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Abstract

Background: Prostate cancer is a heterogenous disease, but once it becomes metastatic
it eventually becomes treatment resistant. One mechanism of resistance to AR-targeting
therapy is lineage plasticity, where the tumor undergoes a transformation to an AR-
indifferent phenotype, most studied in the context of neuroendocrine prostate cancer
(NEPC). However, activation of additional de- or trans-differentiation programs, including
a gastrointestinal (Gl) gene expression program, has been suggested as an alternative
method of resistance. In this study, we explored the previously identified Gl prostate
cancer phenotype (PCa-Gl) in a large cohort of metastatic castration-resistant prostate
cancer (MCRPC) patient biopsy samples.

Methods: We analyzed a dataset of 634 mCRPC samples with batch effect corrected
gene expression data from the West Coast Dream Team (WCDT), the East Coast Dream
Team (ECDT), the Fred Hutchinson Cancer Research Center (FHCRC) and the Weill
Cornell Medical center (WCM). Survival data was available from the WCDT and ECDT
cohorts. We calculated a gene expression Gl score using the sum of z-scores of genes
from a published set of PCa-Gl-defining genes (N=38). Survival analysis was performed
using the Kaplan-Meier method and Cox proportional hazards regression with endpoint
overall survival from time of biopsy to death of any cause.

Results: We found that the PCa-Gl score had a bimodal distribution, identifying a distinct
set of tumors with an activated Gl expression pattern. Approximately 35% of samples
were classified as PCa-Gl high, which was concordant with prior reports. Liver
metastases had the highest median score but after excluding liver samples, 29% of the
remaining samples were still classified as PCa-Gl high, suggesting a distinct phenotype
not exclusive to liver metastases. No correlation was observed between Gl score and
proliferation, AR signaling, or NEPC scores. Furthermore, the PCa-Gl score was not
associated with genomic alterations in AR, FOXA1, RB1, TP53 or PTEN. However,
tumors with MYC amplifications showed significantly higher Gl scores (p=0.0001).
Patients with PCa-Gl tumors had a shorter survival (HR=1.5 [1.1-2.1], p=0.02), but this
result was not significant after adjusting for the liver as metastatic site (HR=1.2 [0.82-1.7],
p=0.35). Patients with PCa-Gl low samples had a better outcome after androgen receptor
signaling inhibitors (ASI, abiraterone or enzalutamide) than other therapies (HR=0.37
[0.22-0.61], p=0.0001) while the benefit of ASI was smaller and non-significant for PCa-
Gl high samples (HR=0.55 [0.29-1.1], p=0.07). A differential pathway analysis identified
FOXAZ2 signaling to be upregulated PCa-Gl high tumors (FDR = 3.7 x 10-13).

Conclusions: The PCa-Gl phenotype is prevalent in clinical mCRPC samples and may
represent a distinct biological entity. PCa-Gl tumors may respond less to ASI and could
offer a strategy to study novel therapeutic targets.
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Introduction

