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Background: The TGF-b pathway plays critical roles in numerous malignancies.
Nevertheless, its potential role in prognosis prediction and regulating tumour
microenvironment (TME) characteristics require further elucidation in bladder cancer (BLCA).

Methods: TGF-b-related genes were comprehensively summarized from several
databases. The TCGA-BLCA cohort (training cohort) was downloaded from the Cancer
Genome Atlas, and the independent validation cohorts were gathered from Xiangya
Hospital (Xinagya cohort) and Gene Expression Omnibus. Initially, we identified
differentially expressed TGF-b genes (DEGs) between cancer and normal tissues.
Subsequently, univariate Cox analysis was applied to identify prognostic DEGs, which
were further used to develop the TGF-b risk score by performing LASSO and multivariate
Cox analyses. Then, we studied the role of the TGF-b risk score in predicting prognosis
and the TME phenotypes. In addition, the role of the TGF-b risk score in guiding precision
treatments for BLCA has also been assessed.

Results: We successfully constructed a TGF-b risk score with an independent prognostic
prediction value. A high TGF-b risk score indicated an inflamed TME, which was supported
by the positive relationships between the risk score, enrichment scores of anticancer
immunity steps, and the infiltration levels of tumour-infiltrating immune cells. In addition, the
risk score positively correlated with the expression of several immune checkpoints and the T
cell inflamed score. Consistently, the risk score was positively related to the enrichment
scores of most immunotherapy-positive pathways. In addition, the sensitivities of six
common chemotherapeutic drugs were positively associated with the risk score.
Furthermore, higher risk score indicated higher sensitivity to radiotherapy and EGFR-
targeted therapy. On the contrary, patients with low-risk scores were more sensitive to
targeted therapies, including the blockade of FGFR3 and WNT-b-catenin networks.
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Conclusions:We first constructed and validated a TGF-b signature that could predict the
prognosis and TME phenotypes for BLCA. More importantly, the TGF-b risk score could
aid in individual precision treatment for BLCA.
Keywords: bladder cancer, tumour microenvironment, TGF-b, immunotherapy, risk score, chemotherapy
INTRODUCTION

Bladder cancer (BLCA) is the second frequently diagnosed
urinary cancers with high heterogeneity, causing more than
17000 deaths in the US in the past year alone (1). A variety of
treatment options, including surgery, neoadjuvant or adjuvant
chemotherapy, immunotherapy, targeted therapy, and
radiotherapy, provide competent tools for urologists to cure
patients with BLCA (2). Nonetheless, most BLCA patients are
not sensitive to these current treatments, which leads to high
overall mortality (3–6). Hence, it is imperative to explore new
prognostic biomarkers and treatment response predictors, which
promoting individual precision treatment for BLCA.

Currently, the revolution of immune checkpoint blockades
(ICB), including anti-PD-L1 or anti-PD-1 therapies, brings hope
to patients with advanced BLCA (7). The response rate of ICB
mainly depends on the tumour microenvironment (TME) (8).
The TME is a comprehensive system consisting of tumour cells,
tumour-infiltrating immune cells (TIICs), and an extracellular
matrix. The categories and infiltration levels of TIICs, including
CD8 T cells and Tregs, influence the activities of the anticancer
immune response (9–11). The status and components of the
TME are regulated by several mechanisms. One of the most
important of these mechanisms is TGF-b (12–16).

The TGF-b pathway significantly regulates cancer biology,
especially in anticancer immune responses (17). On the one
hand, TGF-b suppresses tumour progression and strengthens
TME homeostasis by inducing cancer cell apoptosis (18, 19). On
the other hand, autocrine and paracrine TGF-b stimulates EMT,
commonly mediated by the transcription factors SNAIL and
SLUG, leading to resistance to anticancer treatments (17–19).
TGF-b promotes immune evasion of cancer cells by suppressing
the proliferation, differentiation, and immunocompetence of
many immune cells, such as cytotoxic cells, DCs, and NK cells
(16, 20–22). Consistently, activation of the TGF-b pathway
indicated poor survival and resulted in resistance to ICB.
Despite the prominent role of TGF-b in regulating multiple
cancer processes, therapies targeting the TGF-b pathway have
not been well explored (10). With the improvement of genomic
sequencing methods, more and more genomic signatures have
been created to predict the prognosis and therapeutic
opportunities for cancers (8, 23, 24). In BLCA, Stojnev et al.
explored the roles of three key components (TGF-b1, Smad2,
and Smad4) of the canonical TGFb pathway in predicting the
prognosis (25). However, few studies have been conducted to
systematically correlate the TGF-b signature with the tumour
microenvironment phenotypes for BLCA.

This study, first established a novel TGF-b signature by
integrating several independent BLCA cohorts, including the
org 2
TCGA-BLCA and Xiangya cohorts. The TGF-b signature was
closely related to TME characteristics and could predict several
therapeutic opportunities for BLCA.
MATERIALS AND METHODS

Data Sets Collection and Data
Pre-Processing
Training Cohort
We downloaded TCGA-BLCA mRNA sequencing data (FPKM)
and clinical data from The Cancer Genome Atlas (TCGA). The
FPKM values were then switched into TPM values. The TCGA-
BLCA cohort included 403 BLCA samples and 19 paired
normal tissues.

Validation Cohorts
Xiangya cohort (internal validation set) was collected in our
hospital. The Xinagya cohort included 57 BLCA samples
sequenced by the BGISEQ-500 platform (BGI-Shenzhen,
China) (GSE188715) (8, 23). The TPM values of the mRNA
expression matrix were used to do the analysis. Another two
external GEO cohorts, GSE32894 (224 samples) and GSE48075
(73 samples), with detailed survival information, were gathered
from the Gene Expression Omnibus (GEO). The original RNA
expression matrices of these two GEO cohorts were directly
downloaded and eligible to be directly analysed. Three
immunotherapy associated cohorts were collected, including
IMvigor210 cohort, GSE78220, and GSE100797.

TGF-b Pathway Genes
Currently, TGF-b signature genes have not been well
summarized. Therefore, we systematically searched all TGF-b-
related genes from several common public databases with the
following search terms: GO:0007179 from AmiGO 2 (http://
amigo.geneontology.org/amigo/landing), TGF-beta from
Ensembl Genome Brower (http://grch37.ensembl.org/index.
html), BIOCARTA_TGFB_PATHWAY and KEGG_TGF_
BETA_SIGNALING_PATHWAY from GSEA (http://www.
gsea-msigdb.org/gsea/index.jsp). Eventually, a total of 225
TGF-b genes were collected (Supplementary Table 1).

Clinicopathologic information of these data sets is provided
in Supplementary Table 1.

