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Abstract 

Androgen receptor (AR) is a hormonal transcription factor (TF) that binds to  
cis-regulatory elements of prostate lineage-specific genes to govern androgen 
response and progression of prostate cancer (PCa). This AR cistrome has been 
reported to be controlled by multiple chromatin-pioneering factors such as 
FOXA1, HOXB13, and GATA2. However, how these pioneer factors cooperate to 
regulate the AR cistrome remains unclear. Here, through comparative ChIP-seq 
analyses, we found that FOXA1 alone was sufficient to recruit AR to its binding 
sites regardless of H3K4me1. FOXA1 further enlisted HOXB13 and/or GATA2 to 
augment AR binding and enhancer activation, while HOXB13 and/or GATA2 alone 
were unable to recruit each other, nor AR. Moreover, HOXB13 knockdown 
attenuated AR and GATA2 expression and chromatin binding but failed to 
reprogram their cistromes, suggesting a role as a cofactor rather than a pioneer 
factor. During the neuroendocrine transformation (NET) of PCa, AR, GATA2, and 
HOXB13 were lost due to promoter hypermethylation, whereas FOXA1 was  
down-regulated by transcriptional repression. Lastly, through analyses of tissue 
microarrays, we confirmed that FOXA1 protein levels were drastically reduced in 
neuroendocrine PCa, as compared to AR-positive PCa. Therefore, our findings 
report a hierarchical network of TFs, pioneered by FOXA1 and facilitated by 
HOXB13 and GATA2, that defines lineage-specific AR cistrome and was lost during 
NET of PCa. 
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1. Introduction 

Prostate cancer (PCa) is a leading cause of cancer-associated death in men in the 
United States. The androgen receptor (AR), a member of the nuclear receptor 
family, is required for prostate development and differentiation [1,2]. Aberrant 
activation of the AR signaling plays a central role in PCa initiation and progression, 
and AR pathway inhibitors (ARPi) are mainstay treatments for advanced PCa [1,2]. 
Although initially responsive to ARPi, a large number of metastatic PCa eventually 
recur and become castration-resistant prostate cancer (CRPC), largely due to the 
reactivation of AR pathways [3-5]. As a transcription factor (TF), AR controls cellular 
processes by binding to DNAs through the androgen response element (AREs)  
to directly regulate target gene expression. This AR cistrome is rigorously 
regulated by chromatin pioneering transcription factors, such as FOXA1, GATA2, 
and HOXB13 [6-9]. 

FOXA1 (previously known as HNF3A) is a member of the forkhead (FKHD) family TF 
that is highly expressed in the prostate [10,11]. As a pioneer TF, FOXA1 can access 
condensed chromatin to bind the FKHD motif and subsequently open up the loci 
for access to lineage-specific TFs [12-14]. FOXA1 preferentially binds to H3K4me1-
marked lineage-specific enhancers to increase their accessibility for better 
recruitment of AR, competing with high-affinity ARE sites at less accessible 
chromatin regions. FOXA1 is thus capable of reprogramming AR binding from its 
ARE motif to FOXA1-bound, more accessible sites, many of which are lineage-
specific enhancers [8,14-16]. FOXA1 down-regulation, as observed in CRPC [8], 
relinquishes AR to form strong binding at ARE sites, leading to androgen-
independent oncogenic gene expression and tumor growth [8,15,16]. 

HOXB13, a member of homeobox-containing TF, is predominantly expressed in the 
prostate and, to a much lesser degree, in the colon [17,18]. In transgenic mouse 
models, the Hoxb13 homeobox domain deletion mutant impairs ventral prostate 
lobe development [19]. HOXB13 regulates AR cistrome in a context-and sequence-
dependent manner. For instance, in androgen-dependent PCa cells, HOXB13 
shows multifaceted roles in potentially initiating, tethering, or antagonizing AR 
binding to chromatin depending on ARE and Homeobox motifs in the specific 
genomic loci [20]. When co-expressed with FOXA1 in benign prostate cells, HOXB13 
and FOXA1 reprogram AR cistrome from normal prostate- to tumor-specific 
binding sites [21]. In CRPC cells, such as 22Rv1 and LN95, HOXB13 co-occupied with 
AR-V7, a CRPC-associated AR variant, to govern AR-V7-driven oncogenic programs, 
including cell proliferation [22]. 