Prostate cancer is a heterogeneous disease that ranges from indolent tumors without any
need for therapy to rapidly progressing and lethal cancers. While most prostate cancers
can be treated effectively by local therapy such as surgery or radiotherapy, metastatic
prostate cancer is not curable and eventually develops treatment resistance. Prostate
cancer is mainly driven by androgen receptor (AR) signaling and as a result, AR-targeted
therapies are the main systemic treatment for patients throughout all stages of the
disease’. However, metastatic prostate cancers universally develop resistance to AR
treatment and the mechanisms of this resistance are complex and varied. Several of
these mechanisms revolve around genetic alterations (such as mutations, amplifications,
and gene rearrangement) of the AR gene®’. Some tumors, however, exhibit
reprogramming of the transcriptional state to an AR-independent phenotype and
acquiring features of neuroendocrine prostate cancer (NEPC), or other lineages®. This
has led to subtyping and classification efforts e.g. along the AR and NEPC axes® or
basal/luminal classifications'® which have been shown to be prognostic. While prostate
cancer lineage plasticity has been most studied in the context of NEPC, other forms of
lineage plasticity have been suggested including basal, stem-cell, and Wnt signaling-
driven phenotypes'. Furthermore, a switch to a more specific gastrointestinal (Gl)
transcriptional phenotype has been suggested’?, and may be detectable from a liquid
biopsy analyzing circulating cell-free DNA with 5-hydroxymethylcytosine sequencing’s.
The Gl phenotype was correlated with SPINK1 expression (a pancreatic secretory trypsin
inhibitor) that protects the GI tract from protease degradation. A subset of prostate
cancers exhibits an outlier expression pattern of SPINK, suggesting its role as a potential
driver and drug target in the disease'*'5. The PCa-Gl phenotype was recently described
to be associated with a worse outcome after AR-targeted therapy and may be targeted
with BET-inhibitors'®. This study aimed to define the prevalence of the PCa-Gl phenotype
in metastatic castration-resistant prostate cancer (IMCRPC) as well as assess the impact
on prognosis and treatment response to AR-targeted therapy by analyzing the PCa-Gl
phenotype in 634 mMCRPC samples with RNA-seq from four independent clinical cohorts.

Methods

Data cohorts

We used data from four previously published and publicly available mCRPC cohorts with
RNA-seq data available. The RNA-seq data were previously combined and batch-effect
corrected, and DNA alteration calls and survival data were used as previously
described’®'7. In total, the cohort consisted of 634 mMCRPC samples from the West Coast
Dream Team (WCDT, N=162%18.19) the East Coast Dream Team (ECDT, N=266°2°), the
Fred Hutchinson Cancer Research Center (FHCRC, N=1572"), and the Weill Cornell
Medical Center (WCM, N=49%?). The WCDT and ECDT had survival data annotated.
Details of this study cohort and the initial processing of the RNA samples, including the
batch-effect correction, have been published previously'°.
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Calculation of a gastrointestinal transcriptional score

The identification of a prostate cancer gastrointestinal (Gl) score was previously
published with a list of 129 genes that correlated with the phenotype and expression of
SPINK1 and a shorter list of 38 core genes'?. For this analysis, we used the core set of
38 genes. We calculated the sum of z-scores for the 38 genes on the log2 transformed
(with an offset of 8000 to avoid negative values) rank normalized and batch-effect
corrected data. We used the same method to calculate pathway scores for the Cancer
Hallmark pathways?3, the Wikipathways?42%, and prostate-specific gene lists from the
literature??-26-30, Based on the distribution of scores we dichotomized the PCa-Gl scores
into high and low samples with a cutoff at 0 for grouped analyses.

Statistical Analysis

For correlation analysis, we used Spearman’s correlation. The Wilcoxon rank sum test
was used to assess differences between groups unless otherwise noted. To assess
differences between the PCa-Gl low and PCa-Gl high samples, we conducted a
differential analysis of pathways using a Wilcoxon rank-sum test of pathways scores
between the PCa-Gl-high and PCa-Gl low samples and calculated the median difference
in pathway scores. P-values for the differential pathway analysis were adjusted for
multiple testing using the False Discovery Rate (FDR) described by Benjamini and
Hochberg®'. Overall survival data from the time of biopsy to death of any cause was
available for the ECDT and WCDT cohorts, and we used the Kaplan-Meier method to
visualize survival probabilities, and the Cox proportional hazards model was used to
assess survival differences between groups. All analyses were conducted in R, version
4.3.2.

