways
(Zhang et al.,, 2019; Liu et al,, 2021; Mo et al.,, 2021; Zhou et al.,
2021). Interleukins are closely related to the proliferation and
function of T cells (Ceuppens et al., 1988; Popmihajlov et al,
2012; Raeber et al,, 2018). Tregs are a key source of TGF-f ligands
(Zhang Y. et al., 2020). Together, the pathways we enriched here
are closely related to immune response.

There are several limitations in our study that need to be
addressed in the future. First, we used four different datasets
(TCGA, CGGA, GSE4412, and GSE13041) to test the prognostic
value of mRNAsi/c mRNAsi and found the power and
robustness of c_mRNAsi. However, we could not definitively
determine whether the c¢_mRNAsi obtained from the bulk
tumour sequencing/array could be utilised for all types of
GBM samples from diverse genetic backgrounds. Furthermore,
the study was based on public data. We should use our own
sequencing data to verify the c_ mRNAsi and clinical model.
Besides, the c_mRNAsi signature could distinguish differential
subpopulations with distinct prognosis. Whether stemness
indices mediate poor immunotherapy response requires
further investigation. There is still a long way before we can
accomplish individualised classifications for treatment because
other clinical and genetic/epigenetic factors must be considered
and incorporated into treatment decision-making (Mansouri
et al, 2019). In addition, due to the limitation of GEO data
sources, we could only verify the prognostic signature of
c_mRNAsi, but could not identify confounding factors as in
CGGA. Moreover, the c. mRNAsi-related signature should be
further validated in large samples of patients with GBM from
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multiple centres to identify the associations not only with survival
outcomes but also conventional drug responses, especially
immunotherapy. Lastly, although we performed functional
analysis and identified numerous differences in infiltrative
immune cell abundance and the regulation of related
pathways, specific experimental validations need to be
designed to assess the real effect. Despite the above
shortcomings, our work has certain advantages that cannot be
ignored. We calculated the mRNAsi/c_mRNAsi using a large
number of samples and, for the first time, performed confounding
variable identification and interaction and stratified analyses.
Furthermore, we made a comprehensive comparison of several
models, and proved the validity of our conclusions in multiple
ways to verify the credibility of our results.

In conclusion, our study systematically assessed the GBM
stemness indices based on multiple independent cohorts,
providing a robust quantified mRNAsi/c_mRNAsi reflective of
stemness indices, and the associations with immune infiltration
and immune related pathways. The c_mRNAsi-based signature
proved to be superior to other models in predicting OS prognosis,
and may be a valuable classifier for uncovering distinct subgroups
of stemness indices.
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Esophageal squamous cell carcinoma (ESCC) is the most common type of esophageal
carcinoma (EC) in China. Although the PD-1 inhibitor pembrolizumab has been approved
to treat patients with EC, its therapeutic efficacy is limited. Thus, additional
immunotherapeutic targets for EC treatment are needed. Programmed Death-1
Homolog (PD-1H) is a negative checkpoint regulator that inhibits antitumor immune
responses. Here, PD-1H expression in 114 patients with ESCC was evaluated by
immunohistochemistry. Next, 12 randomly selected tumor tissue sections were used
to assess the colocalization of PD-1H protein and multiple immune markers by multiplex
immunohistochemistry. Our results demonstrated that PD-1H was expressed at high
frequency in ESCC tumor tissues (85.1%). PD-1H protein was predominantly expressed in
CD68* tumor-associated macrophages and expressed at low levels in CD4* T cells and
CD8" T cells in ESCC tumor tissues. Furthermore, based on ESCC data in The Cancer
Genome Atlas (TCGA), the gene expression levels of PD-1H were positively associated
with the infiltration levels of immune-activated cells especially CD8" cytotoxic T cells. In
contrast, the gene expression levels of PD-1H were negatively correlated with myeloid-
derived suppressor cells (MDSCs). Importantly, PD-1H expression in tumor sites was
significantly correlated with favorable overall survival in patients with ESCC. Collectively,
our findings first provided direct information on the PD-1H expression pattern and
distribution in ESCC, and positive correlation of PD-1H expression with overall survival
suggested PD-1H expression levels could be a significant prognostic indicator for patients
with ESCC. Future studies need to explore the immunoregulatory of PD-1H in the tumor
microenvironment of ESCC.

Keywords: esophageal squamous cell carcinoma, tumor microenvironment, CD68 + myeloid cells, programmed
death-1 homolog, prognosis
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INTRODUCTION

Esophageal carcinoma (EC) is one of the most fatal diseases
worldwide and is the fourth most common cause of cancer-
related death in China (Chen et al., 2016; Feng et al., 2019). Unlike
North America and Europe, esophageal squamous cell carcinoma
(ESCC) is the predominant subtype of esophageal carcinoma
(EC) in China, accounting for approximately 90% of all patients
with EC (Zeng et al,, 2016). Targeting immune checkpoints has
been demonstrated as a promising strategy in EC.
Pembrolizumab, a PD-1-blocking checkpoint immunotherapy,
was approved for advanced, PD-Ll-positive ECs by the
United States Food and Drug Administration (FDA) in 2017;
however, only a small proportion of patients achieved therapeutic
response (Kojima et al., 2020). Further exploration of novel
immunotherapeutic targets for ESCC is needed. Programmed
Death-1 Homolog (PD-1H), also known as V-domain
Immunoglobulin Suppressor of T-cell activation (VISTA),
DDla, c10orf54, Diesl, or Gi24, is a novel T-cell cosignaling
molecule.  Previous studies demonstrated that the
immuneregulatory pathways for PD-1 and PD-1H are
functionally nonredundant by using PD-1H and programmed
death-1 (PD-1) knockout mice (Liu et al., 2015). PD-1H can
function as both a receptor in T lymphocytes and a ligand on
antigen-presenting cells (Bharaj et al.,, 2014; Flies et al., 2014; Le
Mercier et al., 2014; Lines et al., 2014a). Moreover, PD-1H was
highly expressed on CD11b" myeloid cells and macrophages and
was expressed at low levels on T cells, including CD4" T cells,
CD8" effector T cells, and Foxp3" Tregs (Bharaj et al., 2014; Le
Mercier et al., 2014). PD-1H showed constitutive expression
characteristics (Lines et al, 2014b). Considering different
expression patterns of PD-1H and its nonredundant activities
compared to other immune checkpoint regulators, PD-1H has
become a promising target of cancer immunotherapy [11].

Recently, PD-1H was reported to be highly expressed in
various human cancers, including prostate cancer (Gao et al,
2017), non-small cell lung cancer (Villarroel-Espindola et al.,
2018), colorectal carcinoma (Xie et al, 2018), ovarian and
endometrial cancer (Mulati et al, 2019), esophageal
adenocarcinoma (Loeser et al, 2019), and epithelioid
malignant pleural mesothelioma (Muller et al., 2020); however,
limited data about PD-H expression in ESCC have been reported.
Here, we analyzed the PD-1H expression pattern in tumor
microenvironment of 114 patients with ESCC and its
correlation with the infiltrating number of T cells and myeloid
cells. Next, the relationships between PD-1H mRNA levels and
the infiltration of various immune cells were assessed in ESCC
based on The Cancer Genome Atlas (TCGA) database. We
further investigated the correlation of PD-1H expression with
the survival outcomes of ESCC patients.

MATERIALS AND METHODS

Patients and Sample Preparation
Tumor tissues were obtained from 114 patients with ESCC
who underwent surgery at Fujian Medical University Union

PD-1H Expression Stasus in ESCC

Hospital from 2015 to 2016. None of these patients received
preoperative radiotherapy or chemotherapy before surgery. A
retrospective review of the medical records of these patients
was performed between January 1, 2015 and June 30, 2020.
Relevant clinical data were collected by retrospective review of
the files of the patients, and follow-up data were available for
all patients. Peripheral blood mononuclear cells (PBMCs)
were isolated from six patients with ESCC using Ficoll-
Paque PLUS (#171140, GE Healthcare, United States)
according to the manufacturer’s instructions. All
procedures followed the national and institutional ethical
standards, and all samples were obtained in accordance
with the institutional policies. All protocols were reviewed
and approved by the Research Ethics Committee of Fujian
Medical University Union Hospital (No. 2020ky085).