GATA2 is one of the six vertebrate members of the GATA family of pioneer factors, 
which, like FOXA1, are also capable of binding to compact chromatin and increasing 
the local accessibility to lineage-specific TFs [13]. GATA2 and GATA3 are highly 
expressed in human and mouse prostate [23]. It has been shown that GATA2 mutant 
mouse exhibits numerous urogenital abnormalities, such as hypoplastic seminal 
vesicles [24]. During prostate tumor transformation, GATA2 expression is increased 
and promotes PCa progression [25]. Unlike FOXA1 and HOXB13, GATA2 has been 
demonstrated as a positive regulator of AR cistrome and androgen response through 
multiple mechanisms [7,25,26]. First, GATA2 directly induces AR transcription via 
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binding to the regulatory elements of the AR gene. Second, as a pioneer TF, GATA2 
establishes an accessible local chromatin environment and facilitates AR binding to 
lineage-specific enhancers. Third, GATA2 recruits MED1, a submit of mediator complex, 
to modulate enhancer-promoter looping at AR-target genes. 

While FOXA1, HOXB13, and GATA2 have each been shown to co-occupy AR binding 
sites and regulate AR cistrome, the extent by which each of them is individually 
required for AR binding to the chromatin and any hierarchy in their regulation have 
not been carefully investigated. We recently reported that FOXA1 not only 
reprograms AR but also GATA2 chromatin binding, suggesting FOXA1 acts 
upstream of both GATA2 and AR [7]. However, the crosstalk between HOXB13 and 
FOXA1/GATA2 has not been investigated. In addition, the AR program is drastically 
deactivated in up to 20% of CRPC, which loses AR expression and develops 
morphologic and molecular features of neuroendocrine (NE) PCa (NEPC). HOXB13 
is highly expressed in primary PCa but becomes down-regulated in ~30% 
metastatic CRPC and most AR-negative PCa, including NEPC, due to promoter 
methylation [9,22,27,28], while FOXA1 remains to express in NEPC and is 
reprogrammed to mediate NE-lineage gene expression [29]. However, how these 
core luminal TFs, in particular GATA2, are regulated during the NE transformation 
of PCa has not been systematically studied. 

2. Results 

2.1 FOXA1 is required and sufficient in defining AR cistrome, independently 
of H3K4me1 and facilitated by HOXB13 and GATA2 

To decipher how AR cistrome is defined by the key pioneering factors, we 
performed chromatin immunoprecipitation sequencing (ChIP-seq) of FOXA1, 
HOXB13, GATA2, and AR, along with several histone modification markers in LNCaP 
cells. As H3K4me1 has been shown to be essential in guiding lineage-specific 
FOXA1 recruitment to the chromatin, we first evaluated the overlaps between 
H3K4me1, FOXA1, and AR binding (Figure 1A). Not surprisingly, there were 
substantially more chromatin regions with H3K4me1 mark than FOXA1 binding 
sites (FXBS) – only about a quarter of H3K4me1-marked enhancers were co-
occupied by FOXA1, and about half of these were also bound by AR. FOXA1-co-
occupied H3K4me1 sites exhibited more vigorous intensity with broader peaks and 
stronger H3K27ac, which were further augmented by the co-recruitment of AR, 
indicating that the binding of FOXA1 and, in particular AR, led to enhancer 
activation (Figure 1B). On the other side, there was also a large number (46%) of 
FXBS without H3K4me1, a third of which, surprisingly, showed very strong AR 
binding, and the remaining two-thirds also exhibited some basal recruitment of AR. 
Accordingly, focusing on the AR binding sites (ARBS), we found that over 80% of 
ARBS were co-occupied by FOXA1, 44% of which, however, did not contain 
H3K4me1 (Figure 1A). And yet, they showed comparable levels of enhancer 
activation, as demarcated by H3K27ac. These results support that FOXA1 alone is 
able to recruit AR, independently of H3K4me1, and mediate H3K27ac. In contrast, 
H3K4me1-only sites (without FOXA1) were completely devoid of AR, indicating its 
insufficiency in recruiting AR. We did notice that FOXA1/AR-only binding sites 
(without H3K4me1) contained higher H3K4me3, suggesting they were promoters. 
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In summary, our data indicates that FOXA1 is required and sufficient in recruiting 
AR to target chromatin to activate enhancers/promoters, and this function is 
largely independent of H3K4me1, albeit over 50% of FXBS are marked by H3K4me1. 

 

Figure 1 FOXA1 is required and sufficient in defining AR cistrome, independently of H3K4me1 and facilitated by HOXB13 
and GATA2 (A) Upset plot showing the overlap of the binding sites of H3K4me1, AR and FOXA1 in LNCaP cells. (B) Heatmap 
showing binding intensities centered around ± 3kb of select H3K4me1, AR and/or FOXA1 co-bound sites. Binding of AR, FOXA1, 
H3K4me1, H3K27ac, H3K4me2 and H3K4me3 are shown. The color bar on the side indicates the scale of the enrichment 
intensity. The profile plot on top shows the averaged binding intensity across each set of binding sites. (C) Upset plot showing 
the overlap of the binding sites of AR, FOXA1, GATA2, and HOXB13 in LNCaP cells. Highlighted bars indicate groups of interest. 
Red: AR FOXA1 co-binding sites, blue: ARBS without FOXA1, green: FOXA1, AR, and either GATA2 or HOXB13 sites. (D) Heatmap 
showing binding intensities of AR, FOXA1, GATA2, HOXB13, H3K4me1, H3K27ac, H3K4me2 centered at ± 3kb around AR 
binding sites. The color bars on the bottom indicate the scale of the enrichment intensity. The profile plot on top shows the 
averaged binding intensity across each set of binding sites. 
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Next, we thought to delineate how the various pioneer factors regulate the AR 
cistrome. We found that FOXA1 had the highest number of binding sites, followed 
by AR, GATA2, and HOXB13 (Figure 1C). More than 70% of GATA-binding sites 
(GTBS) or HOXB13 binding sites (HXBS) are bound by FOXA1, a majority (over 60%) 
of which are also bound by AR, being consistent with them being cofactors. 
Critically, we observed that very few GATA2- or HOXB13-only (without FOXA1) sites 
were bound by AR, suggesting that FOXA1 is instrumental in mediating GATA2 
and/or HOXB13 co-occupancy at ARBS. Likewise, GATA2 and HOXB13 barely 
overlapped with each other at genomic regions without FOXA1 binding, indicating 
that they belong to separate protein complexes. Focusing on ARBS, we observed 
that FOXA1 alone is sufficient to mediate more than 50% of ARBS with 
corresponding enhancer priming and activation, as indicated by H3K4me1 and 
H3K27ac (Figure 1D). GATA2 and/or HOXB13 co-bound at over 30% of ARBS, 
further augmenting enhancer activation. There were some solo AR binding events, 
which were, in general, very weak and insufficient to activate enhancers. Taken 
together, these results support that FOXA1 is fundamental in recruiting AR to the 
chromatin, and this is further enhanced by GATA2 and/or HOXB13, which, by 
themselves, are insufficient to recruit AR. 

2.2 HOXB13 knockdown decreases AR and GATA2 protein levels without 
reprogramming their cistromes 

Our data thus far suggest a hierarchy of TF regulation where FOXA1 functions as a 
pioneer factor of AR, GATA2, and HOXB13, which, however, by themselves, do not 
directly reprogram each other’s cistrome. We have previously reported that GATA2 
is unable to reprogram FOXA1 or AR cistrome, supporting its not being a pioneer 
factor, while FOXA1 reprograms AR and GATA2 acting as a pioneer factor [7]. To 
determine how HOXB13 regulates the other TFs, we performed HOXB13 
knockdown (KD) using shRNA in LNCaP cells, which were then subjected to various 
ChIP-seq analyses. While there was a balanced gain and loss of weak ARBS that 
was likely caused by technical variations, we observed an overall decrease in the 
binding intensity of core ARBS upon HOXB13 KD (Figure 2A). These findings are in 
direct contrast to the markedly increased strong ARBS upon FOXA1 KD  
(Figure S1A). Motif analyses revealed comparable ARE enrichment in the gained 
vs. lost ARBS upon HOXB13 KD, in contrast to the greatly enhanced ARE enrichment 
in ARBS gained in FOXA1-KD cells (Figure 2B & S1B). Very similar patterns were 
observed for GATA2 cistrome in HOXB13-KD cells (Figure 2C–D), again being 
distinct from those upon FOXA1 KD (Figure S1C–D). We thus hypothesized that the 
decrease in core ARBS or GTBS upon HOXB13 KD may be due to their reduced 
protein levels rather than reprogramming at the loss of pioneer factor, as in the 
case of FOXA1. Indeed, Western Blot (WB) analyses confirmed a decreased amount 
of AR and GATA2 proteins in HOXB13-KD cells (Figure 2E). Of note, the FOXA1 
protein level was not altered by HOXB13 KD, nor was the FOXA1 cistrome impacted 
by HOXB13 KD (Figure 2F–G). Therefore, contrary to FOXA1, which reprograms AR, 
GATA2, and HOXB13 (Figure S1), HOXB13 did not reprogram the cistromes of AR, 
GATA2, and FOXA1. 
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Figure 2 HOXB13 decreases AR and GATA2 protein levels without reprogramming their cistromes. (A, C, F) Heatmaps 
showing HOXB13 knockdown leads to few reprogrammed AR, GATA2, FOXA1 sites. I: control only, II: shared, III: knockdown 
only. The color bar on the side indicates the scale of the enrichment intensity. The profile plot on top shows averaged binding 
intensity across each set of binding sites. (B, D, G) Enrichment of each motif of each TF (B. AR, D. GATA2, G. HOXB13) in each 
category in the above heatmaps. I: control only, II: shared, III: knockdown only. Numbers indicate % of target sequences with 
motif found. (E) Western blot of FOXA1, GATA2 and HOXB13 KD efficiency in LNCaP cells. 

2.3 The luminal TFs were reduced during NE transformation mostly by 
epigenetic mechanisms 

We next asked what happens to these luminal TFs when PCa cells lose their luminal 
identities as they progress to NEPC. We utilized a NE Transformation (NET) model 
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wherein we overexpressed FOXA2, a TF that has been associated with NEPC [30], 
in LNCaP cells, which underwent NET to become NEPC cells, as proven by 
morphology and molecular signatures, over a period of 28 days [31]. RNA-seq 
analyses of time-course LNCaP cells following FOXA2 overexpression revealed a 
gradual decrease of AR, starting at D7 and becoming fully depleted at D28  
(Figure 3A). To gain some insights into the molecular mechanisms of its delayed-
onset downregulation, we examined whole-genome DNA methylation data 
captured at representative D2, D14, and D28 time points and found that the AR 
gene promoter was devoid of methylation in LNCaP cells, being consistent with its 
high expression. However, it became partially methylated at D14 and fully 
methylated at D28, especially around the CpG island (CGI) in the promoter  
(Figure 3B and Figure S2A). Likewise, gradual down-regulation and promoter 
hypermethylation over time were also found for GATA2 and HOXB13 as LNCaP cells 
underwent NET (