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published in Cell Reports in 2022.
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In this analysis, we will: 
• Examine the study’s objectives – What hypotheses were tested? 
• Break down the methodology – What experimental techniques were used? 
• Discuss key findings – How does FOXA1 impact alternative splicing, and what are the 

implications for prostate cancer treatment? 
• Evaluate the significance – How do these results contribute to our understanding of 

cancer biology and potential therapies?
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FOXA1
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FOXA1 is a pioneer transcription factor, meaning it plays a crucial role in opening 
chromatin to facilitate gene transcription and regulate gene expression. 

It regulates gene expression by binding to DNA regulatory sequences, with a 
strong preference for enhancer regions (distal regulatory elements). 

FOXA1 is essential for the development of multiple endoderm-derived organ 
systems, including the liver, pancreas, lung, and prostate.



FOXA1
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In prostate cancer, FOXA1 coordinates its activity with the androgen receptor (AR) 
to regulate gene expression.  

However, it also has an AR-independent role in controlling epithelial-to-
mesenchymal transition, a process linked to cancer progression and metastasis. 

Mutations in prostate cancer frequently affect both the coding sequence and cis-
regulatory elements (CREs) of FOXA1, leading to significant functional alterations 
that may contribute to tumor development and progression.



Alternative splicing
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Splicing is a fundamental process in which introns are removed from a pre-mRNA 
molecule, and exons are joined together to form a mature mRNA transcript. 
More than 95% of human genes produce multiple isoforms (mature mRNA 
variants) through a mechanism known as alternative splicing.

https://www.sciencedirect.com/science/article/pii/S0002929717304548


Alternative splicing
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Alternative splicing significantly contributes to proteomic diversity, allowing a 
limited number of genes to encode a vast array of proteins. 
This process is primarily regulated by RNA-binding proteins (RBPs), also known as 
splicing-related proteins (SRPs), which bind to specific RNA motifs to influence 
exon inclusion or exclusion. 
Dysregulation of alternative splicing is frequently observed in cancer, leading to 
the production of aberrant protein isoforms that can contribute to tumor 
progression.

https://www.sciencedirect.com/science/article/pii/S0002929717304548


Prostate cancer
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Prostate cancer is the second most common type of cancer worldwide and the 
leading cause of cancer-related death in men. 
Despite significant advancements in diagnosis and treatment, end-stage metastatic 
castration-resistant prostate cancer (mCRPC) remains highly challenging to treat. 
Prostate cancer exhibits high heterogeneity, contributing to treatment resistance 
and disease progression. 
Recurrent activating alterations frequently occur in key oncogenic transcription 
factors, including AR, ERG, FOXA1, and MYC, playing a crucial role in tumor 
development and progression.
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Author spotlight

The author list generally begins with the first author(s), who contributed the most to the study, and 
continues with subsequent authors based on their level of contribution.  
The last author is often the principal investigator or the leading researcher, who is usually responsible 
for the overall direction of the study.  
In some fields, the last author holds significant seniority.
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Author spotlight

Authors' affiliations with their institutions or universities are listed to provide transparency and context 
regarding where the research was conducted.  
This is particularly important in collaborative studies involving multiple institutions or international 
research teams.
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Author spotlight

Corresponding authors are typically marked with an asterisk (*) or another notation.  
This authors are the primary contact for the paper and are responsible for managing the submission, 
communication with the journal, and addressing reviewer comments. 
They handle reprints and are often who to reach out to if readers have any questions or comments 
regarding the study. 
Their email address is usually provided in the author section, allowing readers to directly contact them 
for clarification or further information about the research.
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Hot off the press or a blast from the past?

The publication date is a crucial factor when evaluating a research paper.  
Scientific knowledge evolves rapidly, and newer studies often provide updated 
data, refined methodologies, and the latest discoveries in the field. 
When assessing a paper, ask yourself:

• Is the research recent, or could it be outdated? 
• Does it reflect the latest advancements in the field? 
• Have there been newer studies that build upon or challenge these findings? 

While older papers can still be valuable—especially if they are foundational or highly 
cited—it is essential to consider whether more recent studies provide additional 
insights or revised conclusions.
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In this case, we do not just have the traditional abstract (referred to as the “Summary"), 
but also additional key sections to enhance comprehension: 
• Brief description: a concise overview of the research. 
• Graphical abstract: a visual summary of the study’s main findings. 
• Highlights: key takeaways from the paper, summarizing the most important points.

Glossary: 
NMD is a translation-coupled mechanism that eliminates mRNAs 
containing premature translation-termination codons (PTCs).  

PTCs arise from single nucleotide variations or alternative splicing 
events modifying RNA frame that convert a triplet nucleotide codon 
into one of three stop codons, i.e. TAG, TGA or TAA.

Abstract
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Splicing-related protein

Nonsense-mediated decay

Abstract
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Abstract
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Abstract
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1st paragraph: Overview of the study

Discussion
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2nd paragraph: Why is FOXA1 the predominant hallmark of SRGs dysregulation?

Discussion
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3rd paragraph: Mechanisms of 
FOXA1 regulation in alternative 
splicing events 

Main message 

Discussion
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4th paragraph: FOXA1-orchestrated auto-regulation of SRGs

Discussion
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5th paragraph: Clinical impact 

Discussion
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6th paragraph: Summary of findings
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Discussion
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Introduction

1st paragraph: Alternative splicing and its role in cancer
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2nd paragraph: The potential of targeting AS for novel cancer therapies

Introduction
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3rd paragraph: Prostate cancer 

Introduction
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4th paragraph: Aberrant AS in prostate cancer

Introduction
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5th paragraph: Role of TFs - AR, ERG, FOXA1, MYC - in prostate cancer

Introduction
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6th paragraph: Role of TFs in AS dysregulation in prostate cancer 

What has 
been done

What is 
missing

Contribution 
of the paper

Introduction
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Results

Of these, HNRNPK, HNRNPL, and SRSF1 particularly drew
our interest as they harbor active FOXA1 binding sites in both
promoter and interacting enhancer regions in both VCaP- and
LNCaP-based datasets (Figure 1D). To probe the transcriptional
architecture of these SRGs, we included ChIP-seq data for
H3K27ac (marker of active enhancer), H3K4me3 (marker of
active promoter), and CTCF (marker of topologically associating
domain boundary element) in the corresponding PC cells. We

found that FOXA1 binds to the promoter (marked by
H3K4me3) and cognate active enhancers (marked by
H3K27ac), within chromatin loops (delimited by CTCF sites) of
HNRNPK (Figure 1E) and the other two SRGs (Figure S3).
To test the robustness of our results, we profiled the expres-

sion of these three FOXA1-controlled SRGs by qRT-PCR on
FOXA1 siRNA-treated and control samples from VCaP, PC3,
LNCaP, and DU145 cell lines. We observed a significantly
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Figure 1. FOXA1 transcriptionally controls splicing-related genes in PC
(A) Results of multivariable covariance analysis between the cumulative expression of SRGs and the expression of TFs in primary PCs, mCRPC, and NEPC. Color

key indicates the standardized b coefficients of the model.

(B) Enrichment of spliceosome geneswith active TF binding sites within chromatin-accessible promoters (yellow) and enhancers (blue) for the VCaP- and LNCaP-

based architectural datasets. The fraction of spliceosome genes with active TF-bound regions for each TF is shown.

(C) Framework used to select FOXA1-controlled SRGs. p values refer to a two-tailed test of equal proportion comparing the proportion of active FOXA1 binding

sites on SRG promoters (yellow) and enhancers (blue). DE, differentially expressed.

(D) Bar plots indicate fold change (FC) in expression levels of FOXA1-controlled SRGs upon FOXA1 depletion in VCaP and PC3 cells. Color code indicates

DEseq2 adjusted p value. Bottom annotations depict the active FOXA1-bound regulatory regions for each SRG.