Immunohistochemistry

Tumor tissues were fixed in formaldehyde and paraffin-
embedded following standard procedures. Tissue sections
were incubated with PD-1H antibodies (1:200, #64953, Cell
Signaling Technology) and then immunostained using the
MaxVision™ HRP-Polymer anti-Rabbit IHC Kit (KIT-5005,
Maixin Biol, Fuzhou, China) following the manufacturer’s
instructions. Immunostaining of PD-1H was microscopically
evaluated (Olympus BX53, Japan). During evaluation of
immunostained sections, the investigators were blinded to
the clinical status of the patients. After screening the whole
section, 10 randomly selected microscopic fields were
examined at x 200 magnification (x20 objective lens and
x10 ocular lens; 0.74 mm” per field). Expression levels for
PD-1H were scored semiquantitatively based on staining
intensity and percentage of stained cells using the
immunoreactive score (IRS) as described (Kakavand et al.,
2015). The percentage of positively stained cells (PP) was
assigned as a numerical score: 0, negative; 1, <25%; 2, 26-50%;
3,51-75%; and 4, >75% positive cells. The intensity (SI) of the
immunostained areas was defined as follows: 0, negative; 1,
weak (+); 2, moderate (++); and 3, strong (+++). An
immunoreactive score (IRS) ranging from 0 to 12 was
calculated using the following formula: IRS = PP x SI. The
expression of PD-1H was defined as follows: 0-1, negative;
>1-4, mild; >4-8, moderate; >8-12, strong. Based on this
formula, the average expression score for each patient was
calculated, and the score with the maximum split in survival
was chosen as the cutoff using the cutpoint function of
Evaluate Cutpoints software (R survMisc package) as
described (Ogluszka et al., 2019). Then, the patients were
classified into high- or low-expression score groups by a
7.2 score.

Multiplex Immunohistochemistry

Multiplex immunohistochemistry (mIHC) was performed by
staining 4-pm-thick formalin-fixed, paraffin-embedded
whole-tissue sections with multiple primary antibodies and
a TSA 5-color fluorescent IHC kit (Yuanxi Bio, China) as
described in a previous study (Stack et al, 2014). The
concentration and order of the four antibodies were
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optimized, and the spectral library was built based on the
single-stained slides. Four primary antibody/fluorophore
pairs were applied in order: anti-CD4 antibody (#YX32005,
Yuanxi Bio)/NEON-TSA 520, anti-CD8 (#YX63005, Yuanxi
Bio)/NEON-TSA 620, anti-CD68 (#GMO087602, Gene Tech)/
NEON-TSA 670, and anti-PD-1H (#64953, Cell Signaling
Technology)/NEON-TSA 570. Twelve randomly selected
tumor tissue sections were used for mIHC. The slides were
deparaffined with a graded series of xylene, and dehydrated in
a gradient of alcohols, and then antigen retrieval was
performed by microwave. After incubation with 3% H,O,
for 10 min, the tissues were blocked in blocking buffer for
another 10 min at room temperature. Then, the tissues were
incubated with primary antibodies, followed by secondary-
HRP and TSA working solutions, respectively, according to
the manufacturer’s instructions. Finally, the slides were
mounted with ProLong Gold Antifade Reagent with DAPI
(#P36931, Invitrogen). All slides were scanned using an
Aperio Versa 8 tissue imaging system (Leica, Germany).
Images were analyzed using HALO image analysis software
(Indica Lab, United States).

Acquisition of PD-1H Expression Profiles

From TCGA Datasets

RNA sequencing (RNA-Seq) data and clinical information for
182 esophageal carcinoma patients (TCGA ESCC) were collected
and downloaded through the TCGA data portal (https://portal.
gdc.cancer.gov/). The transcript expression levels were estimated
using the fragments per kilobase per million fragments mapped
(FPKM) method in HTSeq. Kaplan-Meier survival curve analysis
was used to analyze survival between the PD-1H "&" and PD-1H
% groups as previously described (Rich et al., 2010). Immune cell
infiltration was evaluated using Cell-type Identification By
Estimating  Relative =~ Subsets Of RNA  Transcripts
(CIBERSORT) algorithm (Newman et al, 2015) based on
Tumor Immune Estimation Resource (TIMER) (Li et al,
2020) as described. The gene expression data with standard
annotation were uploaded to the CIBERSORT web portal
(http://cibersort.stanford.edu/). The algorithm was run by
1,000 permutations and the LM22 signature. Samples with
CIBERSORT p < 0.05 were considered eligible for subsequent
analysis. The correlation between PD-1H expression and
immune infiltration patterns was estimated using linear
regression analysis.

Flow Cytometry

Human peripheral blood mononuclear cells (PBMCs) were
isolated from the whole blood of six patients with ESCC, and
then T cells and monocytes were enriched by Rosettesep™
Human T Cell Enrichment Cocktail and Human Monocyte
Enrichment Cocktail (#15028_c, Stemcell Technologies,
United States), respectively. T cells and monocytes were
stained with antibodies against human CD3e (#560352, BD
Biosciences), CD4 (#300532, BioLegend), CD8a (#300922, BD
Biolegend), CD14 (#301807, BioLegend), PD-1H (#566672, BD
Biosciences), and matched isotype controls (#555749, BD
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Biosciences) at different time points after blood collection (6,
24, and 48 h). PBMCs, purified T cells, and purified monocytes
were stimulated with PMA (50 ng/ml, #P1585, Sigma-Aldrich),
LPS (200 ng/ml, #L4391, Sigma-Aldrich), and polyl:C (2 pg/ml,
#P0913, Sigma-Aldrich), and anti-CD3/anti-CD28 Dynabeads
(#11132D, Gibco) for 24 h. T cells were treated with different
concentrations of polyhydroxyalkanoate (PHA) (#PZ0135,
Sigma-Aldrich) for 5h. Samples were run on a BD
FACSVerse™ (BD Biosciences, United States) and analyzed
using FlowJo software version 10 (BD Biosciences, United States).

Quantitative Real-Time PCR

Human T cells were stimulated with different concentrations of
PHA for 5h. Total RNA of T cells was extracted using TRIzol
(#15596-026, Invitrogen) and was reverse-transcribed into cONA
using a One Step TB Green® PrimeScript PLUS RT-PCR Kit
(#RR096A, Takara Bio, United States) according to the
manufacturer’s instructions. Quantitative real-time polymerase
chain reaction (QRT-PCR) was performed with SYBR™ Green
PCR Master Mix (#4309155, Invitrogen). PD-1H primer
sequences were as follows: forward (5'-ACGCCGTATTCC
CTGTATGTC-3') and reverse (5-TTGTAGAAGGTCACA
TCGTGC-3"). The expression levels of PD-IH were
normalized to the expression of GAPDH. The relative
expression levels of PD-IH mRNA in treated cells were
calculated using their expression in control cells as a reference
transcript.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism
8.0 (GraphPad, Canada). All data are shown as the mean + SD
unless otherwise stated. The chi-squared and Fisher’s exact
tests were used for interdependence between staining and
clinical data. Univariate and multivariate analyses were
performed for prognostic factors of overall survival with
the Cox regression model, and the Kaplan-Meier method
and the log-rank test were used for survival curves with a
plot. p < 0.05 was considered statistically significant. The
results represent at least two experiments unless otherwise
stated.

RESULTS

PD-1H Protein Was Highly Expressed in

ESCC Tumor Tissues

The clinical pathological features of 114 patients with ESCC are
listed in Table 1. A total of 85.1% tumor tissues (97/114 cases of
ESCC) were positive for PD-1H expression by IHC staining.
According to the IRS-classification scoring systems, predominant
expression evaluation was moderate positive staining (46.5%, 53/
114) followed by mild positive staining (23.7%, 27/114), strong
positive staining (14.9%, 17/114) and negative staining (14.9%,
17/114), and the representative images of four categories of
classification are shown in Figures 1A-D. Figures 1E,F
indicated that PD-1H protein was predominantly located in
the membrane and cytoplasm of positive staining cells. Next,
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TABLE 1 | The correlation of PD-1H expression and clinicopathologic parameters in 114 patients with ESCC.

N % PD-1H expression
Low % High % p-value

Sex Female 32 28.1 23 71.8 9 28.1 0.811
Male 82 71.9 62 75.6 20 24.3

Age group <65 years 85 74.5 63 741 22 25.8 1.000
>65 years 29 255 22 75.8 7 241

Tumor stage ™ 25 21.9 15 60 10 40 0.287
T2 21 18.4 16 76.2 5 23.8
T3 66 57.8 52 78.8 14 21.2
T4 2 1.7 2 100 0 0

Lymph node metastasis NO 51 44.7 31 60.8 20 39.2 0.020
N1 35 30.7 30 85.7 5 24.3
N2 23 20.1 19 82.7 4 17.3
N3 5 4.3 5 100 0 0

Grades of differentiation G1 38 33.3 25 65.8 13 34.2 0.276
G2 55 48.2 43 78.2 12 21.8
G3 9 7.8 8 88.8 1 11.2

UICC stage | 27 238.7 17 63 10 37 0.009
I 37 32.4 23 62.2 14 37.8
Il 44 38.6 39 88.6 5 1.4
v 6 5.3 6 100 0 0

UICC, union for international cancer control; PD-1H, Programmed death-1 homolog, ESCC, esophageal squamous cell carcinoma.