Screening Differentially Expressed TGF-b
Genes
We identified TGF-b DEGs between bladder cancer and normal
tissues by using the empirical Bayesian approach of the limma R
package. |log2 (fold change) | > 1 and the adjusted P-value < 0.05
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were defined as standardization to determine significant TGF-b
DEGs (26). Then, we used the ClusterProfiler R package to
perform Gene Ontology (GO) analyses and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analyses based on the TGF-b
DEGs (26). Furthermore, the protein–protein interaction network
of those TGF-b DEGs was plotted by using the STRING database.

Development and Validation of the TGF-b
Risk Score
First, the prognostic TGF-b DEGs were screened by using
univariate Cox analysis and survival R package in the TCGA-
BLCA cohort. Second, we performed the least absolute shrinkage
and selector operation (LASSO) regression on the prognostic
TGF-b DEGs to reduce the dimensionality of high-dimensional
data in the TCGA-BLCA cohort. The variables with relatively
small contributions to the outcomes were given zero coefficients
in the LASSO regression analysis. Then, the genes with nonzero
coefficients were ultimately selected for multivariable Cox
regression analysis and further construct the TGF-b risk score.
The computation formula of the risk score is as follow:

Risk score = S bi * RNAi, where bi is the coefficient of the i-th
gene in multivariable Cox regression analysis.

Then, all patients were classified into two groups (high-risk and
low-risk score groups) based on the median of the TGF-b risk
scores (23, 27, 28). To illustrate the survival difference between the
high-risk and low-risk groups, Kaplan–Meier survival analysis was
used to generate the survival curves. The prognostic significance of
the TGF-b risk score was estimated by using the log-rank test. In
addition, we plotted receiver operating characteristic (ROC)
curves by using the ‘survival ROC’R package. We calculated the
area under the curve (AUC) to assess the accuracy of the TGF-b
risk score in predicting prognosis (26). We subsequently
correlated the TGF-b risk score with the tumour stage and
grade. Finally, the role of the TGF-b risk score was further
validated in several independent BLCA validation sets, including
the GSE32894, GSE48075, and Xiangya cohorts.

Development and Validation of a
Comprehensive Nomogram
We performed univariate and multivariate Cox regression analyses
to screen the independent prognostic characters based on
clinicopathologic characters and TGF-b risk score. Only 19
patients diagnosed with high tumour grade existed in the TCGA-
BLCA cohort. As a result, the tumour grade was not included in the
Cox survival analysis. Furthermore, we integrated the prognostic
factors in univariate Cox analysis to construct a comprehensive
nomogram to predict the prognosis of BLCA patients. The
statistical performance of the comprehensive nomogram was
evaluated by plotting ROC and calibration curves in the TCGA-
BLCA cohort and several external validation cohorts.

Defining the Immunological Characters in
the BLCA TME
The anticancer immune response in the BLCA TME comprises
several steps: tumour cells releasing cancer cell antigens (Step 1);
tumour cells presenting cancer antigens to immune cells in the
Frontiers in Immunology | www.frontiersin.org 3
TME (such as dendritic cells) (Step 2); antigen-presenting cells
(APCs) carrying antigens priming and activating the immune
system in the TME (Step 3); the initiation of the immune system
results in the release of related chemokines and cytokines, hence
recruiting immune cells infiltrating the TME (Steps 4-5); and
cytotoxic immune cells, such as natural killer T cells and CD8+
T cells, existing in the TME recognizing cancer cells (Step 6) and
killing them (Step 7) (29). The vitality of seven steps decides on the
fate of the tumour cells (8, 23). In addition, we calculated the levels
of tumour-infiltrating immune cells (TIICs) by adopting several
independent methods, including TIMER, Quan TIseq, TIP, XCell,
Cibersort-ABS, and MCP-Counter, based on the RNA-seq data
(30–36). Pre-existing anticancer immunity in the TME can be
reflected by the T cell inflamed score (TIS), which can predict the
clinical response to immune checkpoint block (ICB) (37). Then, we
used ssGSEA to calculate the enrichment scores of several
immunotherapy response-related pathways (8, 38). Finally, we
screened and collected 20 inhibitory immune checkpoints,
including PD-1, PD-L1, and CTLA-4. These immunological
features in the TME have been well described in our previous
studies (8, 23).

Predicting the Molecular Subtypes
in BLCA
BLCA is a highly heterogeneous tumour. The confirmation of the
individual molecular subtype contributes to personalized
precision medicine for BLCA patients. Thus, we have
lucubrated molecular subtype systems in our previous study,
including CIT, Lund, MDA, TCGA, Baylor, UNC, and
Consensus subtypes (8, 39–43). We adopted ConsensusMIBC
and BLCAsubtyping R packages to define individual subtypes. In
addition, we collected 12 heterogeneous signatures of BLCA. We
further correlated the TGF-b risk score with these molecular
subtypes and BLCA-specific signatures. After all samples were
preliminarily assigned into basal or luminal subtypes, we plotted
ROC curves to evaluate the predictive accuracy of the TGF-b
signature in evaluating the molecular subtypes.

Prediction of the Clinical Sensitivities to
Several Treatment Options for BLCA
Since chemotherapy is critical for terminal BLCA patients, we used
the pRRophetic package to evaluate the clinical response to six
common chemotherapy drugs (docetaxel, bleomycin, paclitaxel,
camptothecin, vinblastine, and cisplatin) based on data of the
Genomics of Drug Sensitivity in Cancer (GDSC) (https://www.
cancerrxgene.org/) (44). We compared the difference in the 50%
inhibitory concentration (IC50) of the six chemotherapeutics
mentioned above between the high-risk and low-risk score
groups. Targeted therapies, radiotherapy, and optional
therapeutic schedules are also crucial. Therefore, several
potential predictors related to the response of radiotherapy and
targeted therapy were gathered from our previous studies (8, 23).

Statistical Analysis
Data visualization and statistical analyses were conducted by
using R software (Version: 4.0.5). We adopted Pearson or
December 2021 | Volume 12 | Article 791924

https://www.cancerrxgene.org/
https://www.cancerrxgene.org/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Liu et al. A Novel TGF-b Risk Score in BLCA
Spearman correlation analyses to ascertain the relationships
between continuous variables. As for continuous variables
fitting normal distribution between binary groups, t test was
used. Otherwise, we used the Mann–Whitney U test. Univariate
and multivariate Cox regression analysis were used to evaluating
the correlation between the risk score and prognosis. We
calculated the accuracy of the TGF-b risk score in predicting
prognosis and molecular subtypes by plotting the ROC curves.
Analyses with two-sided P less than 0.05 were considered
statistically significant.
RESULTS

Screening of TGF-b DEGs and
Corresponding Functional Enrichment
Analysis
Sixty TGF-b DEGs were screened between BLCA and normal
tissues (Supplementary Table 2). As shown in Supplementary
Figures 1A, B, 24 TGF-b genes were over-expressed, while the
36 remaining TGF-b genes were downregulated in BLCA. For
the GO_BP analysis, these TGF-b DEGs were enriched in several
pathways, including the threonine kinase signalling pathway,
TGF-b receptor signalling pathway, and cellular response to
TGF-b stimulus (Supplementary Figure 1C). For the GO_CC
analysis, these TGF-b DEGs were enriched in transcription
regulator complex, RNA polymerase II transcription regulator
complex, and phosphatase complex. For the GO_MF analysis,
DEGs were enriched in transforming growth factor-beta binding,
SMAD binding, and cytokine binding. Moreover, KEGG
analyses demonstrated that TGF-b DEGs were also enriched in
the TGF-b signalling pathway, Hippo signalling pathway, and
bladder cancer (Supplementary Figure 1D). As expected, the
TGF-b signalling pathway was distinctly the most common
enrichment pathway of these DEGs. The PPI network analysis
results indicated that these TGF-b DEGs were closely related to
each other (Supplementary Figure 1E).