(E) ChIP-seq density read tracks of H3K27ac, H3K4me3, CTCF (two overlayed experiments) and FOXA1 (five overlayed experiments) in VCaP cells are shown

together with recurrent accessible regions of primary PC from assay for transposase-accessible chromatin using sequencing experiments, active FOXA1 binding

sites and RNA PolII chromatin interaction analysis by paired-end tag sequencing-derived FOXA1-bound regulatory regions.

(F) Representative western blotting images (left panel) of whole-cell lysates from PC3 cells transfected with 2 mg of plasmid DNA vectors encoding FOXA1 or

vector only (VO) control using antibodies to FOXA1 and ACTB. ACTB-normalizedmean fold change in protein expression compared with control are shown below

the upper blot image. Bar plots (right panel) depict the mean fold change in expression of candidate SRGs measured by qRT-PCR upon FOXA1 overexpression

(biological triplicates). Error bars correspond to standard error of the mean. Two-tailed t test was used to compare conditions (*p % 0.05).
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Of these, HNRNPK, HNRNPL, and SRSF1 particularly drew
our interest as they harbor active FOXA1 binding sites in both
promoter and interacting enhancer regions in both VCaP- and
LNCaP-based datasets (Figure 1D). To probe the transcriptional
architecture of these SRGs, we included ChIP-seq data for
H3K27ac (marker of active enhancer), H3K4me3 (marker of
active promoter), and CTCF (marker of topologically associating
domain boundary element) in the corresponding PC cells. We
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Figure 1. FOXA1 transcriptionally controls splicing-related genes in PC
(A) Results of multivariable covariance analysis between the cumulative expression of SRGs and the expression of TFs in primary PCs, mCRPC, and NEPC. Color

key indicates the standardized b coefficients of the model.

(B) Enrichment of spliceosome geneswith active TF binding sites within chromatin-accessible promoters (yellow) and enhancers (blue) for the VCaP- and LNCaP-

based architectural datasets. The fraction of spliceosome genes with active TF-bound regions for each TF is shown.

(C) Framework used to select FOXA1-controlled SRGs. p values refer to a two-tailed test of equal proportion comparing the proportion of active FOXA1 binding

sites on SRG promoters (yellow) and enhancers (blue). DE, differentially expressed.

(D) Bar plots indicate fold change (FC) in expression levels of FOXA1-controlled SRGs upon FOXA1 depletion in VCaP and PC3 cells. Color code indicates

DEseq2 adjusted p value. Bottom annotations depict the active FOXA1-bound regulatory regions for each SRG.

(E) ChIP-seq density read tracks of H3K27ac, H3K4me3, CTCF (two overlayed experiments) and FOXA1 (five overlayed experiments) in VCaP cells are shown

together with recurrent accessible regions of primary PC from assay for transposase-accessible chromatin using sequencing experiments, active FOXA1 binding

sites and RNA PolII chromatin interaction analysis by paired-end tag sequencing-derived FOXA1-bound regulatory regions.

(F) Representative western blotting images (left panel) of whole-cell lysates from PC3 cells transfected with 2 mg of plasmid DNA vectors encoding FOXA1 or

vector only (VO) control using antibodies to FOXA1 and ACTB. ACTB-normalizedmean fold change in protein expression compared with control are shown below

the upper blot image. Bar plots (right panel) depict the mean fold change in expression of candidate SRGs measured by qRT-PCR upon FOXA1 overexpression

(biological triplicates). Error bars correspond to standard error of the mean. Two-tailed t test was used to compare conditions (*p % 0.05).
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quadrant), whereas PTC-preventing exons were predominantly
FOXA1-enhanced exons (Figure 3D, top-right quadrant).
Overall, these results indicate that the enhancement of domi-

nant isoform production by FOXA1 includes those that escape
NMD, particularly in splicing factors.

FOXA1 mediates exon silencing by controlling trans-
acting factors within an ‘‘exon definition’’ mechanism
Alternatively spliced CEs have weaker splice sites (ss), are
strongly conserved during evolution, and are usually shorter
with longer flanking introns (Keren et al., 2010; Mazin et al.,
2021). Therefore, we sought to delineate the features of
FOXA1-mediated exon definition in primary PC. By performing
conventional ss strength analysis, we did not find any significant
difference in ss scores between FOXA1-regulated and -unregu-
lated exons (Figure S5D). However, compared with FOXA1-un-

regulated events, FOXA1-regulated exons were (1) significantly
shorter with longer flanking introns (Figure 4A) and (2) more
conserved across 100 species, especially within 100 nt of the
exon/intron junctions (Figure 4B). The stronger evolutionary
constraint on FOXA1-regulated exons suggests functionality.
These results indicate that FOXA1-mediated exon definition de-
pends on exon length and conservation, demonstrating a model
in which FOXA1 controls exons in trans.
Furthermore, splicing is a co-transcriptional process in which

chromatin modifications can impact on recruitment of splicing
factors to the pre-mRNA of a minority of exons to enhance their
definition (Agirre et al., 2021). To investigate chromatin involve-
ment in FOXA1-mediated exon definition, we collected 876
CEs marked by combinations of histone modifications and
measured their over-representation within FOXA1-regulated
exons relative to unregulated events. We found that a minority
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Figure 2. FOXA1 calibrates the alternative splicing equilibrium of PC by enhancing the production of dominant isoforms
(A) Overview of alternatively spliced exon trajectories in the space defined bymean and standard deviation (SD) of exon inclusion levels (Js). Color codes indicate

positive (red) and negative (blue) changes of mean and SD of Js between FOXA1 highly expressing tumors and remaining ones.

(B) Cumulative distribution plots depict the number (N) of exons with either positive (red) or negative (blue) changes ranging from m(J)primary PC of 0.5 (i.e., mixed

isoforms) to the boundaries of 0 and 1 (i.e., dominant isoforms). Dashed lines represent the expected mean cumulative distribution of events with inclusion

changes generated by 1,000Monte Carlo simulations. Gray area represents confidence intervals (5%–95%). Histograms of the number of exonswith positive and

negative changes are superimposed on the x axis. On left panel, a preponderance of blue over red indicates that FOXA1 mostly inhibits exon inclusion, whereas

the dominance of red compared with blue indicates amajor enhancement of exon inclusion by FOXA1. On right panel, a preponderance of blue over red indicates

that exons were more uniformly spliced across tumors by FOXA1, whereas the dominance of red compared with blue indicates more heterogeneous inclusion

upon high FOXA1 expression.

(C and D) Cumulative distribution plots depict differentially alternatively spliced events (N) with positive (red) and negative (blue) mean inclusion changes upon

FOXA1 depletion in VCaP (C) and PC3 (D) cells ranging frommixed (i.e., m(J) = 0.5) to dominant (i.e., m(J) = {0,1}) isoform population. Histograms of the number of

exons with positive and negative changes are superimposed on the x axis. A preponderance of blue over red indicates that FOXA1mostly inhibits exon inclusion.

(E) Over representation analysis performed on genes harboring FOXA1-regulated AS events in primary PCs and cell lines. Shape size and gene ratio indicate the

number (from 12 to 59) and the fraction of selected genes in each pathway, respectively. Color key represents the statistical significance (FDR) of the enrichment.

Only top 5 enriched pathways (FDR < 0.1), if any, are shown and sorted by statistical significance. For (B–D), stars indicate the significance of two-tailed exact

binomial tests comparing the abundances of exons with positive and negative changes against a null hypothesis with probability = 0.5 in four groups of Js.

**p <10!2 and ***p < 10!3.
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quadrant), whereas PTC-preventing exons were predominantly
FOXA1-enhanced exons (Figure 3D, top-right quadrant).
Overall, these results indicate that the enhancement of domi-

nant isoform production by FOXA1 includes those that escape
NMD, particularly in splicing factors.