Results

The prostate cancer gastrointestinal transcriptional phenotype (PCa-Gl) is present
and prevalent in clinical mCRPC biopsies

We calculated the PCa-Gl score as the sum of z-scores for the 38 core genes and found
that the PCa-Gl score exhibited a bimodal distribution pattern. Given that several of the
core genes are also expressed in hepatocytes, we performed the analysis excluding liver
biopsy samples and observed a similar pattern (Figure 1A). All metastatic biopsy sites
had individual samples with high PCa-Gl score with the highest median score in liver
biopsy samples (Figure 1B). Using a cutoff of 0, we found that 35% of all samples and
29% of non-liver samples had a high PCa-Gl score. Furthermore, we plotted the sum of
z-scores for the Hallmark Bile Acid Metabolism gene set?? against the PCa-Gl score. Our
analysis revealed that liver samples typically exhibited high scores for both gene sets. In
contrast, non-liver samples often had elevated PCa-Gl scores, but typically did not show
high Bile Acid Metabolism scores, suggesting that the PCa-Gl score identifies tumors
distinct from the pathways typically activated in liver biopsy samples (Figure 1C). Finally,
we examined publicly available single-cell RNA-seq data®? and examined the expression
of the three PCa-Gl associated genes SPINK1, HNF1A, and HNF4G. We found that their
expression was specific to cancer cells and present at high levels in non-liver metastatic
samples (Supplemental figure 1). Taken together, the PCa-Gl phenotype is present in
MCRPC samples and in both hepatic and non-hepatic metastases.
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The PCa-Gl score is independent of established mCRPC drivers

Next, we sought to assess if the PCa-Gl score was correlated with known drivers of
aggressive mCRPC, such as AR-signaling, proliferation, and NEPC. We found no
association with AR-signaling (rho = 0.02, p = 0.62), proliferation (rho = 0.024, p = 0.55)
or NEPC (rho = 0.072, p = 0.07) (Figure 2A-C). There was also no association between
the PCa-Gl score and genomic alterations in AR, FOXA1, PTEN, RB1, or TP53, while
there was a significantly higher PCa-Gl score in MYC amplified tumors (p=0.000012)
(Figure 2D). These results indicate that the PCa-Gl is a distinct biological entity not
captured by current transcriptional phenotyping approaches.

The impact of the PCa-GI phenotype on prognosis and survival after treatment with
androgen signaling inhibitor (ASl)

We next evaluated the effect of the PCa-Gl phenotype on survival in patients from the
WCDT and ECDT cohorts, where the survival data was available. In the combined cohort
the PCa-Gl tumors had a worse survival than PCa-GlI low tumors (HR = 1.5, 95%CI 1.1-
2.1, p = 0.02) (Figure 3A). However, this effect was diminished after adjusting for the liver
as a metastatic site (HR 1.2, 95%CI 0.82-1.7, p = 0.35). There was a numerically higher
but not-significant PCa-Gl score in tumors that had received a novel generation androgen
signaling inhibitor (ASI) (p = 0.13) (Figure 3B). When stratifying the survival analysis by if
the patients received immediate post-biopsy ASI, PCa-GlI low tumors had better survival
after ASI (HR = 0.37, 95%CI 0.22-0.61, p = 0.00011) (Figure 3C), while PCa-Gl high
tumors had a smaller and non-significant difference (HR = 0.55, 95%CI 0.29-1.1, p =
0.074) (Figure 3D). While recognizing that the numbers are low and the results
hypothesis-generating, we did an exploratory analysis for the survival after post-biopsy
ASI in ASI naive tumors. In these ASI naive tumors, PCa-Gl low tumors had better
survival after ASI than other subsequent therapies (HR = 0.2, 95% CI 0.073-0.54, p =
0.0016) while PCa-Gl had no difference between ASI and other therapies (HR = 1.1,
95%CI 0.13-8.7, p = 0.95) (Supplementary Figure 2). A test for interaction between the
PCa-Gl phenotype and post-biopsy ASI among ASI naive tumors showed statistical
significance (p for interaction = 0.049), indicating that the PCa-Gl status may predict
clinical benefit of ASI therapy.