Development and Validation of TGF-b Risk
Score for BLCA
First, we identified 12 prognostic genes from the 60 TGF-b DEGs
in TCGA-BLCA cohort (Supplementary Table 2). Second, we
performed a LASSO regression based on these 12 prognostic genes
and screened eight genes with nonzero coefficients (Figures 1A,
B). The minimum lamda was 0.019. Eventually, we identified five
optimal TGF-b genes (MAP2K1, PPP2CB, LRRC32, ID2, and
FNTA) based on the Akaike information criterion (AIC). The
results of univariate Cox regression analyses based on these five
optimized genes included in the risk score model is shown in
Supplementary Table 3A. We then calculated the TGF-b risk
score by performing multivariate Cox regression on these five
genes. Figure 1C and Supplementary Table 3B displayed the
coefficients of these five genes. In TCGA-BLCA cohort, patients
were assigned into high-risk and low-risk score groups based on
the median risk score. Patients with high-risk score had poorer OS
Frontiers in Immunology | www.frontiersin.org 4
than patients with low-risk score (Figure 1D). Meanwhile, the
accuracy of the TGF-b risk score in predicting OS was acceptable
(Figure 1E). To adjust the bias caused by clinicopathological
heterogeneity, we performed further subgroup analyses based on
different clinicopathological features. As shown in Supplementary
Figure 2, patients with high-risk score had poorer prognosis
regardless of the subgroups. In addition, we successfully
validated the role of the TGF-b risk score in three independent
validation cohorts, including the Xiangya cohort, GSE32894, and
GSE48075 (Figures 1F–K). In these validation cohorts, patients
with high-risk score had poorer OS. Especially in the Xiangya
cohort, the accuracy of the TGF-b risk score in predicting the
three-year OS was more than 0.9 (Figure 1G).

Development and Validation of a
Comprehensive Nomogram Based on
Clinicopathological Characteristics and
TGF-b Risk Score
We analysed the correlations between TGF-b risk score and
tumour grade, tumour stage. As expected, patients with
advanced grades and stages had higher risk scores, which was
in accord with the adverse prognostic role of the TGF-b risk score
(Figures 2A, B). We successfully validated these results in several
external cohorts (Supplementary Figure 3). In addition, we
analysed the relationships between the risk score and
histological subtypes, muscle invasiveness, and metastasis
(Supplementary Figure 4). We found a higher risk score in
cancers with nonpapillary histology and muscle invasiveness
(Supplementary Figures 4A, B, D, F). Patients with metastasis
had higher risk score compared with patients without metastasis
(Supplementary Figures 4C, E). The significant difference was
not significant, which may be attributed to the small number of
patients with metastasis. The univariate Cox analysis results based
on several common clinicopathological characteristics showed
that tumour stage, age, and TGF-b risk score were prognostic
factors (Figure 2C). We subsequently performed multivariate
Cox analysis and further confirmed the independent prognostic
role of the TGF-b risk score (Figure 2D). As a result, the TGF-b
risk score was a robust prognostic predictor for BLCA. Then,
we integrated the TGF-b risk score with two other prognostic
factors (stage and age) to exploit a comprehensive nomogram
(Figure 2E). The accuracy of the nomogram in predicting 1-,
3-, and 5-year overall survival was 0.729, 0.746, and 0.762,
separately, which was obviously higher than the accuracy of the
TGF-b risk score (Figure 2F). The nomogram-predicted OS
was consistent with the real OS as shown in the calibration
curves (Figure 2G).

We appraised and validated the ability of the nomogram in
predicting prognosis among three external BLCA cohorts,
including the Xiangya cohort, GSE32894, and GSE48075. In
the Xiangya cohort, the accuracy in predicting 1-, 2-, and 2.5-
year OS was 0.834, 0.851, and 0.830, separately (Figure 3A). The
nomogram-predicted OS was highly similar to the real OS
(Figure 3B). Similarly, we observed the same results in
GSE32894 and GSE48075 (Figures 3C–F).
December 2021 | Volume 12 | Article 791924
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TGF-b Risk Score Predicted the Immune
Phenotypes of the TME and the
Therapeutic Response to ICB
The immune status of the TME influences the fate of cancer
cells and predicts sensitivity to ICB. First, we analysed the
Frontiers in Immunology | www.frontiersin.org 5
relationships between the risk score and the activities of the
anticancer immunity cycles. Activities of several steps, such as
the release activities of cancer cell antigens, priming, and
activation, were significantly upregulated in patients with high-
risk score (Figure 4A). This indicated that the anticancer
A B

C D E

F H J

G I K

FIGURE 1 | Development and validation of a TGF-b risk score in several BLCA cohorts. (A) LASSO coefficients of 12 prognostic TGF-b genes in the TCGA-BLCA
cohort. (B) Cross-validation for turning parameter selection via minimum criteria in the LASSO regression model. (C) The coefficients of five optimal TGF-b genes
included into the final multivariate Cox analysis. Green indicates the risk gene, while red represents the protective gene. (D) Kaplan–Meier analysis of OS for TGF-b
risk score in the TCG-BLCA cohort. (E) ROC curves of the TGF-b risk score in predicting OS in the TCG-BLCA cohort. (F, G) Validation of the TGF-b risk score in
the Xiangya cohort. (H, I) Validation of the TGF-b risk score in GSE32894. (J, K) Validation of TGF-b risk score in the GSE48075.
December 2021 | Volume 12 | Article 791924
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immune response of the TME in patients with higher risk scores
was more activated and immunogenic. Subsequently, the
activities of several steps that recruited TIICs, such as CD8 + T
cells, Th1 cells, NK cells, and DCs, were also significantly
upregulated in patients with higher risk score. Therefore, the
Frontiers in Immunology | www.frontiersin.org 6
anticancer killing activity was consistently higher in patients with
high risk score. Besides, we verified that the infiltration levels of
TIICs, including CD8 + T cells, macrophages, NK cells, DCs, and
Th1 cells, were positively correlated with the risk score in six
independent algorithms (Figure 4B). Relationships between the
A B