FOXA1 mediates exon silencing by controlling trans-
acting factors within an ‘‘exon definition’’ mechanism
Alternatively spliced CEs have weaker splice sites (ss), are
strongly conserved during evolution, and are usually shorter
with longer flanking introns (Keren et al., 2010; Mazin et al.,
2021). Therefore, we sought to delineate the features of
FOXA1-mediated exon definition in primary PC. By performing
conventional ss strength analysis, we did not find any significant
difference in ss scores between FOXA1-regulated and -unregu-
lated exons (Figure S5D). However, compared with FOXA1-un-

regulated events, FOXA1-regulated exons were (1) significantly
shorter with longer flanking introns (Figure 4A) and (2) more
conserved across 100 species, especially within 100 nt of the
exon/intron junctions (Figure 4B). The stronger evolutionary
constraint on FOXA1-regulated exons suggests functionality.
These results indicate that FOXA1-mediated exon definition de-
pends on exon length and conservation, demonstrating a model
in which FOXA1 controls exons in trans.
Furthermore, splicing is a co-transcriptional process in which

chromatin modifications can impact on recruitment of splicing
factors to the pre-mRNA of a minority of exons to enhance their
definition (Agirre et al., 2021). To investigate chromatin involve-
ment in FOXA1-mediated exon definition, we collected 876
CEs marked by combinations of histone modifications and
measured their over-representation within FOXA1-regulated
exons relative to unregulated events. We found that a minority
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Figure 2. FOXA1 calibrates the alternative splicing equilibrium of PC by enhancing the production of dominant isoforms
(A) Overview of alternatively spliced exon trajectories in the space defined bymean and standard deviation (SD) of exon inclusion levels (Js). Color codes indicate

positive (red) and negative (blue) changes of mean and SD of Js between FOXA1 highly expressing tumors and remaining ones.

(B) Cumulative distribution plots depict the number (N) of exons with either positive (red) or negative (blue) changes ranging from m(J)primary PC of 0.5 (i.e., mixed

isoforms) to the boundaries of 0 and 1 (i.e., dominant isoforms). Dashed lines represent the expected mean cumulative distribution of events with inclusion

changes generated by 1,000Monte Carlo simulations. Gray area represents confidence intervals (5%–95%). Histograms of the number of exonswith positive and

negative changes are superimposed on the x axis. On left panel, a preponderance of blue over red indicates that FOXA1 mostly inhibits exon inclusion, whereas

the dominance of red compared with blue indicates amajor enhancement of exon inclusion by FOXA1. On right panel, a preponderance of blue over red indicates

that exons were more uniformly spliced across tumors by FOXA1, whereas the dominance of red compared with blue indicates more heterogeneous inclusion

upon high FOXA1 expression.

(C and D) Cumulative distribution plots depict differentially alternatively spliced events (N) with positive (red) and negative (blue) mean inclusion changes upon

FOXA1 depletion in VCaP (C) and PC3 (D) cells ranging frommixed (i.e., m(J) = 0.5) to dominant (i.e., m(J) = {0,1}) isoform population. Histograms of the number of

exons with positive and negative changes are superimposed on the x axis. A preponderance of blue over red indicates that FOXA1mostly inhibits exon inclusion.

(E) Over representation analysis performed on genes harboring FOXA1-regulated AS events in primary PCs and cell lines. Shape size and gene ratio indicate the

number (from 12 to 59) and the fraction of selected genes in each pathway, respectively. Color key represents the statistical significance (FDR) of the enrichment.

Only top 5 enriched pathways (FDR < 0.1), if any, are shown and sorted by statistical significance. For (B–D), stars indicate the significance of two-tailed exact

binomial tests comparing the abundances of exons with positive and negative changes against a null hypothesis with probability = 0.5 in four groups of Js.

**p <10!2 and ***p < 10!3.
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of FOXA1-regulated exons were significantly enriched for
splicing-associated chromatin signatures (SACS; Figure 4C)
compared with FOXA1-unregulated events, particularly for
SACS marking generally excluded exons (i.e., SACS 4, 5, and
7; Figure 4C, two-tailed Fisher’s exact test, p = 7.6 3 10!6).
These findings suggest that chromatin modifications may also
contribute to FOXA1-mediated exon regulation for a subset of
events.
To gain insights into trans-acting regulation of FOXA1-medi-

ated AS, we performed a position-dependent analysis of cis-
acting sequences, which define splicing regulation by trans-
acting factors. To do so, we integrated our conventional RNA
motifs analysis (Cereda et al., 2014) with RBP binding data and
associated cis-acting sequences to cognate trans-acting factors
(see STAR Methods). In brief, we searched for clusters of tetra-
mers that were enriched at specific positions around FOXA1-
regulated exons compared with unregulated events. Next, in
light of the reproducibility of splicing factor binding positions
across cell types (Van Nostrand et al., 2020b), we searched for
RBP crosslinking sites from eCLIP experiments in HepG2 cells
at FOXA1-regulated exons with tetramer instances. Finally, we
associated tetramers to cognate RBPs on similarity of (1) their
sequence with canonical RBP consensus motifs and (2) posi-
tion-dependent representation of their occurrences (i.e., splicing
maps) with those of RBP crosslinking sites at exon-intron
junctions.
We identified 13 tetramers enriched at FOXA1-regulated

exons (Figure 4D) and associated with 10 FOXA1-regulated
SRGs (Figure 4E). The majority of tetramers (77%) were enriched
at FOXA1-inhibited exons, corroborating the propensity for an
extensive FOXA1-mediated exon silencing. In particular, T-rich
tetramers were strongly enriched at the 3ʹ ss of FOXA1-inhibited
exons (Figure 4D). These motifs were associated with RBPs that
canonically bind within the upstream intron, predominantly
FOXA1-controlled proteins PTBP1, U2AF2, HNRNPC, and
HNRNPK (Figure 4E).
Together, our data describe the FOXA1-mediated splicing

code in primary PC where different trans-acting splicing factors
control exon inclusion. In particular, FOXA1-mediated exon
silencing appears to preferentially rely on splicing repressors
acting at the 3ʹ ss, which are directly controlled by FOXA1.

FOXA1-regulated NMD-determinant exons impact on
PC patient survival
In light of recent evidence implicating PTC-introducing exons in
lung cancer disease-free survival (Thomas et al., 2020), we
sought to investigate whether the subset of FOXA1-regulated
NMD-determinant exons could impact PC patient prognosis.
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exons
(A) Overview of selective inclusion of premature termination codon (PTC)

introducing, or preventing, CEs triggering NMD.

(B) Bar plots show the proportion of PTC-introducing and PTC-preventing

exons among FOXA1-regulated and FOXA1-unregulated exons. Numbers of

exons in each category are indicated.

(C) Distribution of mean inclusion changes of NMD-determinant FOXA1-

regulated and FOXA1-unregulated exons.