Potential biological drivers of the PCa-GIl phenotype

Finally, we sought to explore biological differences and potential drivers of the PCa-Gl
phenotype. First, we plotted the correlation between the PCa-Gl score and the Cancer
Hallmark pathways, and strikingly the PCa-GlI score did not correlate strongly with the
Hallmark pathways, again suggesting that the PCa-GI phenotype is a distinct biological
entity (Figure 4A). We next performed a differential pathway analysis between the PCa-
Gl high and PCa-Gl low tumors (Figure 4B, full list of results of all tested pathways in
Supplemental Table 1). As expected, the full PCa-Gl score (using all 129 genes'?) and
the shorter core PCa-Gl score (using the core 38 genes) were the most significantly
different pathways. In addition, several liver-associated signatures that share common
genes with the PCa-Gl phenotype ranked high in the list. However, after these signatures,
the top differential pathway was the FOXA2 pathway (Figure 4B). Interestingly, FOXA2
has recently been suggested as a driver of prostate cancer dedifferentiation and lineage
plasticity®3. In conclusion, these results suggest that the PCa-Gl phenotype represents a
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distinct biological entity and that further studies may elucidate drivers and potential targets
in this prostate cancer subtype.

Discussion

Herein, we studied a previously described prostate cancer gastrointestinal (PCa-Gl)
phenotype in a large cohort of 634 clinical mMCRPC biopsy samples. We showed that
approximately 30% of mCRPC samples have the PCa-Gl phenotype, which is in line with
prior studies'. Importantly, while liver metastases exhibited the highest median PCa-Gl
scores, non-liver metastases can also express a PCa-Gl transcriptional phenotype, and
analysis of single-cell data demonstrated that PCa-Gl related genes, such as SPINK1,
HNF1A, and HNF4G were expressed in tumor cells in non-liver metastatic sites. The PCa-
Gl phenotype has been suggested to emerge under AR-targeted therapy and be resistant
to further AR-targeted agents from in vitro studies’?. Although the number of patients in
this cohort with therapy information and outcomes data is small, the results herein support
a potential association between the PCa-Gl and resistance to ASI therapy. Finally, we
showed that FOXAZ2 signaling is upregulated in PCa-Gl high tumors demonstrating that
further studies should be aimed at understanding the biological drivers of this phenotype
for therapeutic exploitation.

The lack of correlation between the Gl score and proliferation, AR signaling, or NEPC
score suggests that PCa-Gl phenotype in mCRPC may represent a distinct biological
entity independent of the established prostate cancer progression markers. The absence
of associations with genomic alterations in AR, FOXA1, RB1, TP53, or PTEN further
suggests a different resistance mechanism than alterations in the AR gene and the
development of aggressive variants or NEPC.

When analyzing survival outcomes with or without the PCa-Gl phenotype, we only found
a difference in survival with PCa-Gl high tumors that was associated with the high
prevalence of the PCa-Gl in liver samples. More interestingly, while we did not observe a
survival benefit in the overall population based on stratification of Gl high and low patients,
we did observe a statistically significant difference in survival after ASI treatment based
on Gl score in ASI naive tumors. While the number of samples for this analysis is small,
it mirrors preclinical data showing that activation of the PCa-Gl phenotype by itself, does
not alter tumor aggressiveness but makes it less responsive to AR-targeted therapy'2.
Together, these results nominate the PCa-Gl phenotype as a potential target for
developing novel therapies. Indeed, a recent study suggested that the PCa-Gl phenotype
may be targeted with BET-inhibitors'®, and we are eagerly looking forward to future
studies.

Although we analyzed a large cohort of clinical mCRPC samples, our study has
limitations. Firstly, this study was based on an analysis of gene expression from RNA-
sequencing, and while prior studies have confirmed the expression of PCa-Gl related
genes also at the protein level, the morphological and protein expression patterns should
be determined in future studies. Secondly, this study was based on bulk RNA-sequencing,
and the potential influence by non-tumor cells is difficult to analyze. However, we did
observe the PCa-Gl phenotype at all metastatic sites, and public single-cell data support
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the expression of PCa-Gl related genes in tumor cells at different metastatic sites. As
single-cell and spatial transcriptomics become more readily available, this should be
further explored. Thirdly, these cohorts were not randomized and the analysis of survival
after different therapies should be interpreted with caution. However, the results
presented herein show the same trend as prior studies warranting further exploration of
the PCa-Gl phenotype as a mechanism of treatment resistance in mCPRC. Future
studies should aim to delineate the molecular underpinnings of the FOXA2 pathway's role
in the GI phenotype and explore the therapeutic potential of targeting this pathway.
Additionally, the mechanistic link between MYC amplification and the Gl phenotype merits
further exploration, potentially unraveling new avenues for therapeutic intervention.

Conclusions

In conclusion, our study highlights that the PCa-Gl phenotype is not related to androgen
receptor signaling or neuroendocrine prostate cancer and may respond less to androgen
receptor-targeted therapy. Further studies should be directed at elucidating and exploiting
specific pathway alterations in the PCa-Gl phenotype, potentially offering new insights
into its oncogenic landscape and therapeutic vulnerabilities.


https://doi.org/10.1101/2024.06.02.595931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.02.595931; this version posted June 3, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements

We would like to acknowledge funding from the National Institutes of Health [grant
numbers DP2 OD030734 to SGZ, 1UH2CA260389 to SGZ], Department of Defense
[grant numbers PC190039 to SGZ, PC200334 to SGZ, HT94252310164 to MNS],
Prostate Cancer Foundation (2022 Janssen—PCF Special Challenge Award to DAQ,
2022 Point Biopharma Young VAlor Investigator Award to MNS, 2021 Michael and Patricia
Berns-PCF Young Investigator Award to MS), the Doris Duke Charitable Foundation
(Physician Scientist Fellowship #2021088 to MNS), the Swedish Cancer Society
(Cancerfonden, Junior Clinical Investigator Award to MS), the Swedish Prostate Cancer
Foundation (Prostatacancerforbundet, to MS), and Hjelms stiftelse for medicinsk
forskning (MS co-applicant).

Disclosures

SGZ reports unrelated patents licensed to Veracyte, and that a family member is an
employee of Artera and holds stock in Exact Sciences. ES reports honoraria from Janssen
for serving on Advisory Board, and honoraria and stock options from Fortis Therapeutics.
MS reports speaker fees from Astellas.


https://doi.org/10.1101/2024.06.02.595931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.02.595931; this version posted June 3, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

References

10

11

12

13

14

15

16

Rebello, R. J. et al. Prostate cancer. Nat. Rev. Dis. Primers 7, 9 (2021).
https://doi.org:10.1038/s41572-020-00243-0

Visakorpi, T. et al. In vivo amplification of the androgen receptor gene and progression of
human prostate cancer. Nat Genet 9, 401-406 (1995). https://doi.org:10.1038/ng0495-
401

Taplin, M. E. et al. Mutation of the androgen-receptor gene in metastatic androgen-
independent prostate cancer. N Engl J Med 332, 1393-1398 (1995).
https://doi.org:10.1056/NEJM199505253322101

Beltran, H. et al. Targeted next-generation sequencing of advanced prostate cancer
identifies potential therapeutic targets and disease heterogeneity. Eur Urol 63, 920-926
(2013). https://doi.org:10.1016/j.eururo.2012.08.053

Robinson, D. et al. Integrative clinical genomics of advanced prostate cancer. Cell 161,
1215-1228 (2015). https://doi.org:10.1016/j.cell.2015.05.001

Quigley, D. A. et al. Genomic Hallmarks and Structural Variation in Metastatic Prostate
Cancer. Cell 174, 758-769 €759 (2018). https://doi.org:10.1016/].cell.2018.06.039
Herberts, C. et al. Deep whole-genome ctDNA chronology of treatment-resistant
prostate cancer. Nature 608, 199-208 (2022). https://doi.org:10.1038/s41586-022-
04975-9

Beltran, H. et al. The Role of Lineage Plasticity in Prostate Cancer Therapy Resistance.
Clinical cancer research : an official journal of the American Association for Cancer
Research 25, 6916-6924 (2019). https://doi.org:10.1158/1078-0432.CCR-19-1423
Labrecque, M. P. et al. Molecular profiling stratifies diverse phenotypes of treatment-
refractory metastatic castration-resistant prostate cancer. J Clin Invest 129, 4492-4505
(2019). https://doi.org:10.1172/JCI128212

Aggarwal, R. et al. Prognosis Associated With Luminal and Basal Subtypes of Metastatic
Prostate Cancer. JAMA oncology 7, 1644-1652 (2021).
https://doi.org:10.1001/jamaoncol.2021.3987

Xu, D. et al. Chromatin profiles classify castration-resistant prostate cancers suggesting
therapeutic targets. Science. 376, eabe1505 (2022).
https://doi.org:10.1126/science.abe1505

Shukla, S. et al. Aberrant Activation of a Gastrointestinal Transcriptional Circuit in
Prostate Cancer Mediates Castration Resistance. Cancer cell 32, 792-806 797 (2017).
https://doi.org:10.1016/j.ccell.2017.10.008

Sjostrom, M. et al. The 5-Hydroxymethylcytosine Landscape of Prostate Cancer. Cancer
Res 82, 3888-3902 (2022). https://doi.org:10.1158/0008-5472.Can-22-1123

Ateeq, B. et al. Therapeutic targeting of SPINK1-positive prostate cancer. Sci Transl Med
3, 72ral7 (2011). https://doi.org:10.1126/scitranslmed.3001498

Tomlins, S. A. et al. The role of SPINK1 in ETS rearrangement-negative prostate cancers.
Cancer cell 13, 519-528 (2008). https://doi.org:10.1016/].ccr.2008.04.016

Shukla, S. et al. BET inhibitors as a therapeutic intervention in gastrointestinal gene
signature-positive castration-resistant prostate cancer. bioRxiv, 2024.2003.2009.584256
(2024). https://doi.org:10.1101/2024.03.09.584256



https://doi.org:10.1038/s41572-020-00243-0
https://doi.org:10.1038/ng0495-401
https://doi.org:10.1038/ng0495-401
https://doi.org:10.1056/NEJM199505253322101
https://doi.org:10.1016/j.eururo.2012.08.053
https://doi.org:10.1016/j.cell.2015.05.001
https://doi.org:10.1016/j.cell.2018.06.039
https://doi.org:10.1038/s41586-022-04975-9
https://doi.org:10.1038/s41586-022-04975-9
https://doi.org:10.1158/1078-0432.CCR-19-1423
https://doi.org:10.1172/JCI128212
https://doi.org:10.1001/jamaoncol.2021.3987
https://doi.org:10.1126/science.abe1505
https://doi.org:10.1016/j.ccell.2017.10.008
https://doi.org:10.1158/0008-5472.Can-22-1123
https://doi.org:10.1126/scitranslmed.3001498
https://doi.org:10.1016/j.ccr.2008.04.016
https://doi.org:10.1101/2024.03.09.584256
https://doi.org/10.1101/2024.06.02.595931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.02.595931; this version posted June 3, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

available under aCC-BY-NC-ND 4.0 International license.

Feng, E. et al. Intrinsic Molecular Subtypes of Metastatic Castration-Resistant Prostate
Cancer. Clin. Cancer. Res. 28, 5396-5404 (2022). https://doi.org:10.1158/1078-0432.CCR-
22-2567

Zhao, S. G. et al. The DNA methylation landscape of advanced prostate cancer. Nature
Genetics 52, 778-789 (2020). https://doi.org:10.1038/s41588-020-0648-8

Chen, W. S. et al. Genomic Drivers of Poor Prognosis and Enzalutamide Resistance in
Metastatic Castration-resistant Prostate Cancer. European urology 76, 562-571 (2019).
https://doi.org:10.1016/j.eururo.2019.03.020

Abida, W. et al. Genomic correlates of clinical outcome in advanced prostate cancer.
Proceedings of the National Academy of Sciences of the United States of America 116,
11428-11436 (2019). https://doi.org:10.1073/pnas.1902651116

Kumar, A. et al. Substantial interindividual and limited intraindividual genomic diversity
among tumors from men with metastatic prostate cancer. Nat Med 22, 369-378 (2016).
https://doi.org:10.1038/nm.4053

Beltran, H. et al. Divergent clonal evolution of castration-resistant neuroendocrine
prostate cancer. Nat Med 22, 298-305 (2016). https://doi.org:10.1038/nm.4045
Liberzon, A. et al. The Molecular Signatures Database (MSigDB) hallmark gene set
collection. Cell Syst 1, 417-425 (2015). https://doi.org:10.1016/j.cels.2015.12.004

Pico, A. R. et al. WikiPathways: pathway editing for the people. PLoS Biol 6, €184 (2008).
https://doi.org:10.1371/journal.pbio.0060184

Agrawal, A. et al. WikiPathways 2024: next generation pathway database. Nucleic Acids
Res 52, D679-D689 (2024). https://doi.org:10.1093/nar/gkad960

Zhang, D. et al. Stem cell and neurogenic gene-expression profiles link prostate basal
cells to aggressive prostate cancer. Nature communications 7, 10798 (2016).
https://doi.org:10.1038/ncomms10798

Cuzick, J. et al. Prognostic value of an RNA expression signature derived from cell cycle
proliferation genes in patients with prostate cancer: a retrospective study. The lancet
oncology 12, 245-255 (2011). https://doi.org:https://doi.org/10.1016/S1470-
2045(10)70295-3

Hieronymus, H. et al. Gene expression signature-based chemical genomic prediction
identifies a novel class of HSP90 pathway modulators. Cancer cell 10, 321-330 (2006).
https://doi.org:10.1016/j.ccr.2006.09.005

Yuan, F. et al. Molecular determinants for enzalutamide-induced transcription in
prostate cancer. Nucleic Acids Res 47, 10104-10114 (2019).
https://doi.org:10.1093/nar/gkz790

Spratt, D. E. et al. Transcriptomic Heterogeneity of Androgen Receptor Activity Defines a
de novo low AR-Active Subclass in Treatment Naive Primary Prostate Cancer. Clin.
Cancer. Res. 25, 6721-6730 (2019). https://doi.org:10.1158/1078-0432.CCR-19-1587
Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate - a Practical and
Powerful Approach to Multiple Testing. J R Stat Soc B 57, 289-300 (1995).
https://doi.org:D0I 10.1111/j.2517-6161.1995.tb02031.x

He, M. X. et al. Transcriptional mediators of treatment resistance in lethal prostate
cancer. Nature Medicine 27, 426-433 (2021). https://doi.org:10.1038/s41591-021-
01244-6



https://doi.org:10.1158/1078-0432.CCR-22-2567
https://doi.org:10.1158/1078-0432.CCR-22-2567
https://doi.org:10.1038/s41588-020-0648-8
https://doi.org:10.1016/j.eururo.2019.03.020
https://doi.org:10.1073/pnas.1902651116
https://doi.org:10.1038/nm.4053
https://doi.org:10.1038/nm.4045
https://doi.org:10.1016/j.cels.2015.12.004
https://doi.org:10.1371/journal.pbio.0060184
https://doi.org:10.1093/nar/gkad960
https://doi.org:10.1038/ncomms10798
https://doi.org:https:/doi.org/10.1016/S1470-2045(10)70295-3
https://doi.org:https:/doi.org/10.1016/S1470-2045(10)70295-3
https://doi.org:10.1016/j.ccr.2006.09.005
https://doi.org:10.1093/nar/gkz790
https://doi.org:10.1158/1078-0432.CCR-19-1587
https://doi.org:DOI
https://doi.org:10.1038/s41591-021-01244-6
https://doi.org:10.1038/s41591-021-01244-6
https://doi.org/10.1101/2024.06.02.595931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.02.595931; this version posted June 3, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

33 Han, M. et al. FOXA2 drives lineage plasticity and KIT pathway activation in
neuroendocrine prostate cancer. Cancer Cell 40, 1306-1323.e1308 (2022).
https://doi.org:10.1016/j.ccell.2022.10.011



https://doi.org:10.1016/j.ccell.2022.10.011
https://doi.org/10.1101/2024.06.02.595931
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.02.595931; this version posted June 3, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figures
Site Bile acid metabolism
A B " g C |~ —
L or op
. Lung s 4
0.034 Data 50 B8 Lymph Node
D Al B8] other
°
. o 5 25
2 0.024 D Liver excluded 5 2 8
2 : °
8 © Site
9 ® Liver
0.01 o o Other
: .
25—
2 T T T T
0.004 -50 0 50 150
T T T T T Bile acid metabolism
25 0 25 50 75 Bone Liver Lung  LymphNode Other  Primary Site

Gl score Biopsy site

Figure 1. A gastrointestinal transcriptional phenotype exists among clinical nCRPC biopsy
samples. A) Distribution of a transcriptional prostate cancer gastrointestinal (PCa-Gl) score
among 634 mCRPC biopsy samples in all (green) or non-liver (red) samples. B) Gl scores in
different metastatic biopsy sites. C) Scatterplot of Gl score vs a bile acid metabolism score.
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Figure 2. The prostate cancer gastrointestinal score represents a distinct biological entity.
A) Scatterplot of the transcriptional gastrointestinal (Gl) score and AR signaling. B) Scatterplot of
the Gl score and proliferation. C) Scatterplot of the Gl score and neuroendocrine prostate cancer
score (NEPC). D) The Gl score and genomic alterations in AR, FOXA1, MYC, PTEN, RB1, and

TP53.
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Figure 3. The prognostic and treatment predictive potential of the prostate cancer
gastrointestinal score. A) Overall survival from time of biopsy for PCa-Gl low and PCa-Gl high
tumors. B) Boxplot of PCa-Gl score in tumors without or with prior androgen signaling inhibitor
(ASI). C) Overall survival from time of biopsy depending on immediate postbiopsy ASI treatment
or another postbiopsy therapy in PCa-Gl low tumors. D) Overall survival from time of biopsy
depending on immediate postbiopsy ASI treatment or another postbiopsy therapy in PCaGl high
tumors.
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Figure 4. Biological differences in Gl low and high tumors. A) Correlation plot of biological
pathways in mCRPC. Each pathways score is calculated as the mean of Z-scores for genes in
the pathways and the color in the plot depicts degree of inter pathway correlation. B) Differential
pathway analysis between Gl high and Gl low tumors, excluding liver samples. The Y-axis
represents the statistical strength as the -log10(false discovery rate) from a Wilcoxon rank sum
test. The X-axis represents the difference in median pathway score.
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Supplementary figure 1. Expression of the gastrointestinal score associated genes
SPINK1, HNF1A, and HNF4G in single-cell RNA-sequencing data from He et al.32. Top row
is expression in single cells split per patient. Middle row is expression in single cells split per cell
type. Bottom row is expression split per site of metastasis.
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Supplementary figure 2. The treatment predictive potential of the prostate cancer
gastrointestinal score in ASI naive tumors. A) Overall survival from time of biopsy depending
on immediate postbiopsy ASI treatment or another postbiopsy therapy in PCa-Gl low and ASI
naive tumors. B) Overall survival from time of biopsy depending on immediate postbiopsy ASI
treatment or another postbiopsy therapy in PCa-Gl high and ASI naive tumors.
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Supplementary tables

Supplementary table 1. Differential pathway analysis between Gl low and Gl high tumors.
Cancer Hallmark, Wikipathways and additional prostate cancer relevant gene list from the
literature were analyzed.
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