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Abstract \

Background: Although some well-established oncogenes are involved in cancer initiation and progression such as prostate
cancer (PCa), the long tail of cancer genes remains to be defined. Goosecoid (GSC) has been implicated in cancer development.
However, the comprehensive biological role of GSC in pan-cancer, specifically in PCa, remains unexplored. The aim of this
study was to investigate the role of GSC in PCa development.

Methods: We performed a systematic bioinformatics exploration of GSC using datasets from The Cancer Genome Atlas,
Genotype-Tissue Expression, Gene Expression Omnibus, German Cancer Research Center, and our in-house cohorts. First, we
evaluated the expression of GSC and its association with patient prognosis, and identified GSC-relevant genetic alterations in
cancers. Further, we focused on the clinical characterization and prognostic analysis of GSC in PCa. To understand the
transcriptional regulation of GSC by E2F transcription factor 1 (E2F1), we performed chromatin immunoprecipitation
quantitative polymerase chain reaction (qQPCR). Functional experiments were conducted to validate the effect of GSC on the
tumor cellular phenotype and sensitivity to trametinib.

Results: GSC expression was elevated in various tumors and significantly correlated with patient prognosis. The alterations of
GSC contribute to the progression of various tumors especially in PCa. Patients with PCa and high GSC expression exhibited
worse progression-free survival and biochemical recurrence outcomes. Further, GSC upregulation in patients with PCa was
mostly accompanied with higher Gleason score, advanced tumor stage, lymph node metastasis, and elevated prostate-specific
antigen (PSA) levels. Mechanistically, the transcription factor, E2F1, stimulates GSC by binding to its promoter region. Detailed
experiments further demonstrated that GSC acted as an oncogene and influenced the response of PCa cells to trametinib
treatment.

Conclusions: GSC was highly overexpressed and strongly correlated with patient prognosis in PCa. We found that GSC,
regulated by E2F1, acted as an oncogene and impeded the therapeutic efficacy of trametinib in PCa.
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Introduction esis.”) Additionally, BRCA1/BRCA2 are essential for
maintaining genomic stability and repairing damaged DNA.
Therefore, mutations of BRCA1/BRCA2 may contribute to
the progression of PCa.!®! Despite significant advancements
in understanding the mechanisms underlying PCa devel-

Prostate cancer (PCa), which accounts for a significant
number of cancer-related deaths in men worldwide,!"!
follows a sequential progression from prostate intraepi-
thelial neoplasia to adenocarcinoma and metastatic

disease.3! The development of PCa is influenced by ©opment, the reason why a small subset of patients with PCa
genetic changes, particularly mutations in oncogenes and ~ experience rapid progression and poor prognosis remains
tumor suppressor genes.[*¢! Phosphatase and tensin  to be fully elucidated.!*! Therefore, there is an urgent need
homolog (PTEN) loss and hyperactivated phosphati-  to identify promising biomarkers for PCa prognosis.

dylinositol-3-hydroxykinase/protein kinase B (PI3K/AKT)
signaling are recognized as key drivers of PCa pathogen-
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Goosecoid (GSC) is a conserved transcription factor!’]
that plays a crucial role in embryonic development, particu-
larly in gastrulation'®!!! and neural crest!!?! formation.
Accumulating evidence has suggested that GSC shows
significant effects on tumor migration and invasion,!3!
and it is highly associated with multiple metastasis-related
biological processes, including epithelial-mesenchymal
transition, transforming growth factor (TGF)-B, and
Wnt/B-catenin signaling pathways.['*1) These findings
strongly indicate the involvement of GSC in malignant
tumor progression. Consistent with this, strong evidence
indicates a poorer prognosis for patients with high GSC
expression in different types of tumors, including
ovarian, liver, and breast cancer.”!3!*l Although prior
studies on PCa have shown that GSC expression is influ-
enced by downstream methylation and the cyclin D1
network,'”>'8 it remains unclear whether different
clinical stages and outcomes are associated with GSC in
PCa, requiring further investigation.

In this study, we conducted a comprehensive bioinformatics
analysis to investigate the biological roles and prognostic
importance of GSC in various tumors with a particular
focus on PCa. The functional significance of alterations in
GSC expression in PCa was systematically investigated
in relation to prognosis, genetic alterations, immune cell
infiltration, and drug responses. Our analysis revealed that
GSC was the top-ranking gene concerning genetic altera-
tions. We performed detailed in vitro and in vivo experi-
ments to elucidate the oncogenic functions of GSC in PCa.

Methods

Analysis of GSGC expression

Genome-wide mRNA expression data for 33 types of
cancer in The Cancer Genome Atlas (TCGA) cohort were
obtained from the University of California, Santa Cruz
(UCSC) Cancer Genomics Browser (https:/genome-
cancer.ucsc. edu/). We used the Tumor Immune Estimation
Resource 2.0 (TIMER2) website (http://timer.cistrome.org/)
to compare GSC expression between tumors and adja-
cent tissues in the TCGA cohort.'” Additionally, we
utilized SangerBox (http://SangerBox.com/Tool) to analyze
the expression of GSC in tumors and their corresponding
normal tissues by combining the TCGA and Genotype-
Tissue Expression (GTEx) cohorts.