A Negative B Mild Strong

F '{,‘._‘é?

7

FIGURE 1 | PD-1H expression in ESCC analyzed by immunohistochemistry. (A-D) Immunohistochemistry staining of PD-1H in ESCC tumor tissues was
performed and calculated using immunoreactive score (IRS), which was categorized as 0-1 (negative), >1-4 (mild), >4-8 (moderate), or >8-12 (strong). Representative
images of four categories of classification of PD-1H expression in ESCC tumor tissues are shown. (E-F) Two representative cases with strong positive PD-1H staining
demonstrated that PD-1H protein was predominantly located in the membrane and cytoplasm of tumor cells and immune cells. Scale bars: 50 pm, original
magnification x 200; 25 pym, original magnification x400. PD-1H: Programmed Ddeath-1 Homolog; ESCC: esophageal squamous cell carcinoma. Scale bar: 25 pm,
original magnification x 400.

the optimal cutoff for “low” and “high” expression was
determined by the inbuilt algorithm in the survMisc R
package. A score of 7.2 was used as an optimal cutoff point
and all patients were divided into a high-expression group
(74.5%, 85/114) and a low-expression group (25.5%, 29/114).

Then, the relationships of PD-1H expression level and clinical
characteristics of ESCC were investigated. Our results showed
that PD-1H expression level was negatively associated with
lymph node metastasis (p 0.020) and Union for
International Cancer Control (UICC) stages (p 0.009)
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FIGURE 2 | PD-1H expression in tumor-infiltrating immune cells assessed by multiplex immunohistochemistry (mIHC). (A) Representative images of mIHC staining

of PD-1H, CD4, CD8, CD68, and DAPIin ESCC tumor tissues. Scale bar: 25 um, original magnification x 400. (B) The cell numbers of PD-1H*CD68* myeloid cells were
significantly higher than cell numbers of PD-1H*CD4* and PD-1H*CD8" cells. (C) The percentage of PD-1H positive cells among CD4* T cells, CD8* T cells, and CD68*
cells was estimated. (D) The expression score of PD-1H was calculated and classified into high-expression (PD-1H "9") or low-expression (PD-1H ') groups by
using the R package of “survMisc”. (E) The absolute counts of immune cells and CD4* T cells in tumor sites were significantly higher in patients with high PD-1H
expression than in patients with low PD-1H expression. ns = non-significant, *o < 0.05, **p < 0.01.

(Table 1). However, the expression of PD-1H exhibited no
correlation with sex, age, tumor stage, or tumor grades of
differentiation.

PD-1H Was Predominantly Expressed in
CD68" Myeloid Cells of the Tumor Immune

Microenvironment

To further investigate cell types with PD-1H expression in the
tumor immune microenvironment, we randomly selected 12
tumor sections from 114 ESCC patients for multiplexed
immunohistochemistry. Colocalization staining of PD-1H
and multiple immunohistochemical markers was measured
in tumor tissues. Our results documented that the majority of

the PD-1H protein were colocalized with the CD68
macrophage marker. In contrast, CD4 and CD8 colocalized
with PD-1H to significantly lower levels, although some areas
of colocalization could be found (Figure 2A). The Halo image
analysis platform was used to quantify the density and
colocalization of positively stained cells. The results showed
that the amount of PD-1H colocalized with CD68 was
significantly higher than that colocalized with the amount
of PD-1H colocalized CD4 (p = 0.0069) or CD8 cells (p =
0.0115) (Figure 2B). Likewise, among PD-1H-positive cells,
the percentage of CD68" cells were significantly higher than
the percentage of CD4" cells (p = 0.0142) (Figure 2C).
Consistent with this result, the absolute number of CD4"
T cells and total immune cells was higher in the high PD-1H
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FIGURE 3| The relationships of PD-1H expression with immune cell infiltration were assessed in ESCC based on TCGA database. The CIBERSORT algorithm was

used to identify the immune cell infiltration signatures. (A) Positive correlations of PD-1H with CD4* T cells (Rho = 0.186, p = 0.012), CD8" T cells (Rho = 0.639, p <
0.001), CD68* macrophages (Rho = 0.155, p = 0.038), CD1c¢* myeloid dendritic cells (Rho = 0.201, p = 0.007), CD14* monocytes (Rho = 0.147, p = 0.048), CD56* NK
cells (Rho = 0.196, p = 0.008), CD20™" B cells (Rho = 0.236, p = 0.001), and CD31* endothelial cells (Rho = 0.272, p < 0.001). (B) The negative correlation of PD-1H

with CD11b*CD33*HLA-DR"MDSCs (Rho = —0.353, p < 0.001). CIBERSORT: Cell type Identification By Estimating Relative Subsets Of RNA Transcripts.

v

TABLE 2 | Univariate Kaplan—Meier analyses of prognostic parameters in 114
patients with ESCC.

- N 95% CI
Lower Upper  p-value
Sex Female 32 44.344 59.210 0.048
Male 82 37.524 47.943
Age group <65 years 85 41.353 51.432 0.357
>65 years 29 33.415 50.281
Tumor stage T1 orT2 46 50.219 60.281 0.001
T3 or T4 68 32.621 44.444
Lymph node metastasis NO 51 47.522 58.686 0.002
Nx 63 33.024 44976
Grades of differentiation G1 or G2 93 39.684 49.429 0.979
G3 9 26.669 56.183
UICC stage lorll 64 47.030 56.931 0.001
llor IV 50 29.825 43.627
PD-1H expression Low 85 37.550 47.429 0.029
High 29 45.389 60.823

Cl, confidence interval; HR, hazard ratio; UICC, union for international cancer control; PD-
1H, programmed death-1 homolog; ESCC, esophageal squamous cell carcinoma.

expression group than in the low PD-1H expression group
(Figures 2D,E).

PD-1H mRNA Levels Were Correlated with

Immune Cell Infiltration in ESCC
As our results indicated that PD-1H was highly expressed in
CD68" myeloid cells of human ESCC tumors, we next assessed

TABLE 3| Multivariate analyses for the prediction of overall survival in patients with

ESCC.
HR 95% ClI
Lower Upper p-value

Sex (female vs. male) 0.679 0.342 1.351 0.270
Age group (<65 vs. > 65 years) 1.997 0.901 4.426 0.089
Tumor stage (T1/2 vs. T3/4) 2.589 1.100 6.096 0.029
Lymph node metastasis (NO vs. Nx) 1.97 0.766 5.068 0.16
Grades of differentiation (G1/2 vs. G3)  1.290 0.439 3.789 0.642
UICC stage (/I vs. lI/IV) 0.749 0.265 2.119 0.586
PD-1H expression (low vs. high) 0.637 0.260 1.402 0.240

Cl, confidence interval; HR, hazard ratio; UICC, union for international cancer control; PD-
1H, Programmed death-1 homolog;, ESCC, esophageal squamous cell carcinoma.

possible relationships of PD-1H mRNA expression level and the
infiltration of nine types of immune cells by searching ESCC
datasets from TCGA. The data showed that PD-1H mRNA
(C100rf54) expression levels were significantly positively
correlated with cell infiltration of CD4" T cells (Rho = 0.186,
p = 0.012), CD8" T cells (Rho = 0.639, p < 0.001), CD68"
macrophages (Rho 0.155, p 0.038), CD1c" myeloid
dendritic cells (Rho = 0.201, p = 0.007), CD14" monocytes
(Rho = 0.147, p = 0.048), CD56" NK cells (Rho = 0.196, p =
0.008), CD19" B cells (Rho = 0.236, p = 0.001), and CD31"
endothelial cells (Rho =0.272, p < 0.001) (Figure 3A). In contrast,
the PD-1H mRNA expression level was negatively correlated with
CD11b"CD33"HLA-DR™ myeloid-derived ~suppressor cells
(MDSCs) (Rho = -0.353 p < 0.001) (Figure 3B).
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PD-1H Protein Expression Level Was
Correlated with Overall Survival of Patients
with Human ESCC

Recent studies demonstrate that high PD-1H expression correlates
with a favorable prognosis in patients with colorectal cancer, high-
grade serous ovarian cancer, triple-negative breast cancer,
hepatocellular carcinoma, and esophageal adenocarcinoma (Zhang
etal,, 2018; Loeser et al., 2019; Cao et al., 2020; Zong et al., 2020; Zong
etal, 2021). Here, 114 patients who were followed for 65 months were
subjected to survival analysis, and the correlation of PD-1H expression
with clinicopathologic parameters was analyzed by Kaplan-Meier
survival and Cox regression models (Tables 2, 3). In the validation
cohort, univariate Kaplan-Meier analyses showed that tumor stage
(p = 0.001), lymph node metastasis (p = 0.0 02), UICC stage (p =
0.001), and PD-1H expression (p = 0.029) were associated with the

overall survival of patients with human ESCC. However, only tumor
stage remained significant on multivariate Cox regression analysis.
Although no statistically significant association was found between
PD-1H mRNA expression and overall survival in ESCC from TCGA
(Figure 4A), Kaplan—Meier analyses showed that ESCC patients with
high PD-1H protein expression had significantly improved overall
survival (HR = 0.60; 95% CI, 0.27-0.93; p = 0.029; Figure 4B) in the
exploratory cohort, especially among the G2/3 subgroup (Figures
4C,D). These results indicated that the PD-1H expression level is
positively associated with a favorable prognosis in patients with ESCC.