DC

F

G

E

FIGURE 2 | Construction and validation of a comprehensive nomogram in the TCGA-BLCA cohort. (A, B) Relationships between TGF-b risk score, tumour stage,
and tumour grade in the TCGA-BLCA cohort. (C, D) Results of univariate and multivariate Cox analysis. (E) Development of the nomogram based on stage, age and
TGF-b risk score. (F) The ROC curves of the nomogram. (G) The Calibration plots for the nomogram. (***P < 0.001).
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TGF-b risk score and the levels of other immune cells or stromal
cells in six separate algorithms are shown in Supplementary
Table 4. These data revealed that a high-risk score predicted a
hot TME status in BLCA. In line with the common sense that a
hot TME was more sensitive to ICB, the TGF-b risk score
positively correlated with the TIS (Spearman R = 0.34)
Frontiers in Immunology | www.frontiersin.org 7
(Figure 4C). Furthermore, the risk score was positively related
to the expression of 20 inhibitory immune checkpoints and the
scores of several immunotherapy response related pathways,
including the IFN-g signature, DNA repair, and base excision
repair (Figure 4D). Correlations between the risk score and
immune checkpoints are shown in Supplementary Table 5.
A B

DC

FE

FIGURE 3 | External validation of the TGF-b risk score. (A, B) Role of the TGF-b risk score in the Xiangya cohort. (C, D) Role of the TGF-b risk score in GSE32894.
(E, F) Role of the TGF-b risk score in GSE48075.
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Notably, the risk score positively correlated with CD274 (PD-L1)
(P < 0.05). Overall, a high TGF-b risk score indicated an
inflamed TME phenotype and may be more sensitive to ICB.
To adjust the bias caused by clinicopathological heterogeneity,
we performed further subgroup analyses based on different
Frontiers in Immunology | www.frontiersin.org 8
clinicopathological features. As expected, the correlations
between TGF-b risk score and TME immune status were
highly consistent in all the subgroups (Supplementary
Figures 5–10). Therefore, the TGF-b risk score was a robust
predictive biomarker for TME immune phenotypes.
A

B

D

C

FIGURE 4 | Relationships between the TGF-b risk score and the tumour immune microenvironment characteristics. (A) Differences between the high- and low-risk
score groups with respect to the activities of the cancer immunity cycles. (B) Relationships between the TGF-b risk score and the levels of several critical TIICs (CD8+
T cells, NK cells, macrophages, Th1 cells, and DCs) in six independent algorithms (right panel). (C) Relationships between the TGF-b risk score and the T cell inflamed
score (TIS). (D) Relationships between the TGF-b risk score and the enrichment of ICB response related pathways (left panel), and relationships between the TGF-b
risk score and immune checkpoints (right panel). (*P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant).
December 2021 | Volume 12 | Article 791924
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In addition, we analysed the correlations between the risk
score and TME stromal components, such as tumour fibroblasts
and several stromal signatures. Tumour fibroblasts, as essential
stromal components of the TME, were reported to have a close
connection with the TGF-b pathway. Consistently, our results
displayed a remarkable positive correlation between the TGF-b
risk score and cancer-associated fibroblasts in several
independent algorithms (Supplementary Table 4). In addition,
the risk score positively correlated with many stromal signatures,
such as pan-F-TBRS (panfibroblast TGFb response signature)
and EMT (epithelial-mesenchymal transition) signatures
(Supplementary Figure 11).

TGF-b Risk Score Predicted Molecular
Subtypes and Guided Precision Medicine
for BLCA
The molecular subtypes could guide individual precision
treatment for BLCA. Therefore, we first correlated the TGF-b
risk score with several traditional molecular subtype
classification systems, including the UNC, TCGA, MDA, Lund,
CIT, Consensus, and Baylor subtypes. As shown in Figure 5A,
cancers with higher risk score were more likely to be basal
subtype, featured by higher enrichment scores of basal
differentiation and immune activation. However, cancers with
lower risk score were more likely to be luminal subtype, featured
by higher enrichment scores of luminal differentiation and
urothelial differentiation. Furthermore, the results of ROC
curves demonstrated that the accuracy of the TGF-b risk score
in predicting the molecular subtypes of UNC, TCGA, MDA,
Lund, CIT, Consensus, and Baylor systems were 0.79, 0.76, 0.80,
0.85, 0.81, 0.80, and 0.66, respectively (Figure 5B).

The IC50 of six common chemotherapy drugs was lower in
patients with high risk score (Figure 5C). Similarly, the
enrichment scores of EGFR ligands and radiotherapy response-
related pathways were higher in patients with high risk score
(Figure 5D). These data revealed that patients in the high risk
score groups may benefit more from chemotherapy, EGFR-
targeted therapy, and radiotherapy. However, several
oncogenic signatures which supressed the anticancer immunity
were enriched in patients with low-risk score (Figure 5D).
Therefore, blocking these oncogenic pathways may improve
the prognosis of patients with low TGF-b risk scores.

Roles of TGF-b Risk Score in the Xiangya
Cohort and External Validation Cohorts
We further explored the associations between the TGF-b risk
score and TME immune phenotypes, molecular subgroups, and
therapeutic response in our Xiangya cohort. First, we proved that
the TGF-b risk score was positively related to many anticancer
immunity steps (Figure 6A left panel). In addition, the risk score
positively correlated with the levels of several TIICs, including
CD8 + T cells, macrophages, and DCs, in six independent
algorithms (Figure 6D). The TGF-b risk score was also
positively related to the enrichment of ICB response-related
signatures, the expression of 20 immune checkpoints, and TIS
(Figures 6A right panel, B, C). The results of the Xiangya cohort
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proved that a high risk score indicated an inflamed phenotype.
Then, we further validated the role of TGF-b risk score in
differentiating the molecular subtypes in the Xiangya cohort
(Figures 7A, B). Finally, we confirmed the closed associations
between the risk score and clinical responses to several treatment
options, including targeted therapies, EGFR therapies, and
radiotherapy (Figure 7C). It was apparent that patients with
high-risk scores may benefit more from radiotherapy and EGFR
targeted treatment. However, patients with low-risk scores may
benefit more from targeted treatments, such as blocking out the
WNT-b-catenin networks or FGFR3 pathways (Figure 7C). All
of these results were well-validated in two other cohorts,
GSE32894 and GSE48075 (Supplementary Figures 12, 13).
Finally, we correlated the risk score with therapeutic response
and prognosis of patients in three immunotherapy associated
cohorts (Supplementary Figure 14). In the IMvigor210 cohort,
we did not observe relationship between the risk score and
prognosis in the whole cohort or in three immune phenotypes.
Most of patients in IMvigor210 cohort received chemotherapy
before immunotherapy, which may diminish the correlations
between the TGF-b risk score and therapeutic response and
prognosis. In the GSE100797 cohort, patients in the high risk
score group had better prognosis and higher ICB response rates,
though the statistical difference was not significant. Similar
results were observed in the GSE78220 cohort.
DISCUSSION

It is widely known that the TGF-b pathway is a critical factor for
tumour development. However, TGF-b had two-sided effects
(45). From one point of view, TGF-b protected tumour cells from
malignant evolution. The inverse aspect stated that TGF-b
modulated processes such as cell invasion and immune
suppression, which cancer cells may take advantage of (17). In
addition, the expression and activation of TGF-b could be
considered potential targets for antitumor therapy (46). With
revealing the mechanisms of TGF-b in regulating tumour
biology, more and more attention has been paid to the
therapeutic ability of TGF-b (17).

Currently, the TGF-b signalling pathway is extensively used
for prognosis prediction in various tumours, such as ovarian
cancer, hepatocellular carcinoma, non-small-cell lung cancer
(NSCLC), and colorectal cancer (47–50). Previous works have
shown that TGF-b is critical for development and progression of
bladder cancer. For instance, TGF-b-induced transgelins could
promote bladder cancer metastasis (51), and the TGF-b-related
miR-1305/TGF-b2/smad3 pathway was shown to help circRIP2
accelerate bladder cancer development (52). These studies
indicated a close correlation between TGF-b and bladder
cancer. However, little work has systematically contributed to
exploring the role of TGF-b-related signatures in regulating
TME characteristics and predicting prognosis in BLCA. Thus,
we thoroughly explored TGF-b in BLCA in this study to
compensate for this gap. We screened various differentially
expressed TGF-b-related genes. Then, we selected five vital
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FIGURE 5 | The TGF-b risk score predicted molecular subtypes and promoted individual precision medicine for BLCA. (A) Correlations between TGF-b risk score,
bladder cancer signatures, and molecular subtypes from seven algorithms. (B) Predictive accuracy of the TGF-b risk score for molecular subtypes in several different
methods. (C) There are differences in the therapeutic responses to six chemotherapy drugs. (D) Relationships between TGF-b risk score and the enrichment scores
of several therapeutic signatures.
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FIGURE 6 | Relationships between the TGF-b risk score and TME immune characters in the Xiangya Cohort. (A) Relationships between TGF-b risk score and
activities of the cancer immunity cycles (left panel); Relationships between TGF-b risk score and the enrichment scores of ICB response related pathways (right
panel). (B) Relationships between the risk score and several immune checkpoints. (C) Correlation between the risk score and the T cell inflamed score (TIS).
(D) Correlations between the risk score and the levels of several TIICs in six independent algorithms. NS, not significant.
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genes among them to construct a TGF-b signature according to
the standard of our method. These genes included FNTA,
PPP2CB, LRRC32, ID2, and MAP2K1.

These five genes were correlated with tumour progression.
FNTA was regulated by scaffold association factor B (SAFB) to
promote RAS membrane association, which was buttressed to
exploit a rational approach to anticancer therapy (53). It was
remarkable that our team once intensively studied FNTA and
found its association with BLCA. The androgen receptor
promoted BLCA by regulating the expression level of circRNA-
FNTA (54); PPP2CB was reported as protein phosphatase 2A.
This enzyme regulated various of cellular biological processes,
including tumour development (55). It is one of the indicators for
Frontiers in Immunology | www.frontiersin.org 12
8p suppressor gene (56). LRRC32 was upregulated on CD4+

CD25+ FOXP3+ Treg cells; thus, it was always considered a
Treg-specific activation marker (57). GARP is regarded as a
receptor for LAP/latent TGF-b (58). The GARP and GARP-
ligand signalling pathways was demonstrated to be a target for
cancer immunotherapy (58). ID2 plays a critical role in the
survival of aggressive cancer cells (59) and positively modulates
the activity of HIF2a in glioblastoma (60). MAP2K1, also known
as MEK1, plays a critical role in inhibiting the progression of
histiocytic neoplasms (61). Based on these five genes, we
integrated multiple BLCA datasets (TCGA-BLCA, GSE32894,
GSE48075), in addition to the Xiangya cohort, to develop and
validate a novel TGF-b risk score.
A

B C

FIGURE 7 | The TGF-b risk score predicted molecular subtypes and treatments opportunities in the Xiangya Cohort. (A) The risk score accurately stratified the
molecular subtypes in different algorithms. (B) Accuracy of the risk score in predicting molecular subtypes in different algorithms. (C) Associations between the
TGF-b risk score and the enrichment scores of several therapeutic signatures.
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TGF-b signalling was proven to be a dominant suppressor of
adaptive and innate immune responses during tumour
progression (62). We regarded the risk score as reflecting the
characteristics of the TME from several aspects. First, we verified
that the TGF-b risk score predicted the survival and immune
characteristics in the TME. As displayed in our plots, patients
with higher risk scores always had lower OS rates, higher tumour
grade and stage. Second, we screened the difference in the
enrichment scores of immunotherapy response-related
signatures between the high-risk and low-risk score groups.
The IFN-g signature, APM signal, and base excision repair
were obviously enriched in patients with high risk score.
Chemotherapy significantly improved the survival for patients
with advanced BLCA (63). Therefore, the development of
accurate indicators for chemotherapy is extremely urgent.
Interestingly, we found that patients with high-risk scores
might benefit more from chemotherapy.

Here, the TGF-b risk score had positive correlations with the
enrichment scores of several anticancer immunity cycles, TIS,
and TIICs. As a result, the activity of pre-existing anticancer
immunity in the TME was higher in patients with high risk score
(37). Based on the theory of immune checkpoints inhibiting
anticancer immunity in the TME (64), we consistently correlated
the risk score with the expression of representative immune
checkpoints, including CD274, CTLA4, and CD276. The
correlation was positive and significant between the risk score
and ICI. The results showed that a tumour TME with a higher
risk score indicated a better effect of immunotargeted therapy
and more sensitivity to immunotherapy. However, inadequacy
and doubt still existed. The results also showed that the risk
score positively correlated with macrophages (M2), which were
considered a signal to inhibit anticancer immunity (Figure 4B).
Hence, the pre-existing anticancer activities of patients with high
risk scores may be restrained by the higher level of tumour
infiltrated macrophages (M2) and the over-expression of many
inhibitory immune checkpoints (such as CD274 and LAG3).
Treatments, especially ICB, were suitable for patients with high-
risk scores whose anticancer immunity was suppressed to a
certain extent (8). In contrast, patients with low-risk scores
always had lower TIS and lower expression of immune
checkpoints, which indicated that they might not be suitable
for ICB.