(D) Bar plots show the proportion of PTC-introducing and PTC-preventing

exons among FOXA1-regulated and FOXA1-unregulated exons. Exons are

stratified according to their positive (red) and negative (blue) mean inclusion

change upon high expression of FOXA1. The number of exons in each cate-

gory is indicated. Stars indicate statistical significance of two-tailed Fisher’s

exact test (B and D) and Wilcoxon rank-sum test (C). *p < 0.05, **p < 10!2,

***p < 10!3.
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of FOXA1-regulated exons were significantly enriched for
splicing-associated chromatin signatures (SACS; Figure 4C)
compared with FOXA1-unregulated events, particularly for
SACS marking generally excluded exons (i.e., SACS 4, 5, and
7; Figure 4C, two-tailed Fisher’s exact test, p = 7.6 3 10!6).
These findings suggest that chromatin modifications may also
contribute to FOXA1-mediated exon regulation for a subset of
events.
To gain insights into trans-acting regulation of FOXA1-medi-

ated AS, we performed a position-dependent analysis of cis-
acting sequences, which define splicing regulation by trans-
acting factors. To do so, we integrated our conventional RNA
motifs analysis (Cereda et al., 2014) with RBP binding data and
associated cis-acting sequences to cognate trans-acting factors
(see STAR Methods). In brief, we searched for clusters of tetra-
mers that were enriched at specific positions around FOXA1-
regulated exons compared with unregulated events. Next, in
light of the reproducibility of splicing factor binding positions
across cell types (Van Nostrand et al., 2020b), we searched for
RBP crosslinking sites from eCLIP experiments in HepG2 cells
at FOXA1-regulated exons with tetramer instances. Finally, we
associated tetramers to cognate RBPs on similarity of (1) their
sequence with canonical RBP consensus motifs and (2) posi-
tion-dependent representation of their occurrences (i.e., splicing
maps) with those of RBP crosslinking sites at exon-intron
junctions.
We identified 13 tetramers enriched at FOXA1-regulated

exons (Figure 4D) and associated with 10 FOXA1-regulated
SRGs (Figure 4E). The majority of tetramers (77%) were enriched
at FOXA1-inhibited exons, corroborating the propensity for an
extensive FOXA1-mediated exon silencing. In particular, T-rich
tetramers were strongly enriched at the 3ʹ ss of FOXA1-inhibited
exons (Figure 4D). These motifs were associated with RBPs that
canonically bind within the upstream intron, predominantly
FOXA1-controlled proteins PTBP1, U2AF2, HNRNPC, and
HNRNPK (Figure 4E).
Together, our data describe the FOXA1-mediated splicing

code in primary PC where different trans-acting splicing factors
control exon inclusion. In particular, FOXA1-mediated exon
silencing appears to preferentially rely on splicing repressors
acting at the 3ʹ ss, which are directly controlled by FOXA1.

FOXA1-regulated NMD-determinant exons impact on
PC patient survival
In light of recent evidence implicating PTC-introducing exons in
lung cancer disease-free survival (Thomas et al., 2020), we
sought to investigate whether the subset of FOXA1-regulated
NMD-determinant exons could impact PC patient prognosis.
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exact test (B and D) and Wilcoxon rank-sum test (C). *p < 0.05, **p < 10!2,

***p < 10!3.

6 Cell Reports 40, 111404, September 27, 2022

Article
ll

OPEN ACCESS

of FOXA1-regulated exons were significantly enriched for
splicing-associated chromatin signatures (SACS; Figure 4C)
compared with FOXA1-unregulated events, particularly for
SACS marking generally excluded exons (i.e., SACS 4, 5, and
7; Figure 4C, two-tailed Fisher’s exact test, p = 7.6 3 10!6).
These findings suggest that chromatin modifications may also
contribute to FOXA1-mediated exon regulation for a subset of
events.
To gain insights into trans-acting regulation of FOXA1-medi-

ated AS, we performed a position-dependent analysis of cis-
acting sequences, which define splicing regulation by trans-
acting factors. To do so, we integrated our conventional RNA
motifs analysis (Cereda et al., 2014) with RBP binding data and
associated cis-acting sequences to cognate trans-acting factors
(see STAR Methods). In brief, we searched for clusters of tetra-
mers that were enriched at specific positions around FOXA1-
regulated exons compared with unregulated events. Next, in
light of the reproducibility of splicing factor binding positions
across cell types (Van Nostrand et al., 2020b), we searched for
RBP crosslinking sites from eCLIP experiments in HepG2 cells
at FOXA1-regulated exons with tetramer instances. Finally, we
associated tetramers to cognate RBPs on similarity of (1) their
sequence with canonical RBP consensus motifs and (2) posi-
tion-dependent representation of their occurrences (i.e., splicing
maps) with those of RBP crosslinking sites at exon-intron
junctions.
We identified 13 tetramers enriched at FOXA1-regulated

exons (Figure 4D) and associated with 10 FOXA1-regulated
SRGs (Figure 4E). The majority of tetramers (77%) were enriched
at FOXA1-inhibited exons, corroborating the propensity for an
extensive FOXA1-mediated exon silencing. In particular, T-rich
tetramers were strongly enriched at the 3ʹ ss of FOXA1-inhibited
exons (Figure 4D). These motifs were associated with RBPs that
canonically bind within the upstream intron, predominantly
FOXA1-controlled proteins PTBP1, U2AF2, HNRNPC, and
HNRNPK (Figure 4E).
Together, our data describe the FOXA1-mediated splicing

code in primary PC where different trans-acting splicing factors
control exon inclusion. In particular, FOXA1-mediated exon
silencing appears to preferentially rely on splicing repressors
acting at the 3ʹ ss, which are directly controlled by FOXA1.

FOXA1-regulated NMD-determinant exons impact on
PC patient survival
In light of recent evidence implicating PTC-introducing exons in
lung cancer disease-free survival (Thomas et al., 2020), we
sought to investigate whether the subset of FOXA1-regulated
NMD-determinant exons could impact PC patient prognosis.
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To do so, we firstly divided FOXA1-regulated NMD-determi-
nant CEs into four groups based on Dm(J) (Figure S5F). We
then stratified 332 primary PC patients with available clinical
data according to low and high cumulative event inclusion of
each group (see STAR Methods). Of these groups, univariate
Cox proportional hazard models revealed that a low cumulative
inclusion of FOXA1-inhibited PTC-introducing exons was signif-
icantly associated with a longer patient survival relative to high
inclusion (Figure 5A, upper left panel). Similarly, a high cumula-
tive inclusion of FOXA1-enhanced PTC-preventing exons was
significantly associated with a better prognosis than low cumu-
lative inclusion (Figure 5A, bottom right panel).
Secondly, to determine the impact of each individual NMD-

determinant exon on patient survival, we again used a univariate
Cox proportional hazard model to calculate the hazard ratio (HR)
associated with exon inclusion. Overall, 85 exons were associ-

ated with survival (i.e., two-tailed log rank test p < 0.05). Most
of the exons associated with poor prognosis (62%, n = 24,
HR > 1, i.e., ‘‘harmful’’) were FOXA1-inhibited PTC-introducing
CEs (Figure 5B, top quadrants). Conversely, exons associated
with favorable prognosis (HR < 1, i.e., ‘‘favorable’’) were mostly
FOXA1-enhanced PTC-preventing exons (61%, n = 28; Fig-
ure 5B, bottom quadrants). Together, these results suggest
that FOXA1-mediated AS of NMD-determinant exons predomi-
nantly results in a positive patient survival by silencing harmful
PTC-introducing exons and enhancing the inclusion of favorable
PTC-preventing ones.
However, of eight most prognostic exons, six were harmful

(i.e., FDR < 0.05; Figure 5C). Four exons were inhibited by
FOXA1, whereas exons in FLNA and NDGR1 were enhanced.
To evaluate which of these exons exhibited the greatest link
with FOXA1 expression, we employed our multivariable
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Figure 4. FOXA1 mediates exon silencing by controlling trans-acting factors within an exon definition mechanism
(A) Length distributions of exon and flanking introns for FOXA1-regulated and -unregulated cassette exons. p values of two-tailed Wilcoxon rank-sum test are

reported if significant.

(B) Distribution of smoothed conservation scores (PhyloP, 100 vertebrates) of FOXA1-regulated and -unregulated exons in exonic and flanking intronic regions.

(C) Bar plots show the fraction of SACSmarked exons in FOXA1-regulated and FOXA1-unregulated exons (left panel). Color indicates SACS type. Corresponding

histone modifications and categories of marked exons are reported as described in Agirre et al. (2021).