PD-1H Expression Was Detected in
Activated T Cells and Peripheral Monocytes

Given that high PD-1H expression was found in the tumor
microenvironment of ESCC, we further examined PD-1H
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expression in peripheral T cells and monocytes derived from six
ESCC patients by FCM and qRT-PCR. No positive staining was
detected on the surface of CD4" and CD8" T cells PD-1H
expression at 6, 24, and 48 h of blood collection. In contrast,
PD-1H expression was found in CD14" monocytes, and the mean

fluorescence intensity (MFI) of PD-1H positive staining on
monocytes at 24 and 48 h of blood collection was lower than
MEFI of PD-1H positive staining on monocytes at 6 h (Figure 5A).
Although the expression levels of PD-1H mRNA in CD3" T cells
were upregulated by the stimulation with PHA for 24h
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(Figure 5B), PD-1H protein on the surface of T cells was not
detectable (Figure 5C). Moreover, no significant PD-1H
expression was detected on the T cell surface after T cells were
stimulated with different stimulators, including PMA, LPS, poly
(I:C), and TCR signaling (anti-CD3/anti-CD28 Dynabeads). PD-
1H expression on CD14" cells was transiently downregulated
24 h after isolation, and membrane PD-1H on CD14" monocytes
was decreased by the treatment with PMA, LPS, or poly (I:C)
(Figure 5D). Intriguingly, PD-1H expression was maintained on
CD14-positive cell surface after monocytes were mixed with
T cells and treated with the PMA for 24 h. However, no
detectable PD-1H membrane expression was found in
activated T cells (Figure 5E).

DISCUSSION

Following the initial identification of the immune checkpoint
receptors CTLA-4 and PD-1, other Ig superfamily T-cell
inhibitory ligands/receptors, such as LAG-3, TIM-3, TIGIT,
BTLA, B7-H3, and B7-H4 have been indicated as important
regulators of antitumor immunity (Gavrieli et al., 2006; Yi and
Chen, 2009; Anderson et al., 2016; Andrews et al., 2017;
Janakiram et al, 2017). PD-1H belongs to the CD28
superfamily, sharing 24 and 32% sequence similarity with PD-
L1 and PD-1 molecules, respectively (Flies et al., 2011; Wang
et al,, 2011). Unlike other immune checkpoint receptors that are
induced on activated T lymphocytes, PD-1H was reported to be
constitutively expressed on myeloid cells and naive T cells,
exerting both ligand and receptor functions (Lines et al.,
2014a; Gao et al,, 2017; ElTanbouly et al, 2020). Increasing
evidence indicates that PD-1H has a different expression
pattern in the tumor microenvironment of different tumor
subtypes. Mulati et al. reported that PD-1H was highly
expressed in tumor cells of human ovarian and endometrial
cancers using tissue microarray analysis and
immunohistochemical staining (Mulati et al., 2019). Several
lines of evidence support that PD-1H was expressed
predominantly in myeloid cells of multiple myeloma,
melanoma, and colorectal carcinoma, which were assessed
mainly by multiplex immunofluorescence (Choi et al., 2020;
Mutsaers et al., 2021; Zong et al., 2021). PD-1H has also been
reported to be constitutively expressed in naive T cells by single-
cell RNA and ATAC sequencing technologies (ElTanbouly et al.,
2020). The discrepancy between these studies might be due to the
different PD-1H antibodies and variable tumor samples used in
the experiments. Recently, PD-1H was reported to be expressed
with CD68 and CD4 in most cases of esophageal adenocarcinoma
(EAC) and to have no reliable coexpression with CD8 (Loeser
et al,, 2019). To date, little is known about PD-1H expression in
human squamous cell carcinoma (ESCC). In this study, our data
demonstrated that PD-1H was expressed at a high frequency in
tumor tissues of ESCC (85.1%, 97/114), as analyzed by
immunohistochemical staining. Multiplex
immunohistochemistry showed that PD-1H was detected in
CD4 T cells, CD8 T cells, and CD68 macrophages of ESCC
tumor tissues. PD-1H protein was diffusely distributed within the

PD-1H Expression Stasus in ESCC

plasma membrane of tumor infiltrating immune cells, and PD-
1H expression levels were significantly higher in CD68-positive
macrophages than T cells. Next, the optimal cutoff for PD-1H
expression levels was determined using the method implemented
in the survMisc R package. Our data showed that the number of
immune cells, especially CD4" T cells, was significantly higher in
ESCC cases with high levels of PD-1H expression than in ESCC
cases with low levels of PD-1H. Altogether, our findings firstly
provide direct information on PD-1H expression pattern and
distribution in ESCC tumor tissues. ESCC and EAC have almost
completely distinct geographic patterns, time trends, and primary
risk factors (Abnet et al., 2018; Salem et al., 2018). In EAC, PD-1H
was found to be coexpressed with CD68 and CD4; however, no
reliable coexpression with CD8 was detectable. The different
expression patterns of PD-1H between ESCC and EAC
suggested the potentially different immune regulation
mechanism of PD-1H in ESCC.

To explore the potential role of PD-1H in ESCC, we examined
the association between the levels of PD-1IH mRNA expression
and the transcripts of various immune genes in ESCC datasets of
182 patients from TCGA. Intriguingly, high levels of PD-1H
mRNA expression were significantly associated with stronger
CD8" cytotoxic T-cell tumor infiltration. A weaker positive
association was found in CD4" helper T cells, CD56" NK
cells, CD20" B lymphocytes, CD14" monocytes, CD68"
macrophages, CD1c" myeloid dendritic cells, and CD31*
endothelial cells. Conversely, the PD-IH mRNA expression
level was negatively correlated with myeloid-derived
suppressor cells (MDSCs). Monocytes, macrophages, and
MDSCs represent different stages of myeloid differentiation.
MDSCs represent a phenotypically heterogeneous population
of immature myeloid cells and can be divided into
granulocytic  (G-MDSCs) and monocytic (M-MDSCs)
subpopulations. Macrophages are the most abundant tumor-
infiltrating immune cells and display noticeable plasticity,
which allows them to perform several functions within the
tumor microenvironment (Kwak al., 2020). PD-1H
expression was observed in a range of tumor-infiltrating
immune cells with inconsistent expression profiles in different
types of cancers. Most previous studies supported that PD-1H is a
negative immune regulator. PD-1H/VISTA is highly expressed
on MDSCs derived from patients with AML, and PD-1H gene
knockdown by siRNA potently reduces the MDSC-mediated
inhibition of CD8 T-cell activity (Wang et al., 2018). In a B16
melanoma model, PD-1H blockade with antibodies decreased the
infiltration of M-MDSCs in the tumor microenvironment
through impairment of M-MDSC migration into tumor sites
(Le Mercier et al., 2014). Broughton et al. found that PD-1H
deficiency reduced the migration of PD-1H KO macrophages and
MDSCs into the tumor microenvironment by altering chemokine
receptor recycling (Broughton et al., 2019). Recently, Rogers et al.
reported that agonistic PD-1H antibodies promoted human
monocytes to express HLA, CD80, and CD40 in an Fc effector
functional manner, indicating that PD-1H can serve as an
activating receptor on human monocytes (Rogers et al., 2021).
Our findings showed that the PD-1H mRNA expression level was
positively correlated with the infiltration of CD8" T cells, CD4"
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T cells, and CD68" macrophages, whereas the PD-1H mRNA
expression level was negatively correlated with HLA-DR"CD33"
MDSC infiltration. Based on our findings, it is tempting to
speculate that high levels of PD-1H expression associated with
an immune-activated microenvironment contribute favorable
clinical outcomes in human esophageal squamous cell carcinoma.