Survival prognosis analysis

To retrieve the overall survival (OS) and progression-
free survival (PFS) data from the TCGA database, we
accessed the UCSC online website. The tumor patients
were divided into high and low GSC expression groups
based on the median GSC expression. Kaplan—-Meier
survival plots for various tumors were generated using
the R package “survival”. We used the log-rank test to
compare survival curves and performed Cox regression
analysis to calculate the hazard ratio (HR) using the
SangerBox online platform.
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In addition, we obtained RNA-Sequence data and the
corresponding clinical data for 105 PCa samples from
the German Cancer Research Center (Deutsches
Krebsforschungszentrum, DKFZ) cohort using the cBio-
Portal for Cancer Genomics (http://cbioportal.org).l20-1]
We used R studio (https://www.r-project.org/) to analyze
the relationship between GSC expression and
biochemical recurrence (BCR) in patients with PCa. We
also analyzed the differences in GSC expression among
PCa patients with different clinical characteristics, such
as T stage, N stage, and Gleason scores. For all statis-
tical analyses, a two-tailed P-value <0.05 was consid-
ered statistically significant.

Analysis of genetic alteration

To study the genetic mutation ratios of GSC in different
cancers, we utilized the “Gene_Mutation” module of
the TIMER2 online platform. Subsequently, we investi-
gated the characteristics of genetic alterations in GSC
using the cBioPortal database. For this analysis, we
selected the TCGA Pan Cancer Atlas Studies and Pros-
tate Adenocarcinoma (TCGA and PanCancer Atlas)
datasets. Somatic mutations and copy number altera-
tions were obtained from UCSC Xena. In the TCGA
PCa cohort, we divided the patients into two groups
based on the median GSC expression. To examine copy
number alterations in the high and low GSC expression
groups, we used the R package “maftools.”

Analysis of GSC-related genes and immune cell infiltration

To identify potential GSC-binding proteins, we evalu-
ated the STRING database (https://string-db.org/).??
“GSC” was queried in the “protein name” module and
the key parameters were set as follows: network edges
with “evidence,” minimum required interaction score of
“medium confidence (0.400),” and a maximum of five
interactors shown in the first shell. As a result, the five
available candidates were selected. Subsequently, we
investigated the correlation between the mRNA expres-
sion of GSC and the five genes encoding GSC-binding
proteins in various tumors using TIMER2. In addition,
we utilized the R program to analyze GSC-related genes
in the TCGA and DKFZ databases, focusing on the top
100 genes that showed positive or negative links with
GSC expression. To comprehensively understand the
functions of GSC-related genes, we conducted Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses of PCa using the SangerBox
portal. To explore the relationship between GSC expres-
sion and immune-related cells in PCa, we used the XCell
portal (https://xcell.ucsf.edu).l?3!

Human tissues

PCa tissues and their corresponding adjacent normal pros-
tate tissues were obtained from the Department of Urology
at Tongji Hospital, Huazhong University of Science and
Technology, Wuhan, China. Fifty tissue pairs were collected
for further experimental verification using real-time quanti-
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tative polymerase chain reaction (RT-qPCR). After
undergoing radical prostatectomy surgery, all samples
were immediately stored in liquid nitrogen. Before
participation, informed consent was obtained from all
patients. The research protocol was approved by the
Ethics Committee of Tongji Medical College, Huazhong
University of Science and Technology (No. 2019CR101).

Chromatin immunoprecipitation qPGR (ChiP-gPCR)

ChIP-gPCR experiments were conducted using the ChIP
assay kit (Cat#9003, Cell Signal Technology, Boston,
USA). Antibodies against E2F1 (66515-1-Ig, Proteintech,
Wuhan, China) and a non-specific negative control
rabbit IgG (Santa Cruz, Dallas, USA) were used. Supple-
mentary Table 1 (http:/links.lww.com/CM9/B753) lists the
primers specific to the GSC promoter.

Statistical analyses

All statistical analyses used GraphPad Prism (V. 8.0.3,
San Diego, USA). The paired Student’s #-tests were used
to test GSC expression difference between tumor tissues
and matched normal tissues. Kaplan—-Meier survival
analysis was used to assess the association between gene
expression and the survival probability of multiple
tumors. P-values, HRs, and 95% confidence intervals
(CIs) were determined using the log-rank test. Student’s
t-tests were used to compare the mean values from two
groups and gene co-expression was tested using
Spearman’s correlation analysis. For the functional
experiments, the figure legends in the relevant figures
denote the specific statistical tests used. P-values <0.05
were considered statistically significant.

Results

GSC is overexpressed and closely related to the prognosis in
multiple tumors

To explore the role of GSC in the development of
various tumors, we initially analyzed the expression levels
of GSC from 33 cancer types in the TCGA dataset.
Comparing the expression in tumor tissues with the
corresponding adjacent tissues using TIMER2.0, we
observed significant upregulation of GSC in multiple
cancer types, including cholangiocarcinoma (CHOL), colon
adenocarcinoma (COAD), esophageal carcinoma (ESCA),
glioblastoma multiforme (GBM), head and neck squa-
mous cell carcinoma (HNSC), kidney renal clear cell
carcinoma (KIRC), liver hepatocellular carcinoma (LIHC),
lung adenocarcinoma (LUAD), lung squamous cell carci-
noma (LUSC), prostate adenocarcinoma (PRAD), rectum
adenocarcinoma (READ), and uterine corpus endome-
trial carcinoma (UCEC). Conversely, GSC expression was
downregulated in breast invasive carcinoma (BRCA),
kidney chromophobe (KICH), and thyroid carcinoma
(THCA) [Figure 1A]. To validate these findings, we
expanded our analysis by including normal samples from
the GTEx database, further confirming the aberrant
upregulation of GSC in most cancer types [Figure 1B].
Further, a matched sample #-test between cancer and
adjacent tissues revealed abnormal expression of GSC in
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several tumors, including THCA, KIRC, LUSC, BRCA,
CHOL, HNSC, and LIHC [Figure 1C and Supplemen-
tary Figure 1, http://links.lww.com/CM9/B752].

Subsequently, we investigated the effect of GSC expres-
sion on cancer patient survival. We compared the rates
of OS and PFS in patients with high or low GSC expres-
sion [Figure 2A,B]. Our analysis revealed that high GSC
expression was significantly associated with worse OS in
adrenocortical carcinoma (ACC) (P <0.0001, HR = 1.35),
kidney renal papillary cell carcinoma (KIRP) (P = 0.037,
HR =1.23), LIHC (P =0.017, HR = 1.07), and KIRC
(P =0.029, HR = 1.10) [Figure 2C and Supplementary
Figure 2A,http:/links.lww.com/CM9/B752]. In addition,
PFS was significantly attenuated in the ACC (P = 0.002,
HR = 1.30), PRAD (P <0.0001, HR = 1.45), KIRP
(P =0.002, HR = 1.22), cervical squamous cell carcinoma
and endocervical adenocarcinoma (CESE) (P =0.011,
HR = 1.09), and KIRC (P = 0.032, HR = 1.12) patients
with high GSC expression [Figure 2D and Supplementary
Figure 2B, http:/links.lww.com/CM9/B752]. Notably, the
highest HR value was observed in PCa based on PFS
analysis. These findings indicate that GSC expression is
significantly upregulated in multiple cancer types and is
closely associated with patient prognosis in various tumors.

GSC alterations contribute to the progression of various
tumors, especially in PCa

Considering the significant impact of genetic alterations
on tumor progression and the expression of protein-
coding genes,'**! we analyzed five different types of GSC
alterations (mutation, structural variant, amplification,
deep deletion, and multiple alterations) using TCGA
datasets through the cBioPortal. Our findings revealed
that amplification was the most common alteration in
LUSC (1.4%), followed by deep deletion in CHOL
(2.8%), mutations in thymoma, multiple alterations in
bladder urothelial carcinoma (0.2%), and structural
variant in PRAD (0.2%) [Figure 3A]. Additionally, we
divided the samples from the TCGA database into GSC-
altered and unaltered groups and compared the muta-
tion counts and tumor mutation burden between the two
groups. The altered group exhibited higher mutation counts
and tumor mutation burden than the unaltered group
[Figure 3B]. Further, analysis of the cBioPortal database
indicated that missense mutations were the most
common type of GSC mutations in cancers [Figure 3C].

Subsequently, we divided PCa patients from the TCGA
database into high and low GSC expression groups and
analyzed gene mutations in both groups. TP53 (17%),
SPOP (12%), and TTN (12%) showed the highest muta-
tion frequencies in the high GSC expression group,
whereas the low GSC expression group showed a high
frequency of mutations in SPOP (11%), TTN (8%), and
FOXA1 (6%) [Figure 3D, E]. Moreover, we compared
gene expression differences between the GSC-altered
and unaltered groups in the TCGA-PRAD cohort and
intriguingly found that GSC was the top-ranking gene
with the most significant P-value in the altered group
[Figure 3F]. Importantly, the GSC expression level was
significantly higher in the altered group than in the unal-
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Figure 2: Prognosis value of GSC in tumors. (A) Forest plot of the relationship between GSC expression and OS in tumors. (B) Analyses of correlation between GSC expression and PFS.
(C) K-M survival curves showed that patients with high GSC expression levels tended to have worse 0S in KIRP and ACC. P-values were calculated using the log-rank test.
(D) Kaplan—Meier survival curves showed the association between GSC expression levels and PFS in PRAD and ACC. P-values were calculated using the log-rank test. ACC:
Adrenocortical carcinoma; Cl: Confidence interval; GSC: Goosecoid; HR: Hazard ratio; KIRC: Kidney renal clear cell carcinoma; KIRP: Kidney renal papillary cell carcinoma; OS: Overall
survival; PFS: Progression-free survival; PRAD: Prostate adenocarcinoma.

tered group |[Figure 3G]. Additionally, Kaplan—-Meier
survival analysis revealed a poorer prognosis in patients

alterations were observed in multiple tumors, which
were closely associated with the expression levels of
with PCa in the altered group [Figure 3H]. Overall, GSC  GSC and the prognosis of patients with PCa.
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Figure 3: GSC alterations contribute to the progression of various tumors, especially in PCa. (A) The cBioPortal tool was used to examine GSC genetic alteration characteristics
(mutation, structural variant, multiple alterations, amplification, and deep deletion) in 32 distinct cancers from the TCGA database. (B) Differences in mutation count and TMB between
the GSC-altered and unaltered groups in the TCGA database. (C) The mutation sites of GSC in multiple tumors through the cBioPortal tool. (D,E) Detection of the top 20 genes with the
highest mutation rates in the TCGA-PRAD cohort, including GSC high group (D) and GSC low group (E). (F) Differences in gene expression between GSC-altered and unaltered groups
according to TCGA PRAD cohort. (G) The expression level of GSC in the mutant group was higher than that in the non-mutant group. Data were presented as the median (minimum to
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GSC is highly associated with PCa clinical characteristics and
potentiates PGa progression in vitro and in vivo

In PCa, we observed a significant overexpression of GSC
in tumor tissues compared with their corresponding
normal tissues in multiple independent datasets, including
TCGA [Figure 4A], GEO (GSE 46602, Figure 4B), and
our own PCa tissues [Figure 4C]. To investigate the
clinical implications of GSC expression in PCa, we
examined its potential correlation with clinical charac-
teristics using three independent datasets: TCGA,
DKFZ, and our PCa tissues. These findings demon-
strated that patients with PCa with a high Gleason score
had significantly higher GSC expression [Figure 4D,G and
Supplementary Figure 3A, http:/links.lww.com/CM9/B752].
Moreover, a robust correlation was observed between
the advanced tumor stage and high GSC expression
[Figure 4E,H and Supplementary Figure 3B, http://links.

WWW.Cmj.org

Iww.com/CM9/B752]. High GSC expression was also
strongly associated with lymph node metastasis [Figure 4F]
and elevated prostate-specific antigen (PSA) levels
[Figure 4I] in TCGA and our own PCa cohorts, respec-
tively. These findings indicated a close relationship
between GSC and PCa progression. Consistent with
these findings, higher GSC expression levels were also
associated with an increased risk of BCR in patients
with PCa [Figure 4]J-L], and receiver operating charac-
teristic (ROC) analysis revealed that GSC expression
levels could serve as a reliable prognostic indicator for
patients with PCa [Supplementary Figure 3C, D, http://
links.lww.com/CM9/B752].

Having revealed the prognostic role of GSC in patients
with PCa, we investigated its functional effects. Our
experimental studies utilized specific GSC-targeting
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Figure 4: Clinical characteristics of GSC in PCa. (A-C) GSC was significantly overexpressed in prostate tumor tissues compared with normal tissues from multiple independent
databases, including the TCGA cohort, GEO (GSE46602) cohort, and our PCa tissues. Data are presented as the median (minimum to maximum). P-values were calculated using a two-
sided Student’s t-test in TCGA and GEO PCa samples, whereas it was calculated using a paired two-sided Student’s t-test in our PCa tissues. (D-F) Elevated GSC expression correlated
with higher Gleason score, advanced primary tumor stage, and lymph node metastasis in the TCGA cohort. P-values were determined by the two-sided Student’s #test. (G-I) High GSC
expression correlated with higher Gleason score, advanced primary tumor stages, and elevated PSA level in our PCa samples. P-values were determined by the two-sided Student’s &
test. (J-L) Kaplan—Meier plots suggested increased BCR risks of PCa patients with tumors expressing higher GSC levels in three independent cohorts. BCR: Biochemical recurrence;
GSC: Goosecoid; PCa: Prostate cancer; PRAD: Prostate adenocarcinoma; PSA: Prostate-specific antigen; TCGA: The Cancer Genome Atlas.
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small hairpin RNAs (shRNAs) to achieve a stable knock-
down of GSC expression in C4-2 and 22Rv1 PCa cells.
The efficacy of the knockdown was confirmed using RT-
qPCR and Western blotting [Figure 5A, B]. To further
explore the potential impact of GSC on PCa, we
conducted CCK-8, colony formation, and transwell
assays to assess cell proliferation and migration abilities
in vitro |Figure SC-E]. These results demonstrated that
GSC knockdown significantly suppressed the prolifera-
tion and migration of C4-2 and 22Rv1 cells in vitro. To
evaluate the effect of GSC in vivo, we subcutaneously
injected GSC-knockdown C4-2 and 22Rv1 cells into
nude mice. Interestingly, the results revealed that GSC
knockdown significantly inhibited the growth rate of
xenograft tumors [Figure SF|. The tumor weight in the
GSC knockdown group was significantly lower
compared to the control group [Figure 5G], consistent
with the in vitro findings. These findings highlight the
oncogenic effects of GSC on PCa in vitro and in vivo.

Transcription factor £2F7 drives the expression of GSC in PCa

To further investigate the potential tumorigenic mecha-
nisms of GSC, STRING database analysis was imple-
mented to identify GSC-binding proteins. Consequently,
five GSC-binding proteins were selected: E2F1, E2F2,
E2F3, SPI1, and RB1. The protein—protein interaction
networks of these proteins are shown in Figure 6A. We
analyzed the correlation between GSC and these five
genes in 33 cancer types using the GEPIA2 database
[Figure 6B]. The results indicated a strong correlation
between these genes and GSC in multiple tumor types,
including PCa. Additionally, we performed gene set
enrichment analysis (GSEA) analysis to explore poten-
tial pathways associated with GSC in PCa. Interestingly,
we discovered that GSC was likely a target of the E2F
family [Supplementary Figure 4A,B, http:/links.lww.com/
CM9/B752], which is known to facilitate PCa develop-
ment by activating downstream genes.!>’! Therefore, we
hypothesized that GSC was a downstream target of the
E2F family in PCa.

Subsequently, we analyzed the correlation between GSC
and E2F transcription factors (E2F1, E2F2, and E2F3)
using TCGA, DKFZ, and our own sample data. In the
TCGA and DKFZ cohorts, we observed a positive corre-
lation between the expression of E2F1 and GSC, with
the correlation coefficient (R) value of E2F1 being more
significant than that of E2F2 and E2F3 in both datasets
[Figure 6C,D and Supplementary Figure 4C, D, http:/
links.lww.com/CM9/B752]. Consistently, we found a
remarkable positive correlation between the expression of
GSC and E2F1 in our own PCa tissue samples [Figure 6E].
Further, we stably knocked down the expression of
E2F1 in C4-2 and 22Rvl cells using two independent
shRNAs. RT-qPCR and Western blotting experiments
revealed a significant attenuation of GSC expression
after E2F1 suppression in PCa cells [Figure 6F GJ.
Importantly, analysis of publicly available ChIP-seq data
from LNCaP cells?®! demonstrated a high enrichment of
E2F1 ChIP-seq signals in the GSC promoter region
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Figure 5: The oncogenic functions of GSC in PCa. (A) RT-gPCR indicated the GSC
transcript levels (normalized to GAPDH) in C4-2 and 22Rv1 cells transfected with
shControl or ShGSC plasmids. Data were shown as the mean + SD. “P <0.01; P <0.001
were calculated using a two-sided Student’s t-test. (B) Western blotting indicated the
GSC expression levels in C4-2 and 22Rv1 cells transfected with shControl or shGSC
plasmids. (C) CCK-8 assays illustrated the change of cell viability in C4-2 and 22Rv1
cells stably transfected with shControl or shGSC. Data were shown as the mean + SEM
with five replicates. 'P <0.001 compared with control by the two-sided Student’s t-test.
(D) Colony formation assays showed the proliferation of C4-2 and 22Rv1 cells stably
transfected with shControl or shGSC. Data were shown as the mean + SD. “P <0.01;
P <0.001 compared with shControl by the two-sided Student’s ttest. (E) Transwell
migration assays demonstrated the migration ability of C4-2 and 22Rv1 cells stably
transfected with shControl or shGSC. Data were shown as the mean + SD. "P <0.001
compared with shControl by a two-sided Student’s ttest. (F) Representative images and
growth curves of xenograft tumors derived from C4-2 and 22Rv1 cells with GSC
suppression in nude mice. Data were shown as the mean + SEM for six mice per group.
P <0.001 compared with shControl by the two-sided Student’s t-test. (G) The weight of
xenograft tumors derived from C4-2 and 22Rv1 cells with GSC suppression in nude
mice. The results were shown as the mean = SD for six mice per group. /P <0.01
compared with shControl by a two-sided Student’s #-test. CCK-8: Cell Counting Kit-8;
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GSC: Goosecoid; PCa: Prostate
cancer; RT-gPCR: Real-time quantitative polymerase chain reaction; SD: Standard
deviation; SEM: Standard error of the mean; sh: Small harpin.

22Rvl

[Figure 6H], which was further validated by ChIP-qPCR
in C4-2 and 22Rv1 cells [Figure 6I]. In summary, these
results suggest that the transcription factor E2F1 facili-
tates GSC expression in PCa.
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Figure 6: Transcription factor E2F1 drives GSC expression in PCa. (A) The potential GSC-binding proteins were illustrated using the STRING tool (E2F1, E2F2, E2F3, SPI1, and RBT).
(B) The corresponding heatmap data of GSC and its potential binding proteins in multiple tumors using the TIMER2.0 tool. (C—E) The expression correlations of GSC with E2F1 were
measured in the TCGA cohort, DKFZ cohort, and our patient samples with PCa. All P-values and R-values were calculated using the Spearman correlation analysis. (F) Real-time gPCR
indicated the E2F7 and GSC transcript levels (normalized to GAPDH) in C4-2 and 22Rv1 cells transfected with shControl or shE2F1 plasmids. (G) Western blotting indicated the GSC and
E2F1 expression levels in C4-2 and 22Rv1 cells transfected with shControl or shE2F7 plasmids. (H) Epigenetic track, obtained from publicly available E2F7 ChIP-seq data in LNCaP
cells, revealed the enrichment of ChIP-seq signals at the GSC promoter region. (I) ChIP-gPCR results showed the significant recruitment of £2F7 at the GSC promoter region, and E2F1
recruitment attenuated after silencing £2F7 in C4-2 and 22Rv1 cells. Data were shown as the mean + SD. “P <0.001 was calculated using the two-sided Student’s t-test. ACC:
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Glioblastoma multiforme; GSC: Goosecoid; HNSC: Head and Neck squamous cell carcinoma; KICH: Kidney Chromophobe; KIRC: Kidney renal clear cell carcinoma; KIRP: Kidney renal
papillary cell carcinoma; IgG: Immunoglobulin G; LGG: Lower Grade Glioma; LIHC: Liver hepatocellular carcinoma; LUAD: Lung adenocarcinoma; LUSC: Lung squamous cell carcinoma;
MESO: Mesothelioma; OV: Ovarian serous cystadenocarcinoma; PAAD: Pancreatic adenocarcinoma; PCa: Prostate cancer; PCPG: Pheochromocytoma and Paraganglioma; PRAD:
Prostate adenocarcinoma; READ: Rectum adenocarcinoma; SARC: Sarcomav; SD: Standard deviation; SKCM: Skin Cutaneous Melanoma; sh: Small harpin; STAD: Stomach
adenocarcinoma; TCGA: The Cancer Genome Atlas; TIMER2: Tumor Immune Estimation Resource 2.0; TGCT: Testicular Germ Cell Tumors; THCA: Thyroid carcinoma; THYM: Thymoma;
UCEC: Uterine Corpus Endometrial Carcinoma; UCS: Uterine Carcinosarcoma; UVM: Uveal Melanoma.

respectively [Figure 7C,D]. These results suggest that GSC
and related genes might be involved in metabolism and
immune signaling regulation. Further, GO analysis
results indicated that the mitogen-activated protein
kinase (MAPK) cascade pathway was enriched in both

GSC participates in regulating immune signaling and
metabolism in PCa

To investigate the potential biological functions of GSC
in PCa, we performed GO and KEGG enrichment analysis

on the top 200 genes correlated with GSC in PCa. The
enrichment distribution of GSC-related genes in the
TCGA and DKFZ cohorts is illustrated in Figure 7A,B,
respectively. Moreover, KEGG analysis indicated that
GSC might regulate the erythroblastic oncogene B
(ErbB) signaling pathway, retinol metabolism, metabolic
pathway, and T cell receptor signaling pathway in the
TCGA and DKFZ databases. Additionally, GSC might
also be involved in the B cell receptor signaling pathway,
T helper cell (Th)1 and Th2 cell differentiation, and IL-
17 signaling pathway in the TCGA and DKFZ databases,

TCGA and DKFZ databases [Figure 7E,F]. Consistently,
GSEA analysis also demonstrated that GSC was closely
associated with the regulation of MAPK cascade in PCa
[Figure 7G,H].

Given that the above results suggest a potential role for
GSC in regulating the tumor microenvironment (TME),
which affects PCa progression,?”! we further explored
the potential connection between GSC and immune cell
infiltration in PCa. We examined variations in immune
cell infiltration between groups with high and low GSC
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Figure 7: GSC-related genes enrichment analysis in PCa by TCGA and DKFZ databases. (A,B) Heatmap illustrated the enrichment patterns of the top 200 genes positively (100) or
negatively (100) correlated with GSC expression of PCa in the TCGA and DKFZ databases. (C,D) KEGG pathway enrichment analyses were applied to the 200 GSC-related genes in the
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related to the regulation of MAPK cascade in PCa. E2F1: E2F transcription factor 1; GSC: Goosecoid; MAPK: Mitogen-activated protein kinase; PCa: Prostate cancer; TCGA: The Cancer

Genome Atlas.

expression levels. Interestingly, high GSC expression
levels were associated with increased endothelial and
mesenchymal stem cell infiltration, whereas low GSC
expression levels were possibly linked to enhanced B cell
and myocyte infiltration [Supplementary Figure SA, B,
http://links.lww.com/CM9/B752]. Additionally, in the
TCGA cohort, the high GSC expression group showed
significantly higher levels of CD8+ T cells, Th1 and Th2,
and macrophage expression, while the low GSC expres-
sion group had higher a regulatory T cells level [Supple-
mentary Figure SA, http:/links.lww.com/CM9/B752].
There was no significant difference in natural killer cell
between the high and low GSC expression groups. In
contrast, in the DKFZ cohort, there were no significant
changes in the expression of these immune cells between
the two groups [Supplementary Figure 5B, http://
links.lww.com/CM9/B752], which may be attributed to
the limited sample size of the DKFZ cohort. Taken
together, these findings suggest that GSC plays a regula-
tory role in immune cell infiltration within the tumor
microenvironment of PCa.

Inhibiting GSC enhances the therapeutic effects of trametinib
in PCa

To gain a better understanding of the impact of GSC on
drug responses in cancer, we analyzed 481 small molecules
from the Cancer Therapeutics Response Portal (CTRP)
database and examined the correlation between GSC
expression level and the drug IC50 [Supplementary
Table 2, http:/links.lww.com/CM9/B754]. Interestingly,
we found that trametinib (R = 0.24, FDR = 0.000124)
showed the strongest positive correlation with GSC
[Figure 8A]. Previous studies have reported the potential
application of trametinib in PCa treatment.?®?°l Based
on these findings, we further investigated whether the

therapeutic effects of trametinib were influenced by GSC
expression in PCa. Notably, CCK-8 and colony forma-
tion assays revealed that trametinib (2 pmol/L, following a
previous study!?’l) moderately suppressed the growth of
PCa cells. However, a significantly stronger inhibitory
effect on the proliferation of C4-2 and 22Rv1 cells was
observed when GSC expression levels were significantly
reduced [Figure 8B-E]. These results suggest that the
inhibition of GSC expression could enhance the thera-
peutic effects of trametinib, thereby indicating the poten-
tial of combining trametinib with GSC-targeting drugs
as a novel therapeutic strategy for PCa.

Discussion

In this study, our findings revealed a significant upregu-
lation of GSC mRNA expression in various malignan-
cies, including PCa. Further, a comprehensive prognostic
analysis demonstrated that high GSC expression was
associated with worse survival outcomes in multiple
cancer types. Specifically, in PCa, patients with high GSC
expression exhibited poor progression-free and BCR
survival. Moreover, the upregulation of GSC in patients
with PCa consistently correlated with higher Gleason
scores, advanced tumor stages, lymph node metastasis,
and elevated PSA levels. These findings strongly support
using GSC as an independent PCa diagnosis and prog-
nosis marker. To further elucidate its functional role,
detailed in vitro and in vivo experiments were conducted,
which demonstrated that GSC could promote the prolif-
eration and migration of PCa cells. Additionally, we
reported, pioneeringly, a potential mechanism under-
lying GSC overexpression, whereby the transcription
factor E2F1 bound to the GSC promoter region in PCa,
which was confidently validated through ChIP-qPCR
experiments. Moreover, our study revealed that altera-
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Figure 8: Inhibiting GSC enhances the therapeutic effects of trametinib in PCa. (A) Bubble diagram showed the correlation between GSC expression and small molecules from the
CTRP database. FDR and correlation coefficients were calculated using Spearman correlation analysis. (B,C) C4-2 and 22Rv1 cells stably transfected with shControl or shGSC-2
plasmids were treated with dimethyl sulfoxide (DMSO) or trametinib (2 umol/L) and then subjected to CCK-8 cell proliferation assay. Data were shown as the mean + SEM with five
replicates. (D,E) C4-2 and 22Rv1 cells stably transfected with shControl or shGSC-2 plasmids were seeded in 6-well plates and incubated for 2 weeks. Cells were treated with DMSO
or trametinib (2 umol/L). Data were shown as the mean + SD. “P <0.01; P <0.001 compared with control using the two-sided Student’s t-test. CTRP: The Cancer Therapeutics
Response Portal; CCK-8: Cell Counting Kit-8; DMSO: Dimethyl sulfoxide; FDR: False discovery rate; GO: Gene Ontology; GSC: Goosecoid; KEGG: Kyoto Encyclopedia of Genes and
Genomes; PCa: Prostate cancer; SD: Standard deviation; SEM: Standard error of the mean; sh: Small harpin.

tions in GSC expression levels could influence the
response of PCa cells to trametinib, highlighting the
potential therapeutic value of targeting GSC in PCa.

GSC, a protein containing homeoboxes, was initially
identified as a transcriptional repressor involved in the
regulation of vertebrate embryo development.3% In the
context of malignant diseases, GSC had been implicated
in the development and metastasis of several tumors.
For instance, Kang et all'3! reported a significant associa-
tion between elevated GSC expression, lymph node
metastasis, and poor prognosis in ovarian serous carci-
nomas. Additionally, Hartwell et al’®! revealed that aber-
rant GSC expression enhanced the ability of breast
cancer cells to develop pulmonary metastasis. Similarly,
Xue et al'¥ demonstrated that GSC overexpression
promoted the migration and invasion of hepatocellular
carcinoma cells through epithelial-mesenchymal transi-
tion in vitro. However, there remains a gap in our under-

standing of the comprehensive functional role of GSC in
pan-cancer, particularly in PCa. Therefore, in this study,
we systematically explored the functional involvement
of GSC in various malignancies, with a specific focus on
PCa. Our analysis encompassed differential expression,
prognostic impact, genetic alterations, immune cell infil-
tration, and drug responses associated with GSC. Impor-
tantly, we experimentally investigated the effects of GSC
on PCa cell proliferation, migration, and drug response,
providing experimental evidence to support our previous
bioinformatic analysis.

Accumulating evidence suggests that genetic alterations
play a crucial role in driving the progression of normal
cells from the hyperplastic and dysplastic stages to meta-
static disease, including invasive cancer.3":*?I Therefore,
the analysis of gene alterations is essential for gaining
novel insights into the role of oncogenes in cancer devel-
opment.!®’! In line with this, we investigated the muta-
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tion types of GSC across various cancers and observed
that missense mutations were the most frequently occur-
ring mutation type in multiple cancer types. Further, in
patients with PCa from the TCGA cohort, GSC ranked
as the top gene with the most significant P-value in the
GSC alteration group. Notably, we discovered a strong
association between genetic alterations in GSC and
poorer PFS in patients with PCa, indicating its involve-
ment in PCa progression and highlighting its potential
as an attractive target for PCa diagnosis and prognosis.

The E2F family consists of eight transcription factors
that encode 10 proteins, which play critical roles in
various biological processes such as genomic integrity,
cell cycle development, differentiation, metabolism, and
apoptosis.’*3 These transcription factors are highly
abundant in cancer and have been implicated as inducers
of several human carcinomas, including breast, colon,
oral, and PCa.’® Among the E2F family, E2F1 is
particularly essential for the development of PCa. For
instance, Song et al®”) discovered that E2F1 may promote
the neuroendocrine trans-differentiation of PCa by facili-
tating the expression of RACGAPI and maintaining
EZH2 expression levels through the ubiquitin-proteasome
pathway. Additionally, Mandigo et al*®! demonstrated
that the cooperation between AR and E2F1 elicited
novel transcriptional networks that promoted cancer
malignant phenotypes, especially those related to
evading cell death in PCa. However, despite being a
conserved transcription factor, the upstream regulatory
mechanisms of GSC remained unclear. Interestingly, we
discovered a positive correlation between the expression
of E2F1 and GSC based on public databases and our
tissue samples. Mechanistically, we performed ChIP-
gPCR to validate whether E2F1 induced GSC expres-
sion by binding to its promoter.

To date, androgen deprivation therapy remains the most
commonly used therapeutic approach for PCa, while
targeted drug therapy has not been widely adopted to
manage this disease.””* Trametinib, primarily employed
in treating melanoma and non-small cell lung cancer
with specific genetic mutations,*'*? is a targeted thera-
peutic drug for cancer treatment. Its primary mechanism
of action is the suppression of mitogen-activated kinase
(MEK) proteins, which are involved in the MAPK
pathway.!*3l By inhibiting MEK activity, trametinib can
effectively impede the growth of cancer cells that rely on
the MAPK pathway for survival. This property contrib-
utes to tumor shrinkage and improves patient
outcomes.*4! Several studies have suggested trametinib
as a potential candidate for the treatment of PCa. For
example, Ciccarelli et al®® found that trametinib
successfully inhibited the growth of PCa cells in vitro.
Further, a study by Li et al®® strongly supported the
utility of the MEK inhibitor trametinib for the treatment
of enzalutamide-resistant PCa, and the combination of
trametinib with enzalutamide was highly effective in
managing castration-resistant PCa. However, the effect
of trametinib on PCa treatment remained largely
unknown. In this study, we provided novel insight into
the therapeutic effect of trametinib in PCa. We demon-
strated that the response of PCa cells to trametinib

WWW.Cmj.org

could be influenced by GSC, which was closely associ-
ated with MAPK pathway activation. These findings
suggested that combining trametinib with drugs
targeting GSC represents a promising and novel thera-
peutic strategy for PCa.

In conclusion, our study revealed that GSC was dysregu-
lated and significantly associated with the prognosis of
patients with PCa. We systematically investigated the
functional significance of alterations in GSC expression
in PCa, including their impact on prognosis, genetic
alterations, immune cell infiltration, and drug response.
Further, detailed experiments confirmed that GSC was
regulated by the transcription factor E2F1 and func-
tioned as an oncogene in PCa. Importantly, we demon-
strated that suppression of GSC expression enhanced
the therapeutic effects of trametinib in PCa. Taken
together, our findings suggest that GSC can serve as an
independent biomarker for PCa prognosis and as a
potential target for therapeutic interventions.
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