(D) RNA splicing map of multivalent RNAmotifs enriched at FOXA1-regulated exons. Left color-coded panel indicates the regions at exon/intron junctions where

motifs were enriched at inhibited (blue) or enhanced (red) exons. The right panel depicts the nucleotide-resolution RNA splicing map of each motif at the FOXA1-

regulated exons, and their flanking exons. The color key indicates whether the position-specific contribution originates from enhanced (E) (red), inhibited (I) (blue),

or both (yellow) sets. Maximum RNA motifs enrichment score of the top tetramer, which is used for all tetramers, is reported on the right. nt, nucleotides.

(E) Heatmap shows the association between enriched multivalent RNAmotifs and cognate SRGs that were differentially expressed in primary PCs or mCRPCs in

terms of matching score (MS).
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To do so, we firstly divided FOXA1-regulated NMD-determi-
nant CEs into four groups based on Dm(J) (Figure S5F). We
then stratified 332 primary PC patients with available clinical
data according to low and high cumulative event inclusion of
each group (see STAR Methods). Of these groups, univariate
Cox proportional hazard models revealed that a low cumulative
inclusion of FOXA1-inhibited PTC-introducing exons was signif-
icantly associated with a longer patient survival relative to high
inclusion (Figure 5A, upper left panel). Similarly, a high cumula-
tive inclusion of FOXA1-enhanced PTC-preventing exons was
significantly associated with a better prognosis than low cumu-
lative inclusion (Figure 5A, bottom right panel).
Secondly, to determine the impact of each individual NMD-

determinant exon on patient survival, we again used a univariate
Cox proportional hazard model to calculate the hazard ratio (HR)
associated with exon inclusion. Overall, 85 exons were associ-

ated with survival (i.e., two-tailed log rank test p < 0.05). Most
of the exons associated with poor prognosis (62%, n = 24,
HR > 1, i.e., ‘‘harmful’’) were FOXA1-inhibited PTC-introducing
CEs (Figure 5B, top quadrants). Conversely, exons associated
with favorable prognosis (HR < 1, i.e., ‘‘favorable’’) were mostly
FOXA1-enhanced PTC-preventing exons (61%, n = 28; Fig-
ure 5B, bottom quadrants). Together, these results suggest
that FOXA1-mediated AS of NMD-determinant exons predomi-
nantly results in a positive patient survival by silencing harmful
PTC-introducing exons and enhancing the inclusion of favorable
PTC-preventing ones.
However, of eight most prognostic exons, six were harmful

(i.e., FDR < 0.05; Figure 5C). Four exons were inhibited by
FOXA1, whereas exons in FLNA and NDGR1 were enhanced.
To evaluate which of these exons exhibited the greatest link
with FOXA1 expression, we employed our multivariable
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Figure 4. FOXA1 mediates exon silencing by controlling trans-acting factors within an exon definition mechanism
(A) Length distributions of exon and flanking introns for FOXA1-regulated and -unregulated cassette exons. p values of two-tailed Wilcoxon rank-sum test are

reported if significant.

(B) Distribution of smoothed conservation scores (PhyloP, 100 vertebrates) of FOXA1-regulated and -unregulated exons in exonic and flanking intronic regions.

(C) Bar plots show the fraction of SACSmarked exons in FOXA1-regulated and FOXA1-unregulated exons (left panel). Color indicates SACS type. Corresponding

histone modifications and categories of marked exons are reported as described in Agirre et al. (2021).

(D) RNA splicing map of multivalent RNAmotifs enriched at FOXA1-regulated exons. Left color-coded panel indicates the regions at exon/intron junctions where

motifs were enriched at inhibited (blue) or enhanced (red) exons. The right panel depicts the nucleotide-resolution RNA splicing map of each motif at the FOXA1-

regulated exons, and their flanking exons. The color key indicates whether the position-specific contribution originates from enhanced (E) (red), inhibited (I) (blue),

or both (yellow) sets. Maximum RNA motifs enrichment score of the top tetramer, which is used for all tetramers, is reported on the right. nt, nucleotides.

(E) Heatmap shows the association between enriched multivalent RNAmotifs and cognate SRGs that were differentially expressed in primary PCs or mCRPCs in

terms of matching score (MS).
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covariance analysis (see STAR Methods). Among all events,
FLNA exon 30 inclusion levels showed the strongest positive
contribution to the overall correlation with FOXA1 expression
(Figures 5D and S5G). Indeed, FLNA exon 30 inclusion was
significantly higher in tumors with high FOXA1 expression than
remaining ones (Figure S5H).
Therefore, we sought to determine whether primary PCswith a

prognostic inclusion level of FLNA exon 30 also exhibit high
FOXA1 expression. Using the maximally selected rank statistics
approach (Lauria et al., 2020; Lausen and Schumacher, 1992),
we identified a FLNA exon 30 (J = 0.26) as the optimal cutpoint
defining primary PC patient prognosis (Figures 5E and S5I). By
stratifying patients on this cutpoint, we observed a larger propor-
tion of high FOXA1-expressing tumors with prognostic inclusion
level of FLNA exon 30 than remaining ones (Figure 5F). This result
corroborates the link between high FOXA1 expression and high
FLNA exon 30 inclusion.
Finally, we validated FLNA exon 30 inclusion in PC3 cells upon

FOXA1 depletion by digital droplet PCR (ddPCR) and endpoint
PCR splicing assays and confirmed the dependence of this
exon on FOXA1 (Figures 5G and S4E).
Overall, these results reveal that the AS of FOXA1-regulated

NMD-determinant exons has a clinically relevant impact on PC
recurrence. FOXA1-mediated AS inhibits the majority (75%) of
harmful PTC-introducing exons and enhances almost all (90%)
favorable PTC-preventing exons. However, FOXA1 also en-
hances a small subset of NMD-determinant exons, such as
FLNA exon 30, which predicts disease recurrence, and therefore
may drive a more aggressive cancer phenotype.

FLNA exon 30 promotes PC cell growth and is controlled
by the FOXA1 target SRSF1
Being the most harmful NMD-determinant exon associated with
FOXA1 expression, we sought to investigate the impact of FLNA
exon 30 on PC cell phenotypes. To do so, we transfected AR!

PC3 cells with ectopic expression vectors with and without
exon 30 (i.e., FLNA+ex30 and FLNADex30, respectively), and
confirmed exon 30 expression levels by endpoint PCR splicing
assays (Figures S4F and S4G). Using cell viability MTT and sur-
vival clonogenic assays, we observed a significant increase in
growth and survival, respectively, of cells overexpressing
FLNA+ex30 compared with the case for FLNADex30 (Figure 6A).

To determine putative regulators of FLNA exon 30 inclusion
associated with FOXA1 expression, we performed our multivari-
able covariance analysis between FLNA exon 30 inclusion and
the expression levels of ten FOXA1-controlled SRGs (see
STAR Methods). SRSF1, followed by HNRNPK, expression
was the strongest positive contributor to the correlation with
FLNA exon 30 inclusion, while HNRNPLL expression showed
the greatest association with exon 30 skipping (Figure 6B).
To further evaluate the contribution of SRSF1 to FLNA exon 30

inclusion, in the context of FOXA1, we stratified primary PC sam-
ples according to high and low expression of these genes (i.e.,
75th and 25th percentile of expression distributions, respec-
tively). We found a significantly higher inclusion of FLNA exon
30 in samples with high expression of both FOXA1 and SRSF1
compared with other groups of samples (Figure 6C).
We next assessed SRSF1 binding around FLNA exon 30 using

eCLIP-derived crosslinking information in HepG2 cells. We
observed strong binding of SRSF1 in the surrounding exons,
consistent with a predominant role of FOXA1-controlled
SRSF1 in exon 30 incorporation (Figure 6D). To test this, we per-
formed siRNA-mediated depletion of SRSF1 in PC3 cells (Fig-
ure S4H). Using endpoint PCR and ddPCR splicing assays, we
measured a significant decrease in FLNA exon 30 inclusion in
siRNA conditions compared with controls (Figures 6E and 6F).
Taken together, these findings demonstrate that FLNA exon

30 inclusion is regulated by SRSF1, which is directly controlled
by FOXA1. Increased expression of FLNA exon 30 confers a
growth advantage to PC cells, which may drive poorer patient
prognosis.

DISCUSSION

In this study, by analysis of transcriptomics, protein-mRNA inter-
actions, epigenomics, and chromosome conformation, we
reveal that the pioneer TF FOXA1 orchestrates AS regulation in
PC impacting on patient survival.
Collectively, our results indicate that FOXA1 expression is a

predominant hallmark of the transcriptional dysregulation of
SRGs. As a pioneer factor, FOXA1 opens up nucleosomal do-
mains for DNA binding by distinct TFs (Fei et al., 2019; Lupien
et al., 2008). This pliant mechanism (Ramanand et al., 2020)
may explain why FOXA1 hallmarks the global SRG dysregulation

Figure 5. FOXA1-regulated NMD-determinant exons predict PC patient prognosis
(A) Kaplan-Meier plots of disease-free survival for primary PC patients stratified according to the 25th and 75th percentile of the cumulative inclusion levels of

NMD-determinant exons that are inhibited or enhanced by high FOXA1 expression. Numbers of patients at risk (Nrisk) are reported at each time point on the x axis.

Univariate HRs with 95% confidence intervals (CI) and two-tailed log rank test p values are shown where statistically significant.

(B) Bar plots show the number of FOXA1-inhibited or -enhanced NMD-determinant exons with a significant harmful (HR > 1, top panel) or favorable (HR < 1,

bottom panel) impact on patient disease-free survival (two-tailed log rank test p < 0.05).

(C) Kaplan-Meier plots of disease-free survival for primary PC patients with low and high inclusion of the six most prognostic harmful exons (FDR < 0.05). Number

of patients at risk (Nrisk) are reported at each time point on the x axis. Univariate HRs with 95% CI and two-tailed log rank test FDR are shown.

(D) Results of multivariable covariance analysis between FOXA1 expression and the inclusion levels of the six most prognostic harmful exons. Color key indicates

the standardized b coefficients of the model.

(E) Kaplan-Meier plots of disease-free survival for primary PC patients stratified on the optimal FLNA exon 30 inclusion level (i.e.,JR 0.258, maximally selected

rank statistics = 5.35). Number of patients at risk (Nrisk) are reported at each time point on the x axis. Univariate HRs with 95%CI and two-tailed log rank test FDR

are shown.

(F) Bar plots show the proportions of high FOXA1 expressing and remaining tumors with FLNA exon 30 J R 0.258.

(G) Bar plots showJs of FLNA exon 30 in PC3 cells measured by ddPCR upon FOXA1 depletion with one siRNA duplex (si1, 40 nM for 72 h). For (F) and (G), two-

tailed t test was used to compare conditions: ***p < 0.001.
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covariance analysis (see STAR Methods). Among all events,
FLNA exon 30 inclusion levels showed the strongest positive
contribution to the overall correlation with FOXA1 expression
(Figures 5D and S5G). Indeed, FLNA exon 30 inclusion was
significantly higher in tumors with high FOXA1 expression than
remaining ones (Figure S5H).
Therefore, we sought to determine whether primary PCswith a

prognostic inclusion level of FLNA exon 30 also exhibit high
FOXA1 expression. Using the maximally selected rank statistics
approach (Lauria et al., 2020; Lausen and Schumacher, 1992),
we identified a FLNA exon 30 (J = 0.26) as the optimal cutpoint
defining primary PC patient prognosis (Figures 5E and S5I). By
stratifying patients on this cutpoint, we observed a larger propor-
tion of high FOXA1-expressing tumors with prognostic inclusion
level of FLNA exon 30 than remaining ones (Figure 5F). This result
corroborates the link between high FOXA1 expression and high
FLNA exon 30 inclusion.
Finally, we validated FLNA exon 30 inclusion in PC3 cells upon

FOXA1 depletion by digital droplet PCR (ddPCR) and endpoint
PCR splicing assays and confirmed the dependence of this
exon on FOXA1 (Figures 5G and S4E).
Overall, these results reveal that the AS of FOXA1-regulated

NMD-determinant exons has a clinically relevant impact on PC
recurrence. FOXA1-mediated AS inhibits the majority (75%) of
harmful PTC-introducing exons and enhances almost all (90%)
favorable PTC-preventing exons. However, FOXA1 also en-
hances a small subset of NMD-determinant exons, such as
FLNA exon 30, which predicts disease recurrence, and therefore
may drive a more aggressive cancer phenotype.

FLNA exon 30 promotes PC cell growth and is controlled
by the FOXA1 target SRSF1
Being the most harmful NMD-determinant exon associated with
FOXA1 expression, we sought to investigate the impact of FLNA
exon 30 on PC cell phenotypes. To do so, we transfected AR!

PC3 cells with ectopic expression vectors with and without
exon 30 (i.e., FLNA+ex30 and FLNADex30, respectively), and
confirmed exon 30 expression levels by endpoint PCR splicing
assays (Figures S4F and S4G). Using cell viability MTT and sur-
vival clonogenic assays, we observed a significant increase in
growth and survival, respectively, of cells overexpressing
FLNA+ex30 compared with the case for FLNADex30 (Figure 6A).

To determine putative regulators of FLNA exon 30 inclusion
associated with FOXA1 expression, we performed our multivari-
able covariance analysis between FLNA exon 30 inclusion and
the expression levels of ten FOXA1-controlled SRGs (see
STAR Methods). SRSF1, followed by HNRNPK, expression
was the strongest positive contributor to the correlation with
FLNA exon 30 inclusion, while HNRNPLL expression showed
the greatest association with exon 30 skipping (Figure 6B).
To further evaluate the contribution of SRSF1 to FLNA exon 30

inclusion, in the context of FOXA1, we stratified primary PC sam-
ples according to high and low expression of these genes (i.e.,
75th and 25th percentile of expression distributions, respec-
tively). We found a significantly higher inclusion of FLNA exon
30 in samples with high expression of both FOXA1 and SRSF1
compared with other groups of samples (Figure 6C).
We next assessed SRSF1 binding around FLNA exon 30 using

eCLIP-derived crosslinking information in HepG2 cells. We
observed strong binding of SRSF1 in the surrounding exons,
consistent with a predominant role of FOXA1-controlled
SRSF1 in exon 30 incorporation (Figure 6D). To test this, we per-
formed siRNA-mediated depletion of SRSF1 in PC3 cells (Fig-
ure S4H). Using endpoint PCR and ddPCR splicing assays, we
measured a significant decrease in FLNA exon 30 inclusion in
siRNA conditions compared with controls (Figures 6E and 6F).
Taken together, these findings demonstrate that FLNA exon

30 inclusion is regulated by SRSF1, which is directly controlled
by FOXA1. Increased expression of FLNA exon 30 confers a
growth advantage to PC cells, which may drive poorer patient
prognosis.

DISCUSSION

In this study, by analysis of transcriptomics, protein-mRNA inter-
actions, epigenomics, and chromosome conformation, we
reveal that the pioneer TF FOXA1 orchestrates AS regulation in
PC impacting on patient survival.
Collectively, our results indicate that FOXA1 expression is a

predominant hallmark of the transcriptional dysregulation of
SRGs. As a pioneer factor, FOXA1 opens up nucleosomal do-
mains for DNA binding by distinct TFs (Fei et al., 2019; Lupien
et al., 2008). This pliant mechanism (Ramanand et al., 2020)
may explain why FOXA1 hallmarks the global SRG dysregulation

Figure 5. FOXA1-regulated NMD-determinant exons predict PC patient prognosis
(A) Kaplan-Meier plots of disease-free survival for primary PC patients stratified according to the 25th and 75th percentile of the cumulative inclusion levels of

NMD-determinant exons that are inhibited or enhanced by high FOXA1 expression. Numbers of patients at risk (Nrisk) are reported at each time point on the x axis.

Univariate HRs with 95% confidence intervals (CI) and two-tailed log rank test p values are shown where statistically significant.

(B) Bar plots show the number of FOXA1-inhibited or -enhanced NMD-determinant exons with a significant harmful (HR > 1, top panel) or favorable (HR < 1,

bottom panel) impact on patient disease-free survival (two-tailed log rank test p < 0.05).

(C) Kaplan-Meier plots of disease-free survival for primary PC patients with low and high inclusion of the six most prognostic harmful exons (FDR < 0.05). Number

of patients at risk (Nrisk) are reported at each time point on the x axis. Univariate HRs with 95% CI and two-tailed log rank test FDR are shown.

(D) Results of multivariable covariance analysis between FOXA1 expression and the inclusion levels of the six most prognostic harmful exons. Color key indicates

the standardized b coefficients of the model.

(E) Kaplan-Meier plots of disease-free survival for primary PC patients stratified on the optimal FLNA exon 30 inclusion level (i.e.,JR 0.258, maximally selected

rank statistics = 5.35). Number of patients at risk (Nrisk) are reported at each time point on the x axis. Univariate HRs with 95%CI and two-tailed log rank test FDR

are shown.

(F) Bar plots show the proportions of high FOXA1 expressing and remaining tumors with FLNA exon 30 J R 0.258.

(G) Bar plots showJs of FLNA exon 30 in PC3 cells measured by ddPCR upon FOXA1 depletion with one siRNA duplex (si1, 40 nM for 72 h). For (F) and (G), two-

tailed t test was used to compare conditions: ***p < 0.001.
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to a greater extent than the non-pioneer TFs, of which AR and
MYCare documented to impact splicing regulation in PC (Phillips
et al., 2020; Shah et al., 2020). Therefore, FOXA1 may open mul-
tiple channels to transmit transcriptional signals to SRG loci as
exemplified by a common pioneer function for AR- and MYC-
driven PC transcriptional programs (Barfeld et al., 2017).

By assessing AS changes in primary PC and cell lines, we
demonstrate that FOXA1 calibrates the landscape of exon utili-
zation toward an equilibrium that solidifies the production of
dominant isoforms. This phenomenon is largely achieved by
silencing lowly included exons in a consistent manner across tu-
mors, but crucially also by enhancing highly included ones.
Therefore, FOXA1 ultimately limits protein diversity toward iso-
forms that are functional for cells. We show that exons respond-
ing to FOXA1 are alternatively spliced by an ‘‘exon definition’’
mechanism, being shorter with longer flanking introns, strongly
conserved across species, and, for a small fraction, marked by
chromatin modifications (Agirre et al., 2021; Keren et al., 2010).
A smaller exon size and higher intronic sequence conservation

have been associated with a greater exon silencing, under evolu-
tionary constraints, to control relative isoform frequencies (Baek
and Green, 2005). By integrating analyses of cis-acting elements
and trans-acting factors, we demonstrate that FOXA1 calibrates
AS by enlisting splicing factors under its transcriptional control,
including binding of PTBP1, U2AF2, and HNRNPC at 30 ss (König
et al., 2010; Sutandy et al., 2018; Xue et al., 2009), and HNRNPK
at upstream intron-exon boundary and within downstream in-
trons, respectively (Van Nostrand et al., 2020a, 2020b). It is fasci-
nating that FOXA1 increases the inclusion of exons that are
already highly included while reducing lowly included exons.
This latter group indicates that FOXA1 is a genuine regulator of
AS and not just an enhancer of splicing efficiency per se.
It is likely significant that FOXA1-mediated AS preferentially

impacts on SRGs themselves, suggesting that FOXA1 may be
involved in a known regulatory feedback loop exploited by
splicing factors to modulate their own protein expression levels
(Lareau et al., 2007). Interestingly, our results indicate that high
FOXA1 expression in PC mostly inhibits the inclusion of
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Figure 6. FLNA exon 30 inclusion promotes PC cell growth and is controlled by SRSF1
(A) Bar plot shows mean fold change in PC3 cell growth (left panel) measured by MTT assay following transfection with 100 ng of plasmid DNA vector encoding

FLNA with or without exon 30 (i.e., FLNA+ex30 or FLNADex30, respectively, or VO control, biological triplicates). Bar plot shows mean fold change in PC3

clonogenic potential (middle and right panels) measured by crystal violet assays following transfection with 2 mg of plasmid DNA vector encoding FLNA with or

without exon 30 (i.e., FLNA+ex30 or FLNADex30, respectively, or VO control). Both colony number (middle panel) and staining intensity (right panel) are shown

(five biological replicates). Two-tailed t test was used to compare conditions.

(B) Results of multivariable covariance analysis between FLNA exon 30 inclusion levels and SRG expression levels. Color key indicates the standardized b

coefficients of the model.

(C) Distribution of FLNA exon 30 inclusion levels in primary PC patients stratified by high or low expression (R75th and%25th percentile, respectively) of FOXA1

and SRSF1. Two-tailed Wilcoxon rank-sum test was used to compare conditions. Only significant results are reported.

(D) SRSF1 eCLIP density read distribution in HepG2 cells in the alternatively spliced region of FLNA exon 30. Significant crosslinked sites detected by iCounts for

SRSF1 are shown in black.

(E and F) Bar plots showJs of FLNA exon 30 in PC3 cells upon depletion of SRSF1with one siRNA duplex (40 nM for 72 h) in PC3 cells quantified by (E) endpoint

PCR splicing assays using the QIAxcel capillary electrophoresis device and (F) by ddPCR. Representative capillary gel electrophoretogram (QIAxcel) shows two

bands representing FLNA transcripts including or excluding exon 30 which were quantified to determineJ (E) (left panel). Two-tailed t test was used to compare

biological triplicates of the different conditions.
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to a greater extent than the non-pioneer TFs, of which AR and
MYCare documented to impact splicing regulation in PC (Phillips
et al., 2020; Shah et al., 2020). Therefore, FOXA1 may open mul-
tiple channels to transmit transcriptional signals to SRG loci as
exemplified by a common pioneer function for AR- and MYC-
driven PC transcriptional programs (Barfeld et al., 2017).

By assessing AS changes in primary PC and cell lines, we
demonstrate that FOXA1 calibrates the landscape of exon utili-
zation toward an equilibrium that solidifies the production of
dominant isoforms. This phenomenon is largely achieved by
silencing lowly included exons in a consistent manner across tu-
mors, but crucially also by enhancing highly included ones.
Therefore, FOXA1 ultimately limits protein diversity toward iso-
forms that are functional for cells. We show that exons respond-
ing to FOXA1 are alternatively spliced by an ‘‘exon definition’’
mechanism, being shorter with longer flanking introns, strongly
conserved across species, and, for a small fraction, marked by
chromatin modifications (Agirre et al., 2021; Keren et al., 2010).
A smaller exon size and higher intronic sequence conservation

have been associated with a greater exon silencing, under evolu-
tionary constraints, to control relative isoform frequencies (Baek
and Green, 2005). By integrating analyses of cis-acting elements
and trans-acting factors, we demonstrate that FOXA1 calibrates
AS by enlisting splicing factors under its transcriptional control,
including binding of PTBP1, U2AF2, and HNRNPC at 30 ss (König
et al., 2010; Sutandy et al., 2018; Xue et al., 2009), and HNRNPK
at upstream intron-exon boundary and within downstream in-
trons, respectively (Van Nostrand et al., 2020a, 2020b). It is fasci-
nating that FOXA1 increases the inclusion of exons that are
already highly included while reducing lowly included exons.
This latter group indicates that FOXA1 is a genuine regulator of
AS and not just an enhancer of splicing efficiency per se.
It is likely significant that FOXA1-mediated AS preferentially

impacts on SRGs themselves, suggesting that FOXA1 may be
involved in a known regulatory feedback loop exploited by
splicing factors to modulate their own protein expression levels
(Lareau et al., 2007). Interestingly, our results indicate that high
FOXA1 expression in PC mostly inhibits the inclusion of
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Figure 6. FLNA exon 30 inclusion promotes PC cell growth and is controlled by SRSF1
(A) Bar plot shows mean fold change in PC3 cell growth (left panel) measured by MTT assay following transfection with 100 ng of plasmid DNA vector encoding

FLNA with or without exon 30 (i.e., FLNA+ex30 or FLNADex30, respectively, or VO control, biological triplicates). Bar plot shows mean fold change in PC3

clonogenic potential (middle and right panels) measured by crystal violet assays following transfection with 2 mg of plasmid DNA vector encoding FLNA with or

without exon 30 (i.e., FLNA+ex30 or FLNADex30, respectively, or VO control). Both colony number (middle panel) and staining intensity (right panel) are shown

(five biological replicates). Two-tailed t test was used to compare conditions.

(B) Results of multivariable covariance analysis between FLNA exon 30 inclusion levels and SRG expression levels. Color key indicates the standardized b

coefficients of the model.

(C) Distribution of FLNA exon 30 inclusion levels in primary PC patients stratified by high or low expression (R75th and%25th percentile, respectively) of FOXA1

and SRSF1. Two-tailed Wilcoxon rank-sum test was used to compare conditions. Only significant results are reported.

(D) SRSF1 eCLIP density read distribution in HepG2 cells in the alternatively spliced region of FLNA exon 30. Significant crosslinked sites detected by iCounts for

SRSF1 are shown in black.

(E and F) Bar plots showJs of FLNA exon 30 in PC3 cells upon depletion of SRSF1with one siRNA duplex (40 nM for 72 h) in PC3 cells quantified by (E) endpoint

PCR splicing assays using the QIAxcel capillary electrophoresis device and (F) by ddPCR. Representative capillary gel electrophoretogram (QIAxcel) shows two

bands representing FLNA transcripts including or excluding exon 30 which were quantified to determineJ (E) (left panel). Two-tailed t test was used to compare

biological triplicates of the different conditions.
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Methods

METHOD DETAILS

RNA-seq patient datasets
RNA sequencing (RNA-seq) data were obtained from The Cancer Genome Atlas (TCGA) Data Matrix portal (Level 3, https://
tcga-data.nci.nih.gov/tcga/dataAccessMatrix.htm) and cBioPortal (Beltran et al., 2016; Cerami et al., 2012; Chen et al., 2013)
websites for 409 primary PCs, 118 mCRPCs and 15 NEPCs. The number of transcripts per million reads was measured starting
from the scaled estimate expression values provided for 20,531 genes (Cereda et al., 2016). For the metastatic castration-resistant
PC dataset, reads per kilobase of transcript per million mapped reads values were converted into transcripts per million. For each
transcription factor, the distribution of expression levels across samples was measured. A transcription factor was considered as
highly expressed if its transcripts per million value was R75th percentile of its expression distribution across samples (Cereda
et al., 2016) (Table S1).

Selection of splicing-related genes
A list of 128 genes in the Kyoto Encyclopedia of Genes and Genomes (KEGG) ‘spliceosome’ pathway was collected from MSigDb
version 5 (Subramanian et al., 2005). An additional list of 66 RNA-binding proteins was obtained from the RNAcompete catalogue
(Ray et al., 2013) and added to the 128 spliceosome genes. A final set of 148 genes with gene ontology terms related to splicing
was retained for further analyses as splicing-related genes.

Multivariable covariance analysis
Relative contributions of expression, or inclusion, levels of multiple factors (e.g. genes, exons), namely regressors, to the correlation
with a response variable (e.g. cumulative expression of splicing factors, FOXA1 expression) were measured using the following
approach. Normalized expression, or inclusion levels, of regressors were normalized using a near-zero variance filter, Yeo-
Johnson transformation, centering around their mean, and scaling by their standard deviation using the preProcess function in
the R ‘caret’ package with parameters method = c("center", "scale", "YeoJohnson", "nzv"). A generalized linear regression model
(GLM) was fitted to the response variable based on the normalized values of regressors using the glm function in the R ‘stats’ pack-
age. Relative importance of each regressor to the correlation measured by themodel was calculated using the function calc.relimp in
the R ‘relaimpo’ package (Grömping, 2006). This function divides the coefficient of determination R2 into the contribution of each
regressor using the averaging over orderings method (Lindeman, 1980). Confidence intervals were measured using a bootstrap pro-
cedure implemented in the function boot.relimp. For 1,000 iterations the full observation vectors were resampled and the regressor
contributions were calculated.

Architectural features of TF transcriptional control in prostate cancer
A list of 40,495 and 27,580 RNA Pol II–associated enhancer regions, defined by Chromatin Interaction Analysis by Paired-End Tag
sequencing (ChIA-PET) in VCaP and LNCaP cell lines, respectively, were obtained from Ramanand et al. (Ramanand et al., 2020). Of
these, 31,282 and 17,134 enhancers were associated with at least one putative regulated gene for VCaP and LNCaP cells, respec-
tively. Thus, a total of 115,855 and 41,921 enhancer-gene associations were retained for further analyses. Coordinates of 20,298 pro-
tein-coding genes were retrieved fromGENCODEGRCh37 version 28 (Frankish et al., 2019). Promoter regions were defined as 2,000
base pairs upstream and downstream of the transcription start sites of each gene using the promoter function from the R ‘Genomic-
Features’ package v.1.38.2 (Lawrence et al., 2013) with parameters: upstream = 2,000 and downstream = 2,000 (Figure S1B).

To select regulatory regions that are related to sites of active transcription in PC, 112,124 DNA accessible elements that were
defined as reproducible across Assay for Transposase-Accessible Chromatin sequencing (ATAC-seq) experiments of 26 primary un-
treated PC tumors were retrieved from the Genomic Data Commons (GDC) Portal (https://gdc.cancer.gov/about-data/publications/
ATACseq-AWG) (Corces et al., 2018). Genomic positions of accessible elements were lifted over from hg38 to hg19 reference
genome using liftOver version 366 (Kent et al., 2002). Only accessible elements in canonical chromosomes were retained. Promoter
and enhancer regions were intersected with PC-specific accessible elements with the intersectBed command from BEDTools
v.2.29.2 (Quinlan and Hall, 2010) using default parameters and only overlapping regions were retained. Candidate enhancer-gene
interactions were retained if associated with the related promoter, and enhancer-gene associations in which the enhancer overlap-
ped with the promoter of the same gene were discarded. Interactions smaller than 1 million base pairs were retained for further an-
alyses. Overall, 14,013 promoters and 39,479 and 21,645 enhancer-gene associations for VCaP and LNCaP cells, respectively, were
retained as PC-specific accessible elements.

To identify TF binding regions in LNCaP and VCaP cells, significant peak calls (i.e. p-value%10!5) of 22 chromatin immunoprecip-
itation sequencing (ChIP-seq) experiments were obtained from ChIP-Atlas (Oki et al., 2018) (Table S1). For each TF and cell line,
peaks were positionally sorted and merged withmergeBed command from BEDTools v.2.29.2 toolset (Quinlan and Hall, 2010) using
default parameters. TF binding regions were intersected with PC-specific accessible elements using the intersectBed command
(Quinlan and Hall, 2010) with default parameters. Only overlapping regions were retained and considered as active TF binding sites.

To identify genes putatively regulated by each TF, active binding sites were intersected with promoter and enhancer regions using
the intersectBed command from BEDTools v.2.29.2 toolset (Quinlan and Hall, 2010) with default parameters.
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