Increasing evidence suggests a correlation between PD-1H
expression and tumor patient prognosis. Boger et al. reported that
PD-1H expression did not correlate with prognosis in patients
with gastric cancer (Boger et al., 2017). Nonetheless, a higher level
expression of PD-1H combined with low CD8 expression in
tumor microenvironment is associated with poor prognosis and
lymph node metastases in patients with oral squamous cell cancer
(Wu et al,, 2017). In contrast, higher expression of PD-1H in the
tumor compartment predicted longer overall survival in patients
with nonsmall cell lung cancer (Villarroel-Espindola et al., 2018),
high-grade serous ovarian cancer (Zong et al., 2020), colorectal
carcinoma (Zong et al., 2021), hepatocellular carcinoma (Zhang
et al, 2018), triple-negative breast cancer (Cao et al.,, 2020),
hepatocellular carcinoma, and epithelioid malignant pleural
mesothelioma (Muller et al, 2020). Loeser et al. also
demonstrated an improved median overall survival in EAC
patients with PD-1H expression compared to those without
PD-1H expression, especially in the pT1/2 subgroup in EAC
(Loeser et al., 2019). Consistent with most previous reports, our
results showed that PD-1H expression was positively correlated
with favorable overall survival of ESCC patients, especially in the
G2/G3 subgroup. Nevertheless, there was no significant
association between PD-IH mRNA expression and overall
survival of patients with esophageal cell carcinoma from
TCGA database. These paradoxical results might be due to the
different tumor samples used in the experiments. Given that
“mRNA expression” is always inconsistent with “protein
expression” for multiple immune regulators, we further
analyzed PD-IH mRNA and surface protein expression in
peripheral T cells and monocytes. PD-1H membrane-bound
expression was positive in CD14" monocytes derived from
ESCC patients, whereas no detectable surface expression was
found in CD4" and CD8" T cells. Intriguingly, the PD-1H MFI on
the cell surface was decreased after monocyte isolation, indicating
that PD-1H expression was potentially dependent on cell-cell
interactions in vivo. PD-1H was reported to be constitutively
expressed on cell surface of naive CD4* and CD8" T cells, and
could be further upregulated by PMA plus ionomycin (a non-
specific activator of T cells) (Flies et al., 2011). Our findings
demonstrated that membrane PD-1H expression was still
detected when monocytes were cocultured with PMA-activated
T cells. Nevertheless, membrane PD-1H expression was
undetectable on T cells by the stimulation of PHA, LPS, poly
(L:C), or TCR signaling in vitro. These results indicated that PD-
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(Hangzhou) Hospital, Zhejiang Shuren University School of Medicine, Hangzhou, China, °Department of Hepatobiliary and
Pancreatic Surgery, The Second Affiliated Hospital of Zhejiang University, School of Medicine, Hangzhou, China

Pancreatic cancer is one of the most lethal cancers and its prognosis is extremely poor.
Clarification of molecular mechanisms and identification of prognostic biomarkers are
urgently needed. Though we previously found that LGMN was involved in pancreatic
carcinoma progression, the upstream regulation of LGMN remains unknown. We used
reliable software to search for the potential transcription factors that may be related with
LGMN transcription, we found that ELK1 could be a new regulator of LGMN transcription
that binded directly to the LGMN promoter. Moreover, knocking down of ELK1 reduced
pancreatic cancer cells proliferation, invasion and survival, while LGMN restored the
malignancy of pancreatic cancer in vitro and in vivo. Overexpression of ELK1 further
increased cancer cells proliferation, invasion and survival. Clinically, ELK1 and LGMN were
positively correlated with clinical stage, degree of differentiation and Lymph node
infiltration. ELK1 and LGMN were identified as independent prognostic factors for
overall survival. The patients with low expression of ELK1/LGMN survived an average
of 29.65 months, whereas those with high expression of ELK1/LGMN survived an average
of 16.67 months. In conclusive, our results revealed a new mechanism by which ELK1
promoted the progression of pancreatic cancer via LGMN and conferred poor prognaosis.

Keywords: pancreatic carcinoma, LGMN, Elk1, proliferation, invasion, apoptosis

INTRODUCTION

Pancreatic adenocarcinoma is one of the most common malignancies (Bray et al., 2018). Due to the
symptoms of pancreatic adenocarcinoma are usually non-specific, the early diagnosis rate is
extremely low, which results in the late detection of pancreatic adenocarcinoma, with extensive
metastasis and poor prognosis ((Wood, 2014), (Liu et al, 2015)). The median survival time of
patients with locally advanced pancreatic cancer was merely 8-12 months. The medium survival
time of metastatic cancer patients was only 3-6 months (Colbert et al., 2014). The 5-year survival rate

Abbreviations: AEP, asparaginyl endopeptidase; CI, confidence interval; DMEM, Dulbecco’s Modified Eagle Medium; ECL,
enhanced chemiluminescence; FACS, fluorescence-activated cell sorting; FBS, fetal bovine serum; FCM, Flow cytometry; GBM,
glioblastoma; LGMN, legumain; PDAC, pancreatic ductal adenocarcinoma; qRT-PCR, quantitative real-time PCR; SDS,
sodium dodecyl sulfate; UUTUC, upper urinary tract urothelial carcinoma.
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for patients with metastatic pancreatic ductal adenocarcinoma
(PDAC) is only 8% (the lowest survival rate of all types of cancer),
and pancreatic adenocarcinoma is the fourth leading cause of
cancer-related death ((Jagadeeshan et al., 2015), (Ibrahim and
Wang, 2016)). Despite the introduction of new therapies, the
survival rates of PDAC patients has not increased significantly in
recent years (Al Haddad and Adrian, 2014). Thus, there is an
urgent need to identify potential mechanisms for pancreatic
cancer metastasis.

Legumain (LGMN), also calls asparaginyl endopeptidase (AEP),
belongs to the C13 family of cysteine proteases. LGMN specifically
cleaves peptide bonds in asparaginyl residue in the mammalian
genome (Haugen et al, 2013). Normally, LGMN exists in acidic
endosomes/lysosomes and participates in intracellular protein
degradation under physiological conditions (Herskowitz et al,
2012). LGMN functions in kidney physiology (Miller et al.,, 2011),
immunity (van Endert, 2009) and osteoclast formation (Choi et al,,
1999). LGMN has been determined to be highly expressed in many
solid tumors, including colorectal cancer, breast cancer and
glioblastoma (GBM), and high expression of LGMN correlated
with a more metastatic phenotype, which is partially mediated by
the activation of cathepsins and pro-MMP2 (Zhen et al, 2015;
D’Costa et al., 2014; Sevenich and Joyce, 2014; Edgington-Mitchell
et al,, 2015). Recently, LGMN has been shown to exhibit a vesicular
staining pattern, and high expression of LGMN was significantly
related to an advanced tumor stage, a high Gleason score, perineural
invasion, and large pancreatic adenocarcinoma tumors (Zhu et al,
2016). Although we previously found that high LGMN expression
was involved in the progression of pancreatic carcinoma in an
exosome-dependent manner and LGMN could independently

ELK1 Enhances Pancreatic Cancer Progression

indicate poor prognosis, the upstream regulation of LGMN
remains unknown (Yan et al., 2018).

In this study, we investigated the transcriptional regulation of
LGMN in pancreatic cancer cells and analyzed the functional
interaction between the transcription factors and LGMN in vitro
and in vivo. Their correlation was also analyzed in clinical
samples.

MATERIALS AND METHODS

Patients and Tissue Samples

Our study was approved by the Ethics Committee of Huzhou
Central Hospital (Approval number 20141103-01, Date of
approval: November 27, 2014). Written consent was obtained
from patients enrolled in this study. A total of 176 patients (males:
108, females: 68) with histologically confirmed PDAC at
Shanghai Changhai Hospital were recruited for this study. The
mean patient age was 60.6 years (range 32-75). Patient diagnoses
were independently reviewed by two pathologists and classified
by WHO criteria. Follow-up data were completed on May
1, 2019.

Cell Lines

The human pancreatic cancer cell lines PANC-1, BxPC3, SW1990
and ASPC-1 were purchased from the Cell Bank of the Chinese
Academy of Sciences. BXPC3 and ASPC-1 were cultured in
RPMI1640 medium. SW1990 was cultured in Leibovitz’s L-15
Medium. PANC-1was maintained in Dulbecco’s Modified Eagle
Medium (DMEM). All the medium were supplemented with 10%

TABLE 1 | Association of LGMN expression with clinicopathological variables in pancreatic ductal adenocarcinoma.

Clinicopathological characteristic n (%)
Age (year)
<60 86 (48.86)
>60 90 (51.14)
Sex
Male 108 (61.36)
Female 68 (38.64)
Clinical stages
I 138 (78.41)
v 38 (21.59)
Tumor location
Head 112 (63.64)
Body/tail 64 (36.36)
Tumor size
<4 cm 58 (32.95)
>4 cm 118 (67.05)
Differentiation
Weak to moderately 110 (62.50)
Poorly 66 (37.50)
N infiltration
Positive 165 (93.75)
Negative 11 (6.25)
Lymphnode infiltration
Positive 128 (72.73)
Negative 48 (27.27)

LGMN staining (n; %) p-value
Low High
0.137
42 (48.84) 44 (51.16)
54 (60.00) 36 (40.00)
0.224
55 (50.93) 53 (49.07)
41 (60.29) 27 (39.71)
*0.004
83 (60.14) 55 (39.86)
13 (34.21) 25 (65.79)
0.198
57 (50.89) 55 (49.11)
39 (60.93) 25 (39.07)
0.160
36 (62.07) 22 (37.93)
60 (50.85) 58 (49.15)
*0.012
68 (61.82) 42 (38.18)
28 (42.42) 38 (57.58)
0.060
87 (52.73) 78 (47.27)
9(81.82) 2 (18.18)
*0.020
63 (49.22) 65 (50.78)
33 (68.75) 15 (31.25)
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heat-inactivated fetal bovine serum (FBS; Invitrogen, Carlsbad,
CA, United States), penicillin (100 U/ml), and streptomycin
(100 pg/ml) at 37°C in a humidified atmosphere of 5% CO,.
All the cells were free of mycoplasma contamination.

Plasmids and Reagents

Lentivirus vectors for ELKI and LGMN knockdown or
overexpression were constructed by Hanyin Biotech (Hanyin
Biotech, Shanghai, China). The lentivirus was packaged using
psPAX2 and pMD2G (Hanyin Biotech, Shanghai, China). To
obtain stable cells with ELK1 or LGMN knockdown or
overexpression, lentivirus supernatant was added to cells, followed

ELK1 Enhances Pancreatic Cancer Progression

by selection with 1 pg/ml puromycin for 2 weeks. siRNA sequences
for transcription factors are listed in Supplementary Table S1.

Anti-human LGMN antibody (AF2199, MAB2199; R&D),
anti-human ELKI1 antibody (ab27708; Abcam), anti-actin
antibody (ab8227; Abcam), anti-goat IgG (ab6741; Abcam)
and anti-rabbit IgG (#7074; Cell Signaling Technology) were
used in this study.

Western Blot Analysis

Lysates (50 pug per lane) collected from pancreatic cancer cells or
exosomes were separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis and transferred to nitrocellulose

g

p=0.0071

2

o
L 1

Relative expression of NFAT1 ]

o
L

Relative expression of E2F1 [T1

3.54
3.0
2.54

2.0+
157

1.0
0.54

Relative expression of LGMN

0.0-

Relative expression of LGMN

Site 1

Site 2 Site 3 Site 4 Site 5

: r
promoter
-1072 ~-1063 -736 ~-727 -645 ~ -638 -492 ~-483 433~-424

Site 1-WT: TAGCATTGTGAAGGAAGTAA
Site 1-mut: TAGCAT TACAGGAACCTTA

= 14
Site 2-WT: ATGGACCACCCAGAAACACCAACTCCAA 3 12
Site 2-mut: ATGGACACTTTCAGGGCACCAACTCCAA e io
Site 3-WT: A GAGCAGGATAACAGTATTCCTACA 8 0.8
Site 3-mut: ATTTTACATGAACGCACAGTATTCCTACA % 0.08
Site 4-WT: CAGGATAACAGAGGGAAGAAGTTATAATCTAT f: 0.06
Site 4-mut: CAGGATAAAGACTTTGGAAAGTTATAATCTAT = 004

k]

Site 5-WT: AGC GTCCCTGAAGCCGTTTAATTCT
Site 5-mut: AGCTTTTACTTTGACCACCGTTTAATTCT

e
ee
88

ét.’r p=0.0263 E 151 g 154 — 00;;=60.0178
» p<0.0001 o p<0.0001 g > g;oa

o e o 3 e
c £=0.0245 5 p<0.0001 5

S 1.0 s —— 5 1.0

g 3

£ 2 8

s N g

@ 054 & = 054

2 2 g

k] ko kS

& 00 & & oo

FIGURE 1 | Knockdown of ELK1 reduced LGMN expression in pancreatic cancer cells. (A-F) RT-PCR analysis of SP1, ELK1, GATA3, NFAT1, E2F1 and c-JUN
levels after transfection of respective sSiRNAs in PANC-1 cells. Three types of siRNA were used. (G) RT-PCR analysis of LGMN mRNA expression after transfection of
effective sSiRNAs in PANC-1 cells, the mRNA level was normalized to GAPDH. p = 0.0057 between ELK1-KD and control group, p = 0.0021 between NFAT1 and control
group. (H) Western blot analysis of LGMN levels after transfection of effective siRNAs in PANC-1 cells. (I) Luciferase assay of LGMN transcriptional activity after
transfection of ELK1 siRNAs or control in PANC-1 cells. p = 0.029 between LGMN-promoter-WT+siELK1 and control group.
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membranes. After incubation with 5% nonfat milk for 30 min at
25°C, the membranes were further incubated with primary antibodies
(1:500 dilution) overnight at 4°C. Horseradish peroxidase-conjugated
secondary antibodies (1:3,000 dilution) were added and incubated for
60min at 25°C. Immune-reactive proteins were captured by
enhanced chemiluminescence (ECL).

Total RNA Isolation and Quantitative
Real-Time PCR (gRT-PCR) Analysis

Total RNA was extracted from pancreatic adenocarcinoma cancer
cells using TRIzol reagent according to the manufacturer’s
instructions (Invitrogen). cDNA was transcribed from 1ug of
total RNA. qRT-PCR was performed with SYBR Premix Ex Taq
(TaKaRa, Dalian, China). PCR primers are listed in Supplementary
Table S2 (Shenggong Biotech, Shanghai, China).

The cycling conditions were as follows: initial denaturation at
95°C for 5 min, followed by 36 cycles of denaturation at 95°C for
10s and annealing at 60°C for 30s. The relative mRNA
expression levels were calculated using the comparative Ct
(AACt) method. Actin was used as an internal control.

CCKS8 Assay

We examined cell proliferation using CCK8 assays (Dojindo,
Japan).

Cell Invasion Assay

Cells were seeded onto the upper chamber of Matrigel-coated
transwell inserts with a pore size of 8 um in serum-free
medium. FBS (10%) was added to the lower chamber as a
chemoattractant. After 24 h, the upper surface of the insert
was gently scratched with a cotton swab. Cells invading the
lower chamber were fixed with 4% paraformaldehyde and

stained with crystal violet. The numbers of invading cells were
counted under a microscope. Five random microscopic fields
were analyzed for each insert.

Flow Cytometry (FCM) Analysis

Cell apoptosis was analyzed by annexin V staining. Briefly, cells
were seeded for 24 h and then transfected with the appropriate
lentivirus for another 48 h. The cells were then harvested, washed
twice with PBS, stained with annexin V and DAPI in binding
buffer, and detected by FCM after a 15-min incubation at room
temperature in the dark. Early apoptotic cells (annexin V+/
DAPI-) and late apoptotic cells (annexin V+/DAPI+) were
quantified.

Nude Mouse Model

Mouse experiments of our study was approved by the Animal
Ethics Committee of Huzhou Institute of Food and Drug
Inspection (Approval number HSYJ2017001, Date of approval:
December 14, 2017). Male BALB/c athymic nude mice, 4-6 weeks
old and weighing 20-22 g, were purchased from the SLAC
(Shanghai, China). The following ASPC-1 cells (5 x 10°) were
subcutaneously injected into mice: (Bray et al., 2018) ASPC-1-NC
(negative  control), (Wood, 2014) ASPC-1 ELK1-KD
(knockdown), and (Liu et al, 2015) ASPC-1 ELKI1-KD/
LGMN-OE (overexpressing). Tumor volumes were monitored
every week. After 6 weeks, all the mice were euthanized, and the
tumors were collected.

Histological and Immunohistochemical

Analyses
Histological and immunohistochemical analyses were performed
as previously described (Liu et al., 2003). Rabbit anti-ELK1
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antibody (ab32106, lot#: GR259320-21; Abcam) and rabbit anti-
LGMN antibody (ab232870, lot#: GR97368-48; Abcam), diluted
1:50 in blocking buffer, were used as primary antibodies. Normal
rabbit immunoglobulin G (Abcam) was included as a negative
control. Three pathologists from Shanghai Changhai Hospital
individually scored samples in a blinded manner before drawing
conclusions.

Quantification of IHC Parameters

ELK1 and LGMN were selected as markers respectively. The
expression of these immunosuppressive proteins in tissues were
evaluated via immunohistochemical analysis. Two pathologists to
score the intensity and the percentage of positive cells in the
tumor tissue independently. Staining intensity: 0 (No staining); 1
(Light yellow); 2 (Light brown); 3 (Brown). The percentage of
positive cells: 0 (<5%); 1 (5-25%); 3 (>25-50%); 4 (=50-75%); 4
(>75%), these two grades were multiplied and specimens were
assigned to four groups according to the achieved score: 0-3,
negative; 4-6, weak positive (+); 7-9, moderate positive (++);

ELK1 Enhances Pancreatic Cancer Progression

10-12, strong positive (+++). Negative control staining was
carried out with cold PBS in place of primary antibody.
Known positive tissues were used as positive controls. Five
fields were randomly taken from each sheet and photographed
(magnification x200-x400)

Statistical Analysis

Survival was calculated starting from the date of surgery to the
date of death or the last follow-up. Survival curves for LGMN
were plotted using the Kaplan-Meier method and compared
using the log-rank test. The median time and hazard ratio are
shown with the 95% confidence interval (CI). Data are presented
as the mean + SD or as the number and percentage. The
differences between groups and categorical variables were
compared by the chi-square test. For normally distributed
data, continuous variables were compared via an independent
samples ¢ test. Statistical analysis was performed with SPSS 15.0
(Chicago, IL, United States). Significance was defined as a p
value <0.05.
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FIGURE 3 | ELK1 promoted pancreatic cancer cell proliferation and invasion via LGMN. (A,B) CCK8 analysis of PANC-1 and ASPC-1 cells with ELK1 knocked
down as well as LGMN rescued. *p < 0.001, **p < 0.001, between ELK1-KD group and control group, ELK1-KD group and ELK1-KD+LGMN-OE group in PANC-1 cells
(A). *p < 0.001, *p < 0.001, between ELK1-KD group and ELK1-KD+LGMN-OE group in ASPC-1 cells (B). (C,D) Matrigel-Transwell analysis of PANC-1 and ASPC-1
cells with ELK1 knocked down as well as LGMN rescued. Five random microscopic fields were analyzed for each insert (shown at x200 magnification).
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FIGURE 4 | ELK1 promoted pancreatic cancer cells survival via LGMN. (A,B) FACS apoptotic analysis of PANC-1 and ASPC-1 cells with ELK1 knocked down as well as
LGMN rescued. *p = 0.0015, **p < 0.001 between ELK1-KD group and control group, ELK1-KD group and ELK1-KD+LGMN-OE group in PANC-1 cells. *p < 0.001, *p < 0.001,
between ELK1-KD group and control group, ELK1-KD group and ELK1-KD+LGMN-OE group in ASPC-1 cells.

RESULTS

ELK1 Promoted LGMN Expression in

Pancreatic Cancer Cells

Although we previously found that high expression of LGMN is
involved in the progression of PDAC, the upstream regulation
of LGMN remains unknown (18). In order to study the
upstream regulation of LGMN in PDAC, we used JASPR
and PROMP to search for potential transcription factors in
LGMN promoter. SP1, ELK1, GATA3, NFATI1, E2F1 and
c-JUN scored high in both software programs. Therefore, we
knocked down each of these factors by siRNAs (Table 1) and
determined their effect on LGMN expression in PANC-1 cells
(Figures 1A-F). As shown in the figure, the mRNA level of
LGMN decreased significantly after knockdown of ELK1 and
NFAT1 (*p = 0.0057, **p = 0.0021, Figure 1G), LGMN protein
also decreased after the inhibition of ELK1 (*p = 0.0003,
Figure 1H and Supplementary Figure S5). Therefore, we

constructed the LGMN promoter, and luciferase detection
showed that knockdown of ELK1 significantly reduced the
transcriptional activity of LGMN mRNA (*p = 0.029,
Figure 1I).

We then analyzed the expression of ELK1 and LGMN in
four different pancreatic cancer cell lines. RT-PCR results
showed that ELK1 was relatively high in PANC-1 and ASPC-1
cells compared with BXPC3 and SW1990 cells (Figure 2A),
LGMN was relatively high in PANC-1, ASPC-1 and SW1990
cells compared with BXPC3 cells (Figure 2B). A positive
correlation between ELK1 and LGMN was observed in
the mRNA level of pancreatic cancer cells (R* = 0.412,
p = 0.2430, Figure 3C).As shown in results, ELK1 protein
expression was relatively high in PANC-1 and ASPC-1 cells
compared with BXPC3 and SW1990 cells (Figure 2D),
LGMN protein expression was higher than that in control
(Figure 2D). We chose to overexpress ELK1 in BXPC3 and
SW1990 cells and found the protein level of ELK1 increased
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FIGURE 5 | ELK1 overexpression promoted pancreatic cancer cells proliferation, invasion and survival. (A,B) CCK8 analysis of SW1990 and BxPC3 cells with or
without ELK1 overexpression. *p < 0.001, o < 0.001, between ELK1-OE group and control group in SW1990 and BxPC3 cells. (C,D) Matrigel-Transwell analysis of
SW1990 and BxPC3 cells with or without ELK1 overexpression. *p = 0.0101, **p = 0.0048, between ELK1-OE group and control group in SW1990 and BxPC3 cells.
(E,F) FACS apoptotic analysis of SW1990 and BxPC3 cells with or without ELK1 overexpression. *p = 0.0005, **p < 0.001, between ELK1-OE group and control

group in SW1990 and BxPC3 cells.

(Supplementary Figure S2A). We also knocked down
ELK1 in PANC-1 and ASPC-1 cells and found the protein
level of ELK1 and LGMN decreased, while the expression
of LGMN was saved in cells supplemented with over-
expressed LGMN (Supplementary Figure S2B). Taken
together, these results indicated that transcription factor
ELK1 promoted the expression of LGMN in pancreatic
cancer cells.

ELK1 Promoted Pancreatic Cancer Cells
Proliferation, Invasion and Survival via
LGMN

To elucidate the role of ELK1 in PDAC, we examined the
proliferation, invasion and survival of pancreatic cancer
cells. CCK8 experiment showed that knockdown of ELK1
gene significantly inhibited the proliferation of PANC-1 and
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FIGURE 6 | ELK1 promoted pancreatic cancer cells progression via LGMN

in vivo. (A-C) Tumor volume of ASPC-1 cells with ELK1 knocked down as well as
LGMN rescue were monitored. *p < 0.001, *p < 0.001, between ELK1-KD group
and control group, ELK1-KD+LGMN-OE group and control group in

ASPC-1 cells (A). *p = 0.0013, *p < 0.001, between ELK1-KD group and control
group, ELK1-KD group and ELK1-KD+LGMN-OE group in ASPC-1 cells (C). (D)
Tumor weight of ASPC-1 cells with ELK1 knocked down as well as LGMN
rescued were analyzed. *p < 0.001, *p < 0.001, between ELK1-KD group and
control group, ELK1-KD group and ELK1-KD+LGMN-OE group in ASPC-1 cells.

ASPC-1 cells (*p < 0.001, **p < 0.001, Figures 3A,B). In
addition, Matrigel Transwell invasion experiment indicated
that inhibition of ELK1 weakened the invasive capacity of
PANC-1 and ASPC-1 cells (*p < 0.001, **p = 0.0013, Figures
3C,D). Fluorescence-activated cell sorting (FACS) showed
that the percentage of apoptotic cells increased after
knocking down of ELKI in PANC-1 and ASPC-1 cells (*p =
0.0015, **p < 0.001, Figures 4A,B), and yet LGMN rescued
ELK1-KD cells and restored the proliferation, invasion and
survival of PANC-1 and ASPC-1 cells (Figures 3, 4). Furthermore,
overexpression of ELK1 promoted proliferation, invasion and survival
of SW1990 and BXPC3 cells (Figure 5). The CCK8 assay showed
that overexpression of ELK1 gene significantly promoted the
proliferation of SW1990 and BXPC3 cells (*p < 0.001, **p <
0.001, Figures 5A,B). Matrigel Transwell invasion experiment

ELK1 Enhances Pancreatic Cancer Progression

indicated that overexpression of ELK1 enhanced the invasive
capacity of SW1990 and BXPC3 cells (*p = 0.0101, **p = 0.0048,
Figures 5C,D). Fluorescence-activated cell sorting (FACS) showed
that the percentage of apoptotic cells decreased after SW1990 and
BXPCS3 cells overexpressed ELK1 (*p = 0.0005, **p < 0.001, Figures
5EF). In conclusion, our study revealed that ELK1 promoted
the proliferation, invasion and survival of pancreatic cancer cells
by LGMN.

To further confirm the effects of ELK1 on PDAC development
in vivo, we constructed Xenograft models by subcutaneous
injection ASPC-1 NC cells, ASPC-1 ELK-KD cells and ASPC-
1 ELK1-KD/LGMN-OE cells. Tumor volume analysis showed
that tumors grew slower in ELK1-KD group than that in ELK1-
KD/LGMN-OE group (*p < 0.001, **p < 0.001, Figures 6A-C).
Consistent with the above results, tumors were lighter in ELK1-
KD group than that in ELK1 -KD/LGMN-OE group (p < 0.001,
p < 0.001, Figure 6D). Collectively, these in vivo experiment
confirmed our in vitro data and identified ELK1 promoted
pancreatic cancer cell proliferation, invasion and survival
through LGMN.

Relationship Between ELK1 and LGMN and
Prognosis in Pancreatic Adenocarcinoma

Patients

To evaluate the potential clinical significance of ELK1 and LGMN in
the prognosis and diagnosis of PDAC, we used immunostaining to
detect their expression in 176 PDAC patients. According to
pathological findings, PDAC patients were divided into three
groups, stage T1, T2, T3. We found that the expressions of
LGMN and ELK1 were reduced in ELK1-KD group, while
LGMN was saved in ELK1-KD/LGMN-OE group (Figures 7A,B).
Representative expression patterns in pancreatic adenocarcinoma
samples are shown in Figure 8A.

Besides, according to the expression of ELK1 and LGMN in
pancreatic adenocarcinoma samples, all patients were distributed
into two groups: the low expression group and the high
expression group (Tables 1, 2). The immunohistochemical
staining results revealed that ELK1 and LGMN levels were
significantly ~associated with clinical stage, degree of
differentiation and lymph node infiltration (Tables 1, 2).

To assess the relationship of ELK1 expression with patient
prognosis, the log-rank test and Kaplan-Meier analysis were used
to evaluate the effect of ELK1 expression on patient survival.
Patients with high levels of ELK1 and LGMN expression in tumor
tissues experienced significantly shorter OS than patients with
low ELK1 expression (n = 173, p < 0.0001, Figures 8B-D). The
mean survival time of patients with low ELK1 expression was
27.93 months (n = 96, 95% CI: 25.61-30.24), whereas the survival
time of patients with high ELK1 expression was 18.65 months
(n = 77, 95% CI: 16.92-20.38). The log-rank test (univariate
analysis) demonstrated that patients with low LGMN expression
had a longer overall survival (OS) time than patients with high
LGMN expression (x> = 36.644, p < 0.0001). Moreover, the mean
survival time of patients with low LGMN expression was
26.23 months (n 119, 95% CI: 24.14-28.41), whereas the
mean survival time of patients with high LGMN expression
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FIGURE 7 | ELK1 positively correlated with LGMN expression in vivo. (A,B) Immunohistochemical analysis of LGMN (A) and ELK1 (B) expression of ASPC-1 cells.
Figures shown that ELK1 and LGMN were expressed in ASPC-1 cells. ELK1 was not expressed in ELK1-KD group and ELK1-KD+LGMN-OE group. LGMN was rarely
expressed in ELK1-KD group and rescued its expression in ELK1-KD+LGMN-OE group.

was 18.33 months (n = 54, 95% CI: 16.73-19.94). The log-rank
test (univariate analysis) demonstrated that the patients with low
LGMN expression had a longer OS time than patients with high
LGMN expression (x° = 28.434, p < 0.0001). Multivariate Cox
regression analysis was also performed to explore whether ELK1
is an independent prognostic factor for survival. As presented in
Figures 8B,C, ELK1 expression and LGMN expression were
identified as independent prognostic factors (ELK1: HR =
2.45, 95% CI: 1.79-3.37, p < 0.0001; LGMN: HR = 2.40, 95%
CI: 1.69-3.40, p < 0.0001).

DISCUSSION

Pancreatic cancer is one of the most deadly cancers and and its
prognosis is extremely poor, mainly due to its low early detection rate

and high metastatic rate (Kamisawa et al., 2016). Though LGMN
is highly expressed in the majority of human solid tumors and is
associated with a more invasive and metastatic phenotype, the
underlying mechanisms of its tumor-promoting effects have yet
to be fully elucidated (Mai et al., 2017). We previously found that
high expression of LGMN is involved in the progression of
pancreatic carcinoma in an exosome-dependent manner and
that LGMN independently indicated poor prognosis; however,
the upstream regulation of LGMN remains unknown (Yan et al.,
2018). The regulation of gene expression by transcription
factors is a common cellular event. It has been reported that
an inflammation-regulated transcription factor known as
CCAAT-enhancer-binding protein (C/EBPP) can modulate
LGMN expression in the pathogenesis of Alzheimer’s disease
(Wang et al, 2018). As a well-known tumor suppressor, the
transcription factor p53 binds to intron 1 of the human LGMN
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FIGURE 8 | ELK1 and LGMN negatively associated with prognosis in pancreatic adenocarcinoma patients. (A) Expression of ELK1 and LGMN in pancreatic cancer
tissues. (B-D) Kaplan-Meier survival analysis in PDAC patients (n = 173) according to the ELK1 and LGMN expression. High ELK1 (B), LGMN (C) and both (D) expression
patients showed significantly shorter 5-year OS than patients with low ELK1 (B), LGMN (C) and both (D) expression in their tumors by long-rank test (o < 0.0001).

gene and regulates LGMN expression at the transcriptional level
(Yamane et al, 2013). In this study, we discovered that the
transcription factor ELK1 functions in PDAC by regulating
LGMN. Knocking down of ELK1 inhibited pancreatic cancer
cells proliferation, invasion and survival, while LGMN could
restore their malignancy. Overexpression of ELKI further
promoted pancreatic cancer cells proliferation, invasion and
survival. An animal model showed that tumors grew slower in
the ELK1-KD group and faster in the ELK1-KD/LGMN-OE
group. Clinically, ELK1 and LGMN expression were positively
correlated with clinical stage, degree of differentiation and lymph
node infiltration. ELK1 and LGMN were determined to be
independent prognostic factors for OS.

ELK1, as a transcriptional activator involved in the MAPK/
ERK pathway, induces the proliferation and/or migration/
invasion of bladder and prostate cancer cells as well as

resistance to the cytotoxic effects of the chemotherapeutic
agent cisplatin in bladder cancer cells ((Kawahara et al., 2015),
(Kawahara et al,, 2016)). ELK1 is a regulator of c-Fos. c-Fos has
been shown to form a heterodimer with Jun, leading to the
formation of the AP-1 complex and the regulation of target
gene expression and is thereby involved in tumorigenesis
(Angel and Karin, 1991). The direct regulation of BRCAI,
variations in which are linked to increased risks of breast and
ovarian cancers, by ELK1/c-Fos/Jun has also been documented
(Zhong et al., 2004). Knocking down of ELK1 in MCA-exposed
SVHUC-AR cells resulted in a significant decrease in the
expression of several oncogenes, including c-Fos, Jun, and
Myc, and a significant increase in several tumor suppressors,
such as p53, PTEN, and UGT1A (Inoue et al, 2018a).
Nonetheless, further search is needed to accurately determine
how ELK1 signal regulates PDAC progress. In this study, we have
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TABLE 2 | Association of ELK1 expression with clinicopathological variables in pancreatic ductal adenocarcinoma.

Clinicopathological characteristic n (%)
Age (year)
<60 86 (48.86)
>60 90 (51.14)
Sex
Male 108 (61.36)
Female 68 (38.64)
Clinical stages
I 138 (78.41)
v 38 (21.59)
Tumor location
Head 112 (63.64)
Body/tail 64 (36.36)
Tumor size
<4 cm 58 (32.95)
>4 cm 118 (67.05)
Differentiation
Weak to moderately 110 (62.50)
Poorly 66 (37.50)
N infiltration
Positive 165 (93.75)
Negative 11 (6.25)
Lymphnode infiltration
Positive 128 (72.73)
Negative 48 (27.27)

revealed a new mechanism by which ELKI promotes the
progression of pancreatic cancer through LGMN.

Considering the unique role of ELKI in activating gene
transcription associated with cancer progression, its value as a
prognostic marker deserves in-depth evaluation. Researchers
have confirmed ELK1 is a strong independent predictor of
prostate cancer recurrence (Pardy et al., 2020). Overexpression
of phospho-ELK1, the activated form of ELKI, has also been
discovered to be a predictor of poor prognosis in patients with
upper urinary tract urothelial carcinoma (UUTUC) (Inoue et al.,
2018b). In our study, high levels of ELK1 and LGMN were
associated with advanced clinical stage and short OS,
consistent with previous studies. Therefore, ELK1 can be used
as a reliable indicator for predicting the prognosis of PDAC.

In conclusion, our results suggest that ELK1 promotes pancreatic
cancer progression via LGMN and correlates with poor prognosis.
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