:' frontiers ‘ Frontiers in Oncology

ORIGINAL RESEARCH
published: 30 June 2022
doi: 10.3389/fonc.2022.902974

OPEN ACCESS

Edited by:

Norfilza M. Mokhtar,

National University of Malaysia,
Malaysia

Reviewed by:

Natércia Conceigéo,

University of Algarve, Portugal
Chunlei Zheng,

Boston University, United States

*Correspondence:

Wei Wang
wwscu1218@163.com
Xiao-Jian Wu
wuxjian@mail.sysu.edu.cn
Feng Gao
gaof57@mail.sysu.edu.cn

TThese authors have contributed
equally to this work

Specialty section:

This article was submitted to
Gastrointestinal Cancers:
Colorectal Cancer,

a section of the journal
Frontiers in Oncology

Received: 23 March 2022
Accepted: 26 May 2022
Published: 30 June 2022

Citation:

Zhong M-E, Huang Z-P, Wang X,

Cai D, Li C-H, Gao F, Wu X-J and
Wang W (2022) A Transcription Factor
Signature Can Identify the CMS4
Subtype and Stratify the Prognostic
Risk of Colorectal Cancer.

Front. Oncol. 12:902974.

doi: 10.3389/fonc.2022.902974

Check for
updates

A Transcription Factor Signature Can
Identify the CMS4 Subtype and
Stratify the Prognostic Risk of
Colorectal Cancer

Min-Er Zhong 3", Ze-Ping Huang %, Xun Wang®', Du Cai’?, Cheng-Hang Li"?,
Feng Gao 2", Xiao-Jian Wu "** and Wei Wang**

" Department of Colorectal Surgery, The Sixth Affiliated Hospital, Sun Yat-sen University, Guangzhou, China, 2 Guangdong
Provincial Key Laboratory of Colorectal and Pelvic Floor Diseases, The Sixth Affiliated Hospital, Sun Yat-sen University,
Guangzhou, China, 3 Department of Biomedical Engineering, School of Basic Medical Science, Central South University,
Changsha, China, # Biomedical Big Data Centre, Department of Gynaecology, Huzhou Maternity & Child Health Care
Hospital, Huzhou, China

Background: Colorectal cancer (CRC) is a heterogeneous disease, and current
classification systems are insufficient for stratifying patients with different risks. This
study aims to develop a generalized, individualized prognostic consensus molecular
subtype (CMS)-transcription factors (TFs)-based signature that can predict the prognosis
of CRC.

Methods: We obtained differentially expressed TF signature and target genes between
the CMS4 and other CMS subtypes of CRC from The Cancer Genome Atlas (TCGA)
database. A multi-dimensional network inference integrative analysis was conducted to
identify the master genes and establish a CMS4-TFs-based signature. For validation, an
in-house clinical cohort (n = 351) and another independent public CRC cohort (n = 565)
were applied. Gene set enrichment analysis (GSEA) and prediction of immune cell
infiltration were performed to interpret the biological significance of the model.

Results: A CMS4-TFs-based signature termed TF-9 that includes nine TF master genes
was developed. Patients in the TF-9 high-risk group have significantly worse survival,
regardless of clinical characteristics. The TF-9 achieved the highest mean C-index (0.65)
compared to all other signatures reported (0.51 to 0.57). Immune infiltration revealed that
the microenvironment in the high-risk group was highly immune suppressed, as
evidenced by the overexpression of TIM3, CD39, and CD40, suggesting that high-risk
patients may not directly benefit from the immune checkpoint inhibitors.

Conclusions: The TF-9 signature allows a more precise categorization of patients with
relevant clinical and biological implications, which may be a valuable tool for improving the
tailoring of therapeutic interventions in CRC patients.
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INTRODUCTION

Colorectal cancer (CRC) is the third most prevalent malignancy
worldwide and the second leading cause of cancer-related
mortality (1). Even though surgical techniques and
perioperative chemotherapy regimens have been vastly
improved, the prognosis for patients with CRC remains
dismal. The current American Joint Committee on Cancer
(AJCC) Tumor, Nodal Involvement, Metastasis (TNM)
Staging System (the Eighth Edition) has demonstrated useful
but insufficient prediction for prognosis and estimation for
different subsets of CRC patients. TNM staging can only
describe the anatomical characteristics of the tumor, and it is
difficult to reflect the tumor’s inherent heterogeneity and
metastatic potential. CRC is a heterogeneous disease with
significant differences in survival even among patients with
similar clinical characteristics and treatment regimens,
indicating that the current classification systems and clinical
features are insufficient to stratify patients with different risks
effectively. Increasing evidence suggests that the development
and application of effective molecular biomarkers could
facilitate the prognostic assessment and identification of
potential cancer patients at high-risk (2-4). With the
advancement of sequencing technology and the availability of
large-scale public cohorts with gene expression data, a more
generalized biological background-based prognostic signature
can be identified.

Cancer initiation and progression have been associated with
transcription factors (TFs) (5, 6). TFs are proteins that bind to
DNA-regulatory sequences (enhancers and silencers), which
could potentially regulate gene expression and protein
synthesis. In other words, the function of TFs is to activate or
inhibit the transcription of specific genes, thus being the primary
determinant of the gene function at a given time.

Recently, the consensus molecular subtypes (CMSs) groups
were considered the most reliable classification system available
for CRC (7). This classification system divides CRC into four
subtypes with distinguishing characteristics. CMS4 is the
mesenchymal type characterized by the prominent activation
of transforming growth factor-f, stromal invasion, and
angiogenesis (7). Notably, among the four CMSs, CMS4 has
the lowest survival rate. Previous studies on breast cancer have
demonstrated that subtype-specific prognostic signatures can
significantly improve risk stratification, which may lead to
more precise treatment for patients (3). Consequently,
present studies are more focusing on the most invasive CMS4

Abbreviations: CMS, consensus molecular subtype; TFs, Transcription factors;
CRC, Colorectal cancer; AJCC, American Joint Committee on Cancer; TF-9, Nine
transcription factor related genes’ signature; TCGA, The Cancer Genome Atlas;
GEO, Gene Expression Omnibus; MRA, Master regulator analysis; GSEA, Gene
set enrichment analysis; OS, Overall survival; RES, Recurrence-free survival; TF
genes, Transcription factor-related genes; C-index, concordance index; D-index,
robust hazard ratio; EMT, Epithelial-mesenchymal transition; ROC, Receiver-
operating characteristic; FDR, False discovery rate; MSI, microsatellite instability;
ICIL, immune checkpoint inhibitor; PD1, programmed cell death protein 1; PD-L1,
programmed cell death protein 1 ligand; dMMR, mismatch repair deficiency; MSI-
H, microsatellite instability-high; TILs, tumor-infiltrating lymphocytes; TNF,
tumor necrosis factor.

subtype and conducting network inference by integrating the
differentially expressed TF signature and target genes between
the CMS4 and other CMS subtypes.

This study analyzed the genomic data of more than 1000
CRC patients from three cohorts. Through multi-dimensional
network analysis, we identified the dominant TF signature that
regulates the most aggressive CRC subtype, CMS4. TF-9, a
nine-gene signature, was developed and validated in two
additional validation cohorts. According to our study, TF-9 is
identified as a potential risk stratification classifier and may
serve as a predictor of the response to chemotherapy and
immune checkpoint immunotherapy.

MATERIALS AND METHODS

Public Data Source

A total of 1537 CRC patients from three independent cohorts
were included in the current study. We obtained 351 CRC
samples from our in-house database and 1186 samples from
two publicly available datasets. The TCGA dataset (n = 621) (8)
was set as the training cohort. GSE39582 (n = 565) (9) and the
in-house cohort (n = 351) were used as validation cohorts.
TCGA datasets were downloaded by the “TCGAbiolinks”
package (version 2.18.0) (10). The normalized expression
profiling and corresponding clinical data of GSE39582 were
collected from the Gene Expression Omnibus (GEO) by using
the “GEOquery” package (version 2.56.0) (11). The clinical
characteristics of the patients included in the current study are
summarized in Supplementary Table S1.

In-House Clinical Cohort

The in-house cohort is one of the colorectal cancer subprojects of
the International Cancer Genome Consortium-Accelerate
Research in Genomic Oncology (ICGC-ARGO) project
(https://www.icgc-argo.org/). The normalized RNA expression
matrix and clinical data for this cohort were obtained from our
center. This study was approved by the Medical Ethics
Committee of the Sixth Affiliated Hospital of Sun Yat-
sen University.

Integrated Network Analysis

The procedure is depicted schematically in Supplementary
Figure S1. In brief, 1589 transcription factor (TF) signature
genes were retrieved from Lambert’s (5). Univariate Cox was
applied to identify TF genes linked to overall survival (OS). The
TF genes measured across all datasets were evaluated. By
integrating the differentially expressed molecular modalities
and TF genes within the CMS4 subtype, we inferred the
relationship between TF signals and potential target genes. The
limma package (version 3.42.2) (12) in R was utilized to analyze
the differential expression of TF genes and potential target genes
between the CMS4 and other CMSs. Differentially expressed TF
genes were identified when log2FC > 0.5 and adjusted P < 0.05.
Target genes were identified as differentially expressed when
log2FC > 1.25 and adjusted P < 0.05. Using the TCGA cohort as
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training data, the RTN package (version 2.10.0) (13) was used to
conduct network inference analysis. More specifically, the
network analysis incorporates three steps: firstly, compute
mutual information between a TF gene and all potential
targets, removing non-significant associations by permutation
analysis; secondly, remove unstable interactions by
bootstrapping; and finally, apply the ARACNE (Algorithm for
the Reconstruction of Accurate Cellular Networks) (14)
algorithm to reduce redundant indirect regulations. Master
regulator analysis (MRA) was performed to examine the
overrepresentation of the CMS4 signature in the regulation of
each TF gene by hypergeometric testing.

Development and Evaluation of the TF
Signature for CRC

After the hypergeometric tests resulted for all TF genes, adjusted p-
values were calculated using the Benjamini-Hochberg
procedure. Nine TF genes were identified as master regulatory
factors and were significantly upregulated in CMS4. The TF-9
prognostic signature was developed using the multivariable Cox
regression model in the TCGA cohort with these nine signature
genes. The risk score formula was constructed based on a linear
combination of the expression levels weighted with the regression
coefficients: TF-9 = (-0.1582xMEIS3) + (0.131xSNAI1) +
(0.0253xKLF17) + (0.0841xBARX1) + (-0.031xZNF532)
+ (0.3504xHEYL) + (0.0872xFOXL2) + (-0.0267xLHX6) +
(0.0789xMEIS2). Risk scores were calculated for all patients in
the TCGA cohort and the two validation cohorts. Based on the
median score of each cohort, patients were divided into high-risk
and low-risk subgroups. The prognostic relevance of TF-9 was
further evaluated using Kaplan-Meier survival analysis on two
independent validation datasets.

Gene Set Enrichment Analysis (GSEA) and
Immune Cell Infiltration Prediction

by CIBERSORT

GSEA was performed using the HTSanalyzeR package (version
2.3.5) (15). Gene sets data were downloaded from the Molecular
Signatures Database (MSigDB, https://www.gsea-msigdb.org/
gsea/msigdb/) (16). To evaluate the immunobiological
difference between the high-risk and low-risk groups,
CIBERSORT was used to characterize 22 types of immune
cells’ abundance for each sample. Specifically, standardized
gene expression series were uploaded to the CIBERSORT
portal (http://cibersort.stanford.edu/) with 1,000 permutations.

Survival Analysis

Using the Kaplan-Meier method, the OS and recurrence-free
survival (RFS) rates were calculated for all three cohorts. The log-
rank test was utilized to compare the survival curves of the
patients in the high- and low-risk groups.

Comparison With Existing Classifiers

We calculated the signature scores of Lee’s (17), Ren’s (18), and
Ye’s (19) by re-building multivariable Cox proportional-hazards
models using the TCGA and ICGC-ARGO datasets with the

published classifier genes, respectively. We calculated the
concordance index (C-index) and the robust hazard ratio (D-
index) for the three previous classifiers and TF-9 using TCGA
and ICGC-ARGO cohorts by the survcomp package (version
1.42.0) (20).

Statistical Analysis

Statistical analyses were performed with the R program (version
3.6.1, R Foundation for Statistical Computing, Vienna, Austria.
http://www.R-project.org/). A Univariate COX proportional
hazards model was used to investigate the prognostic value of
the selected TF signature. Univariate and multivariate Cox
regression analyses were done to identify the independent
prognostic effect of TF-9. The Student’s t-test was applied to
assess the nine TF signature genes and risk score distribution in
different conditions. The Pearson correlation was performed to
reveal correlations between the TF-9 scores with epithelial-
mesenchymal transition (EMT) signature genes. The receiver-
operating characteristic (ROC) analysis was performed to
evaluate the specificity and sensitivity of TF-9 in identifying
the CMS4 subtype. The Kaplan-Meier method was used to
analyze survival. The Benjamini-Hochberg procedure was
applied to control the false discovery rate (FDR). Unless
otherwise specified, a two-sided P-value < 0.05 was considered
statistically significant.

RESULTS

Multi-Dimensional Network Inference
Integrative Analysis Identified Nine TF
Genes as Key Regulators in the
CMS4 Subtype
Previously, the CMS4 subtype of CRC was characterized by the
poorest survival rate among the four CMSs (21-23). Our results
are consistent with it. The CMS4 subtype presented the worst
outcomes compared to other CMSs in TCGA (Supplementary
Figure S2). By focusing on the CMS4 subtype, we investigate the
regulatory role of TFs in CRC by multi-dimensional network
inference integrative analysis. A total of 1537 cases from three
independent datasets were enrolled in our analysis
(Supplementary Table S1). And 1589 transcription factor-
related genes (TF genes) were downloaded from Lambert’s study
(5). After univariate Cox analysis, 116 TF genes were identified to
be correlated with CRC OS. Based on the TCGA cohort, we
performed a differential analysis of TF genes and potential target
genes between the CMS4 subtype and other CMSs. As a result, 62
TF genes (log2 FC > 0.5, BH-adjusted P < 0.05) and 1693 target
genes (log2 FC > 1.25, BH-adjusted P < 0.05) were identified as
differentially expressed genes in CMS4 of CRC (Figure 1A).
With the expression profiles of these preferential TFs and
their target genes, an intricate regulatory network was developed
by calculating the mutual information between a TF signature
and its potential targets. Nine TF-related genes (MEIS3, SNAII,
KLF17, BARX1, ZNF532, HEYL, FOXL2, LHX6, MEIS2) were
identified as core regulators for the CMS4 subtype
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FIGURE 1 | Network inference identified nine transcription factors gene as key regulators of CMS4 subtype in colorectal cancer. (A) Volcano plot of the
differentially expressed genes in the CMS4 vs. other CMS subtype and highlighting the nine candidate transcription factors genes. (B) All these nine transcription
factor genes can regulate EMT genes. (C) Integrated network showing the relationships between the expression profile of nine transcription factor genes and
target genes. (D) Heatmap of the expression of nine candidate transcription factors-related genes in CMS4 and other CMSs. (E) Correlation analysis
demonstrated a positive correlation between the TF-9 signature risk score and EMT score (correlation coefficient = 0.62, P < 0.001). (F) TF-9 can distinguish

(Figures 1A-C, Supplementary Table S3) by master regulator
analysis (MRA). MRA demonstrated that all nine of these TF
genes were EMT genes (Figure 1B). Compared with other CMS
subtypes, these nine candidate TF genes were significantly
upregulated in the CMS4 subtype (Figure 1D, Supplementary
Figure S$3). According to the microsatellite instability (MSI)
status, HEYL and SNAI1 were downregulated in MSI patients,
FOXL2 was upregulated, and the other six genes were not
significantly different (Supplementary Figure S4).

Development of the TF-9 Signature

The risk model termed TF-9 was constructed with the
coefficients generated from the multivariable Cox proportional-
hazards model. After extracting coefficients from the results, we
calculated risk scores with coefficient-weighted expression levels
of these nine TFs: risk score = (-0.1582xMEIS3) +
(0.131xSNAII) + (0.0253xKLF17) + (0.0841xBARXI)
+ (-0.031xZNF532) + (0.3504xHEYL) + (0.0872xFOXL2) +
(-0.0267xLHX6) + (0.0789xMEIS2). As CMS4 tumors

exhibited high overexpression of genes associated with EMT
(7), correlation analysis was performed between the TF-9 risk
score and EMT score for further investigation. Unsurprisingly,
the TF-9 risk score exhibited a substantial positive correlation
with the EMT score (correlation coefficient = 0.62, P < 0.001,
Figure 1E), indicating that the EMT may be regulated by these
nine genes. These results suggest that these nine genes were the
master genes that regulated the CMS4 subtype, and the TF-9 was
highly related to EMT. Because the calculation of CMS
classification relies on the sequencing information of tumors,
its clinical translation and application are hampered.
Additionally, since these nine TF genes are the master genes
that regulate the CMS4 subtype, we wondered whether TF-9
could be a tool for identifying CMS4. Therefore, the ROC curve
was performed to examine the performance of TF-9 as a
biomarker for identifying CMS4. The result shows that the
diagnostic performance of TF-9 for distinguishing CMS4 was
satisfactory, with an AUC value of 0.83 in the TCGA cohort
(Figure 1F). The same performance was achieved in two
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independent validation cohorts, with AUC values of 0.86 for
GSE39582 and 0.89 for ICGC-ARGO (Supplementary
Figure S5).

TF-9 Can Predict the Outcome
of CRC Patients

A univariate analysis was performed to evaluate the prognostic
potential of these nine TF genes. As shown in Figure 2, the
expression of these nine TF genes was implicated as
independent prognostic factors in CRC in both the TCGA and
ICGC-ARGO cohorts. To further investigate the prognostic
value of the TF-9 signature, the risk score of TF-9 was
calculated for patients in the TCGA and ICGC-ARGO
cohorts. As a result, the TF-9 showed prognostic efficiency
with an obvious higher HR in the TCGA (HR = 2.7, P <
0.001) and ICGC-ARGO (HR = 6.3, P < 0.001) cohorts
(Figure 2). Then, all patients were divided into TF-9 low- and
high-risk groups by the median risk value within each cohort
(Supplementary Table S4). Survival analysis revealed that CRC
patients with TF-9 high-risk showed significantly worse OS than
patients in the low-risk group in the training cohort (Figure 3A;
HR = 1.7, P = 1.46x10°%). Moreover, the high-risk group showed
significantly reduced OS compared with the low-risk group in
two validation cohorts (Figures 3B,C). A more significant
survival diversity was observed between the high- and low-risk
groups in the pooled validation datasets (Figure 3D). Since
tumor recurrence plays a vital role in the poor prognosis of
CRC, we also performed survival analyses focusing on RFS. As
demonstrated in Figures 3E-H, the risk score of TF-9 was also
negatively correlated with RFS. In addition, the TF-9 remains
effective at discriminating survival after adjusting to clinical
factors associated with prognosis, including gender, TNM stage,
MSI status (MSI vs. MSS), and primary tumor location (left- vs.
right-sided, Figure 4). Even when stratified by mutation of RAS
or APC, TF-9 can still stratify patients into low- and high-risk
groups with significant prognosis value (Supplementary Figure
$6). Unsurprisingly, both univariate and multivariate Cox

analyses identified the TF-9 signature as an independent
prognostic factor for CRC (Supplementary Table S2).

TF-9 Shows Its Superiority in Prognostic
Prediction Compared With

Existing Models

To compare the prognostic value of the TF-9 gene signature with
existing prognostic classifiers, the C-index and D-index were
calculated with survival data from the TCGA and ICGC-ARGO
cohorts. The C-index was significantly higher in TF-9 than in the
existing Lee, Ren, and Ye prognostic systems (Meta C-index, TE-
9 vs. Lee: 0.65 vs. 0.57, P < 0.01; TF-9 vs. Ren: 0.65 vs. 0.51, P <
0.01; TE-9 vs. Ye: 0.65 vs. 0.54, P < 0.01; Figure 5A). Similar to
the C-index, the D-index of TF-9 was also significantly higher in
TF-9 than in Ren, Lee, and Ye’s prognostic systems (Meta D-
index, TF-9 vs. Lee: 2.51 vs. 1.33, P < 0.01; TF-9 vs. Ren: 2.51 vs.
1.08,P <0.01; TF-9 vs. Ye: 2.51 vs. 1.26, P < 0.01; Figure 5B). The
above results showed the potential and robustness of TF-9 as a
prognostic prediction platform.

Functional Analysis Reveals the
Characteristic Pathway of CMS4

GSEA was performed to screen the differently enriched pathways
between the high- and low-risk groups according to the TF-9
signature. As a result, 131 gene sets (P < 0.01) were upregulated,
and 39 gene sets (P < 0.01) were downregulated in the high-risk
group (Supplementary Table S5). GSEA revealed that these nine
TF genes are mainly related to hallmark gene sets of EMT,
hypoxia, angiogenesis (Figure 6), and KRAS signaling up
(Supplementary Figure S7). Moreover, TF-9 high-risk groups
are enriched in KEGG pathways closely associated with clinical
treatment effects such as platinum drug resistance, focal adhesion,
TGF-beta signaling pathway (Figure 6), and Wnt signaling
pathway (Supplementary Figure S7). The functional analysis
indicates that drugs targeting the oncogenic pathway may have
different efficacy in the high- and low-risk groups. The TF-9 may
help to stratify CRC patients to explore new target regimens.
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FIGURE 5 | Forest plot reporting of C-index and D-index of various prognostic signatures among the different cohorts. (A) The concordance indices (C-index) for
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(D-index) for TCGA and ICGC-ARGO cohorts. Our model achieves the highest D-index compared to the three reported models (2.51 vs. 1.08-0.33).

Genomic Omics Reveal the Immune-
Suppressed Status in the TF-9

High-Risk Group

The landscape of CRC infiltrating immune cells has not been
fully elucidated. We investigated immune infiltration of TF-9
high-risk and low-risk groups in 22 subpopulations of immune
cells using the CIBERSORT algorithm. Of note, the high-risk
group was associated with decreased densities of plasma cells and
CD4 memory-activated T cells. Low-risk patients tended to be

infiltrated with fewer M2 and MO macrophages, while no
significant difference was found within other immune cell
types (Figure 7A). Together, it revealed the immune-
suppressed status in the high-risk group. To explore the
potential mechanism of immune suppression, the expression of
various immune checkpoints was calculated in each
group. Surprisingly, in three independent cohorts, upregulated
TIM3, CD39, and CD40 were observed in the high-risk
group (Figure 7B).
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FIGURE 6 | The enriched pathways are associated with the TF-9 signature. GSEA revealed that these nine transcription factor genes are mainly related to hallmark
gene sets of EMT, hypoxia, angiogenesis, Platinum drug resistance, focal adhesion, and the TGF-beta signaling pathway.
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FIGURE 7 | Immune cell infiltration analysis of high-risk and low-risk groups. (A) The infiltration of 22 types of immune cells’” abundance for high- and low-risk
groups. The high-risk group was associated with decreased densities of plasma cells and CD4 memory-activated T cells. And low-risk patients tended to be
infiltrated with fewer M2 and MO macrophages, while no significant difference was found within other immune cell types. (B) TIM3, CD39, and CD40 were
upregulated in the high-risk group. **P < 0.001

DISCUSSION

We found nine TF genes as the key regulators affecting the
progression of the CMS4 subtype in CRC. MEIS2 and MEIS3 are
members of the MEIS family. Some studies identified the MEIS
family as oncogenes, while others recognized them as tumor
suppressor genes (24-26). It was reported that MEIS2 promotes
cell migration and invasion in CRC (27). And MEIS3 can modify
the sensitivity to cetuximab via c-Met and Akt (28).
Overexpression of SNAII sustains stemness maintenance and
promotes invasion in numerous cancers, including CRC (29, 30).
KLF17 was considered a favorable prognosis biomarker since it
suppresses EMT and metastasis (31, 32). BARXI was
hypermethylated in some patients with CRC (33), and its
expression was a predictor of relapse-free survival for
gastrointestinal stromal tumors (34). ZNF532 has been linked
to the prognosis of pancreatic ductal adenocarcinoma (35).
HEYL modulates the metastasis forming capacity of CRC (36).
FOXL?2 regulates a range of target genes related to genomic
integrity and cell pathways, including cell cycle progression,
proliferation, and apoptosis (37, 38). Previous studies have
shown that LHX6 can play a tumor inhibitory role by
inhibiting the downstream genes related to cell proliferation,
cell migration, and metastasis (39).

On the basis of these nine genes, we developed a CRC
prognostic model termed TF-9. TF-9 shows strong robustness
in prognostic risk stratification, regardless of whether it is
applied to public data or in-house cohorts. Patients in the
high-risk group had a lower survival rate, regardless of OS or
RFS, and this is irrespective of clinical characteristics such as

gender, stage, MSI status, and primary tumor location.
Meanwhile, the C index and D index demonstrated that TF-9
is superior to existing prognostic models. We anticipate that
TF-9 will considerably contribute to the stratification of
patients with CRC as a robust prognostic prediction model. It
is worth mentioning that the TF-9 signature may reliably
identify CMS4 based just on the expression of nine TF genes
without the need for comprehensive sequencing information.
This is of great significance for decreasing the cost of CMS
classification in clinical practice.

Moreover, through bioinformatics analysis and functional
annotation of these nine TF genes, we believe that TF-9 is also
helpful in explaining the biological behavior of high-risk CRC
and predicting drug sensitivity. It’s well known that the CMS4
is characterized as a mesenchymal phenotype with hallmark
features including EMT, angiogenesis, integrin upregulation,
and stromal infiltration (40). Consistent with it, all these nine
TF genes are significantly upregulated in CMS4 and are
positively correlated with EMT. Moreover, the dysregulated
genes of high-risk patients stratified by TF-9 risk score were
found to be enriched in tumor-related signaling pathways
such as EMT, angiogenesis, hypoxia, TGF-beta signaling, and
platinum drug resistance pathways. These results once again
confirm the mesenchymal phenotype of the CMS4 subtype
and suggest that there may be different chemotherapy
sensitivities between the high- and low-risk groups. GSEA
revealed that the high-risk group was significantly enriched in
the platinum drug resistance pathway. It is inferred that CRC
patients in the low-risk group may be more sensitive to
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chemotherapy regimens based on platinum drugs. The FIRE3
(AIO KRK-0306) trial demonstrated that CMS4 possibly
benefits more from anti-EGFR than anti-VEGF therapy.
Within the RAS wild-type patients, OS observed in CMS4
favored FOLFIRI cetuximab over FOLFIRI bevacizumab (41).
Combined with the results of our study, CMS4 can also be
subdivided into two diverse risk subgroups. Inferring from the
differential enrichment of EMT and angiogenesis pathways in
the two risk groups, the efficacy of the two groups on anti-
EGEFR therapy may be completely different. Perhaps the high-
risk group can benefit from anti-VEGF treatment, while the
low-risk group will benefit more from anti-EGEFR treatment. It
is exciting and needs to be explored in further clinical trials.

Except for cytotoxic chemotherapy and targeted therapy,
immune checkpoint inhibitors (ICIs) targeting programmed
cell death protein 1 (PD-1) or PD-1 ligand (PD-L1) have
emerged as promising treatment strategies in CRC that lead to
durable antitumor activities and improved survival (42, 43).
However, not all CRCs have ICIs indications. Our analysis of
the patients’ immune infiltration revealed that the
microenvironment in the high-risk group presented highly
immunosuppressed characterized by TIM3, CD39, and CD40
overexpression, which indicated the patients in the high-risk
group might not benefit from traditional ICIs such as anti-PD1
therapies directly. Nevertheless, these three immunosuppressive
molecules may suggest new therapeutic targets or regimens for
patients in the high-risk group.

TIM3 is a negative immune checkpoint and makes a crucial
contribution to tumor-induced immune suppression.
Accumulating evidence shows that high levels of TIM3
expression correlate with T cell exhaustion and inferior
clinical outcomes of cancers (44-46). TIM3 expression in
patients’ lymphocytes has been implicated in resistance to
immune checkpoint blockade, representing a potential novel
target for cancer immunotherapy (47). High levels of CD39
have been associated with advanced grade or poor disease
outcomes in multiple malignancies (48-50). Existing studies
have shown inhibition of CD39 activity can restore the
sensitivity of autophagy-deficient tumors to immunogenic
chemotherapy (51). It has been reported that combining
anti-PD1/PDL1 with CD39 inhibition results in a synergistic
effect. When anti-PD1 therapy was combined with CD39
enzymatic inhibition, it demonstrated significant tumor
growth inhibition in mice with tumors refractory to
immunotherapy (52). In other words, anti-PD1 treatment
combined with CD39 inhibition may sensitize the TF-9 high-
risk CRC tumor to immune checkpoint blockade. CD40 is a
cell-surface member of the TNF (tumor necrosis factor)
receptor superfamily. Upon activation, CD40 can turn
tumors from the immune “cold” state to the immune “hot”
ones (53), sensitizing them to checkpoint inhibition. In short,
these three immunosuppressive molecules mentioned above
may all become new targets for immunotherapy in TF-9 high-
risk patients, which needs to be further investigated.

We have perceived several limitations in this study. Firstly,
although this study included an in-house cohort and

independent external validations, it was difficult to avoid
missing information when data were retrospectively collected
in publicly available databases. Secondly, it is difficult to
perform original quality control on public datasets. Thirdly,
although we showed the enriched pathway and complex
immune microenvironment between high- and low-risk
groups, we lack the experiments to confirm this finding in
vivo and in vitro. Therefore, the findings of this study need to be
further verified by a well-designed, prospective, multi-
center study.

CONCLUSIONS

The TF genes are associated with the prognosis of CRC patients
and can identify the CMS4 subtype from other CMSs. The TF-9
signature allows a more precise categorization of patients with
relevant clinical and biological implications, which may be
valuable tools to improve tailored therapeutic interventions in
CRC patients.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: https://www.ncbi.nlm.nih.gov/geo/; https://
portal.gdc.cancer.gov/.

ETHICS STATEMENT

Ethical review and approval was not required for the study on
human participants in accordance with the local legislation and
institutional requirements. Written informed consent for
participation was not required for this study in accordance
with the national legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

Conception, design, and drafting of the article: WW, X-JW, and
FG. Development of methodology: WW, X-JW, and FG.
Acquisition of data: M-EZ, Z-PH, XW, DC, and C-HL.
Analysis and interpretation of data: M-EZ, Z-PH, and XW.
Writing, review, and/or revision of the manuscript: M-EZ,
Z-PH, and XW. Administrative and technical support: WW,
X-JW, and FG. Verified the underlying data: WW and FG. All
authors have read and approved the final version of
the manuscript.

FUNDING

This work was supported by the National Natural
Science Foundation of China (82002221, 82102475) and the

Frontiers in Oncology | www.frontiersin.org

June 2022 | Volume 12 | Article 902974


https://www.ncbi.nlm.nih.gov/geo/
https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zhong et al.

A Transcription Prognostic Signature for CRC

China Postdoctoral Science Foundation (2020M683121,
2021T140769). This work was supported by National Key
Clinical Discipline.

ACKNOWLEDGMENTS

We would like to thank Dr. Fei Gao, from Oxford University, for
editing the English text of this manuscript. We would also like to

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
Cancer Statistics 2018: Globocan Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer ] Clin (2018) 68
(6):394-424. doi: 10.3322/caac.21492

. Bruni D, Angell HK, Galon J. The Immune Contexture and Immunoscore in

Cancer Prognosis and Therapeutic Efficacy. Nat Rev Cancer (2020) 20
(11):662-80. doi: 10.1038/s41568-020-0285-7

. YuF, Quan F, Xu J, Zhang Y, Xie Y, Zhang J, et al. Breast Cancer Prognosis

Signature: Linking Risk Stratification to Disease Subtypes. Brief Bioinform
(2019) 20(6):2130-40. doi: 10.1093/bib/bby073

. Li B, Cui Y, Diehn M, Li R. Development and Validation of an Individualized

Immune Prognostic Signature in Early-Stage Nonsquamous Non-Small Cell
Lung Cancer. JAMA Oncol (2017) 3(11):1529-37. doi: 10.1001/
jamaoncol.2017.1609

. Lambert SA, Jolma A, Campitelli LF, Das PK, Yin Y, Albu M, et al. The

Human Transcription Factors. Cell (2018) 172(4):650-65. doi: 10.1016/
j.cell.2018.01.029

. Bushweller JH. Targeting Transcription Factors in Cancer - From

Undruggable to Reality. Nat Rev Cancer (2019) 19(11):611-24.
doi: 10.1038/s41568-019-0196-7

. Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson C,

et al. The Consensus Molecular Subtypes of Colorectal Cancer. Nat Med
(2015) 21(11):1350-6. doi: 10.1038/nm.3967

. Cancer Genome Atlas N. Comprehensive Molecular Characterization of

Human Colon and Rectal Cancer. Nature (2012) 487(7407):330-7.
doi: 10.1038/nature11252

. Marisa L, de Reynies A, Duval A, Selves J, Gaub MP, Vescovo L, et al. Gene

Expression Classification of Colon Cancer Into Molecular Subtypes:
Characterization, Validation, and Prognostic Value. PloS Med (2013) 10(5):
€1001453. doi: 10.1371/journal.pmed.1001453

Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, Garolini D, et al.
Tcgabiolinks: An R/Bioconductor Package for Integrative Analysis of Tcga
Data. Nucleic Acids Res (2016) 44(8):e71. doi: 10.1093/nar/gkv1507

Davis S, Meltzer PS. Geoquery: A Bridge Between the Gene Expression
Omnibus (Geo) and Bioconductor. Bioinformatics (2007) 23(14):1846-7.
doi: 10.1093/bioinformatics/btm254

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma Powers
Differential Expression Analyses for Rna-Sequencing and Microarray Studies.
Nucleic Acids Res (2015) 43(7):e47. doi: 10.1093/nar/gkv007

Chagas VS, Groeneveld CS, Oliveira KG, Trefflich S, de Almeida RC, Ponder
BAJ, et al. Rtnduals: An R/Bioconductor Package for Analysis of Co-
Regulation and Inference of Dual Regulons. Bioinformatics (2019) 35
(24):5357-8. doi: 10.1093/bioinformatics/btz534

Margolin AA, Nemenman I, Basso K, Wiggins C, Stolovitzky G, Dalla Favera
R, et al. Aracne: An Algorithm for the Reconstruction of Gene Regulatory
Networks in a Mammalian Cellular Context. BMC Bioinf (2006) 7(Suppl 1):
S7. doi: 10.1186/1471-2105-7-S1-S7

Wang X, Terfve C, Rose JC, Markowetz F. Htsanalyzer: An R/
Bioconductor Package for Integrated Network Analysis of High-
Throughput Screens. Bioinformatics (2011) 27(6):879-80. doi: 10.1093/
bioinformatics/btr028

thank Yidu Cloud Technology Co., Ltd for the assistance in the
data processing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online

at:

https://www.frontiersin.org/articles/10.3389/fonc.2022.

902974/full#supplementary-material

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P.
The Molecular Signatures Database (Msigdb) Hallmark Gene Set Collection.
Cell Syst (2015) 1(6):417-25. doi: 10.1016/j.cels.2015.12.004

Lee JH, Jung S, Park WS, Choe EK, Kim E, Shin R, et al. Prognostic
Nomogram of Hypoxia-Related Genes Predicting Overall Survival of
Colorectal Cancer-Analysis of Tcga Database. Sci Rep (2019) 9(1):1803.
doi: 10.1038/541598-018-38116-y

Ren J, Feng J, Song W, Wang C, Ge Y, Fu T. Development and Validation of a
Metabolic Gene Signature for Predicting Overall Survival in Patients With
Colon Cancer. Clin Exp Med (2020) 20(4):535-44. doi: 10.1007/s10238-020-
00652-1

Ye SB, Cheng YK, Hu JC, Gao F, Lan P. Development and Validation of an
Individualized Gene Expression-Based Signature to Predict Overall Survival in
Metastatic Colorectal Cancer. Ann Transl Med (2020) 8(4):96. doi: 10.21037/
atm.2019.12.112

Schroder MS, Culhane AC, Quackenbush J, Haibe-Kains B. Survcomp: An R/
Bioconductor Package for Performance Assessment and Comparison of
Survival Models. Bioinformatics (2011) 27(22):3206-8. doi: 10.1093/
bioinformatics/btr511

Kasashima H, Duran A, Martinez-Ordonez A, Nakanishi Y, Kinoshita H,
Linares JF, et al. Stromal Sox2 Upregulation Promotes Tumorigenesis
Through the Generation of a Sfrpl/2-Expressing Cancer-Associated
Fibroblast Population. Dev Cell (2021) 56(1):95-110 el0. doi: 10.1016/
j.devcel.2020.10.014

Jackstadt R, van Hooff SR, Leach JD, Cortes-Lavaud X, Lohuis JO, Ridgway
RA, et al. Epithelial Notch Signaling Rewires the Tumor Microenvironment of
Colorectal Cancer to Drive Poor-Prognosis Subtypes and Metastasis. Cancer
Cell (2019) 36(3):319-36 e7. doi: 10.1016/j.ccell.2019.08.003

Varga J, Nicolas A, Petrocelli V, Pesic M, Mahmoud A, Michels BE, et al. Akt-
Dependent Notch3 Activation Drives Tumor Progression in a Model of
Mesenchymal Colorectal Cancer. ] Exp Med (2020) 217(10). doi: 10.1084/
jem.20191515

Schulte D, Geerts D. Meis Transcription Factors in Development and Disease.
Development (2019) 146(16). doi: 10.1242/dev.174706

VanOpstall C, Perike S, Brechka H, Gillard M, Lamperis S, Zhu B, et al. Meis-
Mediated Suppression of Human Prostate Cancer Growth and Metastasis
Through Hoxbl3-Dependent Regulation of Proteoglycans. Elife (2020) 9.
doi: 10.7554/eLife.53600

Bhanvadia RR, VanOpstall C, Brechka H, Barashi NS, Gillard M, McAuley
EM, et al. Meisl and Meis2 Expression and Prostate Cancer Progression: A
Role for Hoxbl3 Binding Partners in Metastatic Disease. Clin Cancer Res
(2018) 24(15):3668-80. doi: 10.1158/1078-0432.CCR-17-3673

Wan Z, Chai R, Yuan H, Chen B, Dong Q, Zheng B, et al. Meis2 Promotes Cell
Migration and Invasion in Colorectal Cancer. Oncol Rep (2019) 42(1):213-23.
doi: 10.3892/0r.2019.7161

Cai P, Xie Y, Dong M, Zhu Q. Inhibition of Meis3 Generates Cetuximab
Resistance Through C-Met and Akt. BioMed Res Int (2020) 2020:2046248.
doi: 10.1155/2020/2046248

Zhu'Y, Wang C, Becker SA, Hurst K, Nogueira LM, Findlay V], et al. Mir-145
Antagonizes Snail-Mediated Stemness and Radiation Resistance in Colorectal
Cancer. Mol Ther (2018) 26(3):744-54. doi: 10.1016/j.ymthe.2017.12.023
Jung HY, Fattet L, Tsai JH, Kajimoto T, Chang Q, Newton AC, et al. Apical-
Basal Polarity Inhibits Epithelial-Mesenchymal Transition and Tumour

Frontiers in Oncology | www.frontiersin.org

June 2022 | Volume 12 | Article 902974


https://www.frontiersin.org/articles/10.3389/fonc.2022.902974/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.902974/full#supplementary-material
https://doi.org/10.3322/caac.21492
https://doi.org/10.1038/s41568-020-0285-7
https://doi.org/10.1093/bib/bby073
https://doi.org/10.1001/jamaoncol.2017.1609
https://doi.org/10.1001/jamaoncol.2017.1609
https://doi.org/10.1016/j.cell.2018.01.029
https://doi.org/10.1016/j.cell.2018.01.029
https://doi.org/10.1038/s41568-019-0196-7
https://doi.org/10.1038/nm.3967
https://doi.org/10.1038/nature11252
https://doi.org/10.1371/journal.pmed.1001453
https://doi.org/10.1093/nar/gkv1507
https://doi.org/10.1093/bioinformatics/btm254
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/bioinformatics/btz534
https://doi.org/10.1186/1471-2105-7-S1-S7
https://doi.org/10.1093/bioinformatics/btr028
https://doi.org/10.1093/bioinformatics/btr028
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1038/s41598-018-38116-y
https://doi.org/10.1007/s10238-020-00652-1
https://doi.org/10.1007/s10238-020-00652-1
https://doi.org/10.21037/atm.2019.12.112
https://doi.org/10.21037/atm.2019.12.112
https://doi.org/10.1093/bioinformatics/btr511
https://doi.org/10.1093/bioinformatics/btr511
https://doi.org/10.1016/j.devcel.2020.10.014
https://doi.org/10.1016/j.devcel.2020.10.014
https://doi.org/10.1016/j.ccell.2019.08.003
https://doi.org/10.1084/jem.20191515
https://doi.org/10.1084/jem.20191515
https://doi.org/10.1242/dev.174706
https://doi.org/10.7554/eLife.53600
https://doi.org/10.1158/1078-0432.CCR-17-3673
https://doi.org/10.3892/or.2019.7161
https://doi.org/10.1155/2020/2046248
https://doi.org/10.1016/j.ymthe.2017.12.023
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zhong et al.

A Transcription Prognostic Signature for CRC

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Metastasis by Par-Complex-Mediated Snail Degradation. Nat Cell Biol (2019)
21(3):359-71. doi: 10.1038/s41556-019-0291-8

Gumireddy K, Li A, Gimotty PA, Klein-Szanto AJ, Showe LC, Katsaros D,
et al. KIf17 Is a Negative Regulator of Epithelial-Mesenchymal Transition and
Metastasis in Breast Cancer. Nat Cell Biol (2009) 11(11):1297-304.
doi: 10.1038/ncb1974

Jiang X, Shen TY, Lu H, Shi C, Liu Z, Qin H, et al. Clinical Significance and
Biological Role of KIf17 as a Tumour Suppressor in Colorectal Cancer. Oncol
Rep (2019) 42(5):2117-29. doi: 10.3892/0r.2019.7324

Kober P, Bujko M, Oledzki J, Tysarowski A, Siedlecki JA. Methyl-Cpg Binding
Column-Based Identification of Nine Genes Hypermethylated in Colorectal
Cancer. Mol Carcinog (2011) 50(11):846-56. doi: 10.1002/mc.20763
Hemming ML, Coy S, Lin JR, Andersen JL, Przybyl ], Mazzola E, et al. Hand1
and Barx1 Act as Transcriptional and Anatomic Determinants of Malignancy
in Gastrointestinal Stromal Tumor. Clin Cancer Res (2021) 27(6):1706-19.
doi: 10.1158/1078-0432.CCR-20-3538

Luo D, Liu Y, Li Z, Zhu H, Yu X. Nr2fl-Asl Promotes Pancreatic Ductal
Adenocarcinoma Progression Through Competing Endogenous Rna
Regulatory Network Constructed by Sponging Mirna-146a-5p/Mirna-877-
5p. Front Cell Dev Biol (2021) 9:736980. doi: 10.3389/fcell.2021.736980
Weber S, Koschade SE, Hofftmann CM, Dubash TD, Giessler KM, Dieter SM,
et al. The Notch Target Gene Heyl Modulates Metastasis Forming Capacity of
Colorectal Cancer Patient-Derived Spheroid Cells in Vivo. BMC Cancer
(2019) 19(1):1181. doi: 10.1186/s12885-019-6396-4

Shin E, Jin H, Suh DS, Luo Y, Ha HJ, Kim TH, et al. An Alternative Mirisc
Targets a Cancer-Associated Coding Sequence Mutation in Foxl2. EMBO ]
(2020) 39(24):e104719. doi: 10.15252/emb;j.2020104719

Dong J, Wang R, Ren G, Li X, Wang J, Sun Y, et al. Hmga2-FoxI2 Axis
Regulates Metastases and Epithelial-To-Mesenchymal Transition of
Chemoresistant Gastric Cancer. Clin Cancer Res (2017) 23(13):3461-73.
doi: 10.1158/1078-0432.CCR-16-2180

Liu WB, Jiang X, Han F, Li YH, Chen HQ, Liu Y, et al. Lhx6 Acts as a Novel
Potential Tumour Suppressor With Epigenetic Inactivation in Lung Cancer.
Cell Death Dis (2013) 4:e882. doi: 10.1038/cddis.2013.366

Salvucci M, Crawford N, Stott K, Bullman S, Longley DB, Prehn JHM. Patients
With Mesenchymal Tumours and High Fusobacteriales Prevalence Have
Worse Prognosis in Colorectal Cancer (Crc). Gut (2021). doi: 10.1136/
gutjnl-2021-325193

Stintzing S, Wirapati P, Lenz HJ, Neureiter D, Fischer von Weikersthal L,
Decker T, et al. Consensus Molecular Subgroups (Cms) of Colorectal Cancer
(Crc) and First-Line Efficacy of Folfiri Plus Cetuximab or Bevacizumab in the
Fire3 (Aio Krk-0306) Trial. Ann Oncol (2019) 30(11):1796-803. doi: 10.1093/
annonc/mdz387

Andre T, Shiu KK, Kim TW, Jensen BV, Jensen LH, Punt C, et al.
Pembrolizumab in Microsatellite-Instability-High Advanced Colorectal
Cancer. N Engl ] Med (2020) 383(23):2207-18. doi: 10.1056/NEJM0a2017699
Sclafani F. Pd-1 Inhibition in Metastatic Dmmr/Msi-H Colorectal Cancer.
Lancet Oncol (2017) 18(9):1141-2. doi: 10.1016/s1470-2045(17)30512-0
WolfY, Anderson AC, Kuchroo VK. Tim3 Comes of Age as an Inhibitory Receptor.
Nat Rev Immunol (2020) 20(3):173-85. doi: 10.1038/s41577-019-0224-6

45. Ma X, Bi E, Lu Y, Su P, Huang C, Liu L, et al. Cholesterol Induces Cd8(+) T
Cell Exhaustion in the Tumor Microenvironment. Cell Metab (2019) 30
(1):143-56 e5. doi: 10.1016/j.cmet.2019.04.002

de Mingo Pulido A, Gardner A, Hiebler S, Soliman H, Rugo HS, Krummel
MEF, et al. Tim-3 Regulates Cd103(+) Dendritic Cell Function and Response to
Chemotherapy in Breast Cancer. Cancer Cell (2018) 33(1):60-74 e6.
doi: 10.1016/j.ccell.2017.11.019

Solinas C, De Silva P, Bron D, Willard-Gallo K, Sangiolo D. Significance of
Tim3 Expression in Cancer: From Biology to the Clinic. Semin Oncol (2019)
46(4-5):372-9. doi: 10.1053/j.seminoncol.2019.08.005

Simoni Y, Becht E, Fehlings M, Loh CY, Koo SL, Teng KWW, et al.
Bystander Cd8(+) T Cells Are Abundant and Phenotypically Distinct in
Human Tumour Infiltrates. Nature (2018) 557(7706):575-9. doi: 10.1038/
$41586-018-0130-2

Aroua N, Boet E, Ghisi M, Nicolau-Travers ML, Saland E, Gwilliam R, et al.
Extracellular Atp and Cd39 Activate Camp-Mediated Mitochondrial Stress
Response to Promote Cytarabine Resistance in Acute Myeloid Leukemia.
Cancer Discovery (2020) 10(10):1544-65. doi: 10.1158/2159-8290.CD-19-
1008

Li L, Wang L, Li J, Fan Z, Yang L, Zhang Z, et al. Metformin-Induced
Reduction of Cd39 and Cd73 Blocks Myeloid-Derived Suppressor Cell
Activity in Patients With Ovarian Cancer. Cancer Res (2018) 78(7):1779—
91. doi: 10.1158/0008-5472.CAN-17-2460

Moesta AK, Li XY, Smyth MJ. Targeting Cd39 in Cancer. Nat Rev Immunol
(2020) 20(12):739-55. doi: 10.1038/s41577-020-0376-4

Perrot I, Michaud HA, Giraudon-Paoli M, Augier S, Docquier A, Gros L, et al.
Blocking Antibodies Targeting the Cd39/Cd73 Immunosuppressive Pathway
Unleash Immune Responses in Combination Cancer Therapies. Cell Rep
(2019) 27(8):2411-25 €9. doi: 10.1016/j.celrep.2019.04.091

Vonderheide RH. Cd40 Agonist Antibodies in Cancer Immunotherapy. Annu
Rev Med (2020) 71:47-58. doi: 10.1146/annurev-med-062518-045435

46.

47.

48.

49.

50.

51.

52.

53.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhong, Huang, Wang, Cai, Li, Gao, Wu and Wang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Oncology | www.frontiersin.org

June 2022 | Volume 12 | Article 902974


https://doi.org/10.1038/s41556-019-0291-8
https://doi.org/10.1038/ncb1974
https://doi.org/10.3892/or.2019.7324
https://doi.org/10.1002/mc.20763
https://doi.org/10.1158/1078-0432.CCR-20-3538
https://doi.org/10.3389/fcell.2021.736980
https://doi.org/10.1186/s12885-019-6396-4
https://doi.org/10.15252/embj.2020104719
https://doi.org/10.1158/1078-0432.CCR-16-2180
https://doi.org/10.1038/cddis.2013.366
https://doi.org/10.1136/gutjnl-2021-325193
https://doi.org/10.1136/gutjnl-2021-325193
https://doi.org/10.1093/annonc/mdz387
https://doi.org/10.1093/annonc/mdz387
https://doi.org/10.1056/NEJMoa2017699
https://doi.org/10.1016/s1470-2045(17)30512-0
https://doi.org/10.1038/s41577-019-0224-6
https://doi.org/10.1016/j.cmet.2019.04.002
https://doi.org/10.1016/j.ccell.2017.11.019
https://doi.org/10.1053/j.seminoncol.2019.08.005
https://doi.org/10.1038/s41586-018-0130-2
https://doi.org/10.1038/s41586-018-0130-2
https://doi.org/10.1158/2159-8290.CD-19-1008
https://doi.org/10.1158/2159-8290.CD-19-1008
https://doi.org/10.1158/0008-5472.CAN-17-2460
https://doi.org/10.1038/s41577-020-0376-4
https://doi.org/10.1016/j.celrep.2019.04.091
https://doi.org/10.1146/annurev-med-062518-045435
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	A Transcription Factor Signature Can Identify the CMS4 Subtype and Stratify the Prognostic Risk of Colorectal Cancer
	Introduction
	Materials and Methods
	Public Data Source
	In-House Clinical Cohort
	Integrated Network Analysis
	Development and Evaluation of the TF Signature for CRC
	Gene Set Enrichment Analysis (GSEA) and Immune Cell Infiltration Prediction by CIBERSORT
	Survival Analysis
	Comparison With Existing Classifiers
	Statistical Analysis

	Results
	Multi-Dimensional Network Inference Integrative Analysis Identified Nine TF Genes as Key Regulators in the CMS4 Subtype
	Development of the TF-9 Signature
	TF-9 Can Predict the Outcome of CRC Patients
	TF-9 Shows Its Superiority in Prognostic Prediction Compared With Existing Models
	Functional Analysis Reveals the Characteristic Pathway of CMS4
	Genomic Omics Reveal the Immune-Suppressed Status in the TF-9 High-Risk Group

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