Anil Korkut et al. presented a pan-cancer analysis of genomic
alterations that regulated TGF-b signalling in a large sample set.
The results identified mutation hotspots in the TGF-b
superfamily, which indicated potential biomarkers for further
therapeutic and cancer diagnostic studies. Their work
demonstrated the significance and prospect of a thorough
investigation of TGF-b (65). Several studies focusing on the
prognostic prediction of TGF-b have been published. Slavica
Stojnev et al. evaluated the associations of TGF-b1, Smad4, and
Smad2 with clinicopathologic characteristics and prognosis in
urothelial bladder cancer (25). We compared our work
with these previous works. First, our key genes were screened
from numerous TGF-b-related genes with more comprehensive
algorithms, such as the lasso algorithm and Akaike information
criterion. Second, we constructed a five-gene signature and
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correlated it with molecular subtypes, TME immune
characteristics and therapeutic opportunities. Third, we
validated our model in several external cohorts. Of note, we
did not perform immunohistochemical staining, which could be
considered a flaw. The construction and validation of scoring
models has been a core of ceaseless studies in oncology research.
Numerous risk models related to EMT, immune TME, and
hypoxia have been lucubrated and reported with the potential
to predict prognosis and guide precision medicine for BLCA (23,
25, 65–68). It was remarkable that our previous work clarified
thought in screening key genes, constructing a gene model,
associating the model with immune characteristics, and
evaluating the accuracy for predicting prognosis and treatment
response. In the current study, we adopted a similar thought and
obtained results as expected.

However, drawbacks inevitably existed in several aspects of
our study. First, all of our outcomes, including the construction
of the signature and the nomogram, were based on public data
and clinical cohorts. Although we also validated these results in
the Xiangya cohort, molecular mechanisms and experiments
in vivo or in vitro may be necessary. Second, only two external
cohorts and the Xiangya cohort (only 57 samples included)
contributed to the verification of our outcomes. More
prospective data are urgently needed for further validation of
the TGF-b signature due to our clinical data limitations. Third,
the clinical appliance of the TGF-b signature needs more
exploration. The risk model was developed based on the
RNAseq data. As a result, qPCR may be a more suitable
method to calculate the risk score during clinical practice. In
addition, we will design a corresponding genetic testing kit based
on these five genes of the risk model. Fourth, we dogmatically
consider the median of the TGF-b risk score as the cut-off value
in all analyses, which was needed to be further validated.

In summary, we took one small step forwards in the sphere of
exploring rational prognostic predictors for BLCA. We
developed and validated a well-grounded TGF-b risk score
based on realistic clinical data. The TGF-b risk score was
proven to stratify the clinical outcomes and TME phenotypes
of BLCA. It also indicated the sensitivity of several treatment
options for BLCA. We found that patients with high-risk scores
may benefit more from ICB, radiotherapy, chemotherapies, and
EGFR-targeted therapy. However, patients with low-risk scores
may be more suitable to receive other targeted therapies,
including blocking out the FGFR3 or WNT-b-catenin networks.
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Supplementary Figure 1 | Identification of differentially expressed TGF-b genes
(TGF-b DEG genes) and functional analyses of these genes. (A) Sixty differentially
expressed TGF-b genes were identified between BLCA and normal tissues. (B) The
TGF-b DEG genes were shown in volcano plot. (C, D) GO, and KEGG analyses of
the TGF-b DEG genes. (E) The PPI network of the TGF-b DEG genes.

Supplementary Figure 2 | Survival analysis based on different clinicopathological
characteristics.

Supplementary Figure 3 | Correlations between the TGF-b risk score and
clinicopathologic features in external validation sets.
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Supplementary Figure 4 | Associations between the TGF-b risk score and
histological subtypes, muscle invasiveness, and metastasis.

Supplementary Figure 5 | Correlations between the TGF-b risk score and
tumour immune microenvironment characteristics in the ‘High stage’ subgroup.

Supplementary Figure 6 | Correlations between the TGF-b risk score and
tumour immune microenvironment characteristics in the ‘Low stage’ subgroup.

Supplementary Figure 7 | Correlations between the TGF-b risk score and the
tumour immune microenvironment characteristics in the ‘female’ subgroup.

Supplementary Figure 8 | Correlations between the TGF-b risk score in tumours
and the immune microenvironment characteristics in the ‘male’ subgroup.

Supplementary Figure 9 | Correlations between the TGF-b risk score and the
tumour immune microenvironment characteristics in the ‘Younger’ subgroup.

Supplementary Figure 10 | Correlations between the TGF-b risk score in
tumours and the immune microenvironment characteristics in the ‘Older’ subgroup.

Supplementary Figure 11 | Correlations between TGF-b risk score and TME
stromal components, including EMT1, EMT2, EMT3, and Pan-F-TBRS.

Supplementary Figure 12 | Validation of the TGF-b risk score in the GSE32894
cohort. (A) TGF-b risk score correlated with the activities of the cancer immunity
cycles. (B) The risk score correlated with the enrichment scores of ICB response
related pathways. (C) The risk score correlated with the immune checkpoints.
(D) The risk score accurately stratified the molecular subtypes in several different
algorithms. (E) Accuracy of the risk score in predicting the molecular subtypes in
several different algorithms. (F) The risk score correlated with the enrichment scores
of several therapeutic signatures.

Supplementary Figure 13 | Validation of the TGF-b risk score in the GSE48075
cohort. (A) TGF-b risk score correlated with the activities of the cancer immunity
cycles. (B) The risk score correlated with the enrichment scores of ICB response
related pathways. (C) The risk score correlated with the immune checkpoints.
(D) The risk score accurately stratified the molecular subtypes in several different
algorithms. (E) Accuracy of the risk score in predicting the molecular subtypes in
several different algorithms. (F) The risk score correlated with the enrichment scores
of several therapeutic signatures.

Supplementary Figure 14 | Associations between the TGF-b risk score and
therapeutic response of immunotherapy in three cohorts.

Supplementary Table 1 | TGF-b genes and detailed information of four BLCA
cohorts applied in our analysis.

Supplementary Table 2 | Sixty differentially expressed TGF-b genes between
BLCA and normal tissues.

Supplementary Table 3 | (A) Coefficients of 5 optimal candidate genes included
in the TGF-b risk score with univariate Cox regression analysis. (B) Coefficients of 5
optimal candidate genes included in the TGF-b risk score algorithm.

Supplementary Table 4 | Correlations between the risk score and the infiltration
levels of TIICs in six independent algorithms.

Supplementary Table 5 | Correlations between the risk score and
immune checkpoints.
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Prognostic Impact of Canonical TGF-b Signaling in Urothelial Bladder
Cancer. Med (Kaunas) (2019) 55(6):302. doi: 10.3390/medicina55060302

26. Yu G, Wang LG, Han Y, He QY. Clusterprofiler: An R Package for Comparing
Biological Themes Among Gene Clusters. Omics J Integr Biol (2012) 16
(5):284–7. doi: 10.1089/omi.2011.0118
Frontiers in Immunology | www.frontiersin.org 15
27. Zhou M, Zhang Z, Bao S, Hou P, Yan C, Su J, et al. Computational
Recognition of lncRNA Signature of Tumor-Infiltrating B Lymphocytes
With Potential Implications in Prognosis and Immunotherapy of Bladder
Cancer. Brief Bioinform (2021) 22(3):bbaa047. doi: 10.1093/bib/bbaa047

28. Liu W, Xie X, Qi Y, Wu J. Exploration of Immune-Related Gene Expression in
Osteosarcoma and Association With Outcomes. JAMA Netw Open (2021) 4
(8):e2119132. doi: 10.1001/jamanetworkopen.2021.19132

29. Chen DS, Mellman I. Oncology Meets Immunology: The Cancer-Immunity
Cycle. Immunity (2013) 39(1):1–10. doi: 10.1016/j.immuni.2013.07.012

30. Xu L, Deng C, Pang B, Zhang X, Liu W, Liao G, et al. TIP: A Web Server for
Resolving Tumor Immunophenotype Profiling. Cancer Res (2018) 78
(23):6575–80. doi: 10.1158/0008-5472.CAN-18-0689

31. Ru B, Wong CN, Tong Y, Zhong JY, Zhong SSW, Wu WC, et al. TISIDB: An
Integrated Repository Portal for Tumor-Immune System Interactions. Bioinf
(Oxford England) (2019) 35(20):4200–2. doi: 10.1093/bioinformatics/btz210

32. Li T, Fu J, Zeng Z, Cohen D, Li J, Chen Q, et al. TIMER2.0 for Analysis of
Tumor-Infiltrating Immune Cells. Nucleic Acids Res (2020) 48(W1):W509–
14. doi: 10.1093/nar/gkaa407

33. Finotello F, Mayer C, Plattner C, Laschober G, Rieder D, Hackl H, et al.
Molecular and Pharmacological Modulators of the Tumor Immune
Contexture Revealed by Deconvolution of RNA-Seq Data. Genome Med
(2019) 11(1):34. doi: 10.1186/s13073-019-0638-6

34. Becht E, Giraldo NA, Lacroix L, Buttard B, Elarouci N, Petitprez F, et al.
Estimating the Population Abundance of Tissue-Infiltrating Immune and
Stromal Cell Populations Using Gene Expression. Genome Biol (2016) 17
(1):218. doi: 10.1186/s13059-016-1070-5

35. Li B, Severson E, Pignon JC, Zhao H, Li T, Novak J, et al. Comprehensive
Analyses of Tumor Immunity: Implications for Cancer Immunotherapy.
Genome Biol (2016) 17(1):174. doi: 10.1186/s13059-016-1028-7

36. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
Enumeration of Cell Subsets From Tissue Expression Profiles. Nat Methods
(2015) 12(5):453–7. doi: 10.1038/nmeth.3337

37. Ayers M, Lunceford J, NebozhynM, Murphy E, Loboda A, Kaufman DR, et al.
IFN-g-Related mRNA Profile Predicts Clinical Response to PD-1 Blockade.
J Clin Invest (2017) 127(8):2930–40. doi: 10.1172/JCI91190

38. Jiang P, Gu S, Pan D, Fu J, Sahu A, Hu X, et al. Signatures of T Cell
Dysfunction and Exclusion Predict Cancer Immunotherapy Response. Nat
Med (2018) 24(10):1550–8. doi: 10.1038/s41591-018-0136-1

39. Rebouissou S, Bernard-Pierrot I, de Reyniès A, Lepage ML, Krucker C,
Chapeaublanc E, et al. EGFR as a Potential Therapeutic Target for a Subset
of Muscle-Invasive Bladder Cancers Presenting a Basal-Like Phenotype. Sci
Trans Med (2014) 6(244):244ra91. doi: 10.1126/scitranslmed.3008970

40. Sjödahl G, Lauss M, Lövgren K, Chebil G, Gudjonsson S, Veerla S, et al. A
Molecular Taxonomy for Urothelial Carcinoma. Clin Cancer Res (2012) 18
(12):3377–86. doi: 10.1158/1078-0432.CCR-12-0077-T

41. Choi W, Porten S, Kim S, Willis D, Plimack ER, Hoffman-Censits J, et al.
Identification of Distinct Basal and Luminal Subtypes of Muscle-Invasive
Bladder Cancer With Different Sensitivities to Frontline Chemotherapy.
Cancer Cell (2014) 25(2):152–65. doi: 10.1016/j.ccr.2014.01.009

42. Damrauer JS, Hoadley KA, Chism DD, Fan C, Tiganelli CJ, Wobker SE, et al.
Intrinsic Subtypes of High-Grade Bladder Cancer Reflect the Hallmarks
of Breast Cancer Biology. Proc Natl Acad Sci USA (2014) 111(8):3110–5.
doi: 10.1073/pnas.1318376111

43. Mo Q, Nikolos F, Chen F, Tramel Z, Lee YC, Hayashi K, et al. Prognostic
Power of a Tumor Differentiation Gene Signature for Bladder Urothelial
Carcinomas. J Natl Cancer Insti (2018) 110(5):448–59. doi: 10.1093/jnci/
djx243

44. Geeleher P, Cox N, Huang RS. Prrophetic: An R Package for Prediction of
Clinical Chemotherapeutic Response From Tumor Gene Expression Levels.
PloS One (2014) 9(9):e107468. doi: 10.1371/journal.pone.0107468

45. Hao Y, Baker D, Ten Dijke P. TGF-b-Mediated Epithelial-Mesenchymal
Transition and Cancer Metastasis. Int J Mol Sci (2019) 20(11). doi: 10.3390/
ijms20112767

46. Arjaans M, Oude Munnink TH, Timmer-Bosscha H, Reiss M, Walenkamp
AM, Lub-de Hooge MN, et al. Transforming Growth Factor (TGF)-b
Expression and Activation Mechanisms as Potential Targets for Anti-
Tumor Therapy and Tumor Imaging. Pharmacol Ther (2012) 135(2):123–
32. doi: 10.1016/j.pharmthera.2012.05.001
December 2021 | Volume 12 | Article 791924

https://doi.org/10.1016/j.juro.2015.06.115
https://doi.org/10.1038/nrurol.2015.231
https://doi.org/10.1007/s11912-018-0693-y
https://doi.org/10.1007/s11912-018-0693-y
https://doi.org/10.7150/thno.53649
https://doi.org/10.7150/thno.53649
https://doi.org/10.1186/s12943-020-01238-x
https://doi.org/10.1016/S1470-2045(18)30413-3
https://doi.org/10.1038/cr.2016.151
https://doi.org/10.3389/fimmu.2019.02872
https://doi.org/10.3389/fimmu.2019.02293
https://doi.org/10.1016/j.ccell.2018.07.009
https://doi.org/10.1038/nrurol.2017.144
https://doi.org/10.1016/j.immuni.2019.03.024
https://doi.org/10.1016/j.immuni.2019.03.024
https://doi.org/10.1016/j.cell.2008.07.001
https://doi.org/10.1016/j.cell.2008.07.001
https://doi.org/10.1038/s41571-020-0403-1
https://doi.org/10.1038/s41571-020-0403-1
https://doi.org/10.1016/j.semcancer.2013.12.008
https://doi.org/10.1016/j.semcancer.2013.12.008
https://doi.org/10.1016/j.it.2010.04.002
https://doi.org/10.1101/cshperspect.a022277
https://doi.org/10.1038/nature25492
https://doi.org/10.3389/fimmu.2021.725223
https://doi.org/10.3389/fimmu.2021.725223
https://doi.org/10.3389/fonc.2021.642159
https://doi.org/10.3390/medicina55060302
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/bib/bbaa047
https://doi.org/10.1001/jamanetworkopen.2021.19132
https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1158/0008-5472.CAN-18-0689
https://doi.org/10.1093/bioinformatics/btz210
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1186/s13073-019-0638-6
https://doi.org/10.1186/s13059-016-1070-5
https://doi.org/10.1186/s13059-016-1028-7
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1172/JCI91190
https://doi.org/10.1038/s41591-018-0136-1
https://doi.org/10.1126/scitranslmed.3008970
https://doi.org/10.1158/1078-0432.CCR-12-0077-T
https://doi.org/10.1016/j.ccr.2014.01.009
https://doi.org/10.1073/pnas.1318376111
https://doi.org/10.1093/jnci/djx243
https://doi.org/10.1093/jnci/djx243
https://doi.org/10.1371/journal.pone.0107468
https://doi.org/10.3390/ijms20112767
https://doi.org/10.3390/ijms20112767
https://doi.org/10.1016/j.pharmthera.2012.05.001
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Liu et al. A Novel TGF-b Risk Score in BLCA
47. Endo E, Okayama H, Saito K, Nakajima S, Yamada L, Ujiie D, et al. A Tgfb-
Dependent Stromal Subset Underlies Immune Checkpoint Inhibitor Efficacy
in DNAMismatch Repair-Deficient/Microsatellite Instability-High Colorectal
Cancer. Mol Cancer Res MCR (2020) 18(9):1402–13. doi: 10.1158/1541-
7786.MCR-20-0308

48. Gordian E, Welsh EA, Gimbrone N, Siegel EM, Shibata D, Creelan BC, et al.
Transforming Growth Factor b-Induced Epithelial-to-Mesenchymal
Signature Predicts Metastasis-Free Survival in Non-Small Cell Lung Cancer.
Oncotarget (2019) 10(8):810–24. doi: 10.18632/oncotarget.26574

49. Coulouarn C, Factor VM, Thorgeirsson SS. Transforming Growth Factor-Beta
Gene Expression Signature in Mouse Hepatocytes Predicts Clinical Outcome
in Human Cancer. Hepatol (Baltimore Md) (2008) 47(6):2059–67. doi:
10.1002/hep.22283

50. Cheon DJ, Tong Y, Sim MS, Dering J, Berel D, Cui X, et al. A Collagen-
Remodeling Gene Signature Regulated by TGF-b Signaling Is AssociatedWith
Metastasis and Poor Survival in Serous Ovarian Cancer. Clin Cancer Res
(2014) 20(3):711–23. doi: 10.1158/1078-0432.CCR-13-1256

51. Chen Z, He S, Zhan Y, He A, Fang D, Gong Y, et al. TGF-b-Induced
Transgelin Promotes Bladder Cancer Metastasis by Regulating Epithelial-
Mesenchymal Transition and Invadopodia Formation. EBioMedicine (2019)
47:208–20. doi: 10.1016/j.ebiom.2019.08.012

52. Su Y, Feng W, Shi J, Chen L, Huang J, Lin T. Circrip2 Accelerates Bladder
Cancer Progression viamiR-1305/Tgf-b2/Smad3 Pathway.Mol Cancer (2020)
19(1):23. doi: 10.1186/s12943-019-1129-5

53. Zhou M, Kuruvilla L, Shi X, Viviano S, Ahearn IM, Amendola CR, et al.
Scaffold Association Factor B (SAFB) Is Required for Expression of
Prenyltransferases and RAS Membrane Association. Proc Natl Acad Sci
USA (2020) 117(50):31914–22. doi: 10.1073/pnas.2005712117

54. Chen J, Sun Y, Ou Z, Yeh S, Huang CP, You B, et al. Androgen Receptor-
Regulated circFNTA Activates KRAS Signaling to Promote Bladder Cancer
Invasion. EMBO Rep (2020) 21(4):e48467. doi: 10.15252/embr.201948467

55. Cohen P. The Structure and Regulation of Protein Phosphatases. Annu Rev
Biochem (1989) 58:453–508. doi: 10.1146/annurev.bi.58.070189.002321

56. Eydmann ME, Knowles MA. Mutation Analysis of 8p Genes POLB and
PPP2CB in Bladder Cancer. Cancer Genet Cytogenet (1997) 93(2):167–71. doi:
10.1016/S0165-4608(96)00200-2

57. Probst-Kepper M, Geffers R, Kröger A, Viegas N, Erck C, Hecht HJ, et al.
GARP: A Key Receptor Controlling FOXP3 in Human Regulatory T Cells.
J Cell Mol Med (2009) 13(9b):3343–57. doi: 10.1111/j.1582-4934.2009.00782.x

58. Probst-Kepper M, Buer J. FOXP3 and GARP (LRRC32): The Master and Its
Minion. Biol Direct (2010) 5:8. doi: 10.1186/1745-6150-5-8

59. Liu Y, Pandey PR, Sharma S, Xing F, Wu K, Chittiboyina A, et al. ID2 and
GJB2 Promote Early-Stage Breast Cancer Progression by Regulating Cancer
Stemness. Breast Cancer Res Treat (2019) 175(1):77–90. doi: 10.1007/s10549-
018-05126-3

60. Lee SB, Frattini V, Bansal M, Castano AM, Sherman D, Hutchinson K, et al.
An ID2-Dependent Mechanism for VHL Inactivation in Cancer. Nature
(2016) 529(7585):172–7. doi: 10.1038/nature16475
Frontiers in Immunology | www.frontiersin.org 16
61. Diamond EL, Durham BH, Ulaner GA, Drill E, Buthorn J, Ki M, et al. Efficacy
of MEK Inhibition in Patients With Histiocytic Neoplasms. Nature (2019) 567
(7749):521–4. doi: 10.1038/s41586-019-1012-y

62. Sakai M, Troutman TD, Seidman JS, Ouyang Z, Spann NJ, Abe Y, et al. Liver-
Derived Signals Sequentially Reprogram Myeloid Enhancers to Initiate and
Maintain Kupffer Cell Identity. Immunity (2019) 51(4):655–70.e8. doi:
10.1016/j.immuni.2019.09.002

63. Witjes JA, Bruins HM, Cathomas R, Compérat EM, Cowan NC, Gakis G, et al.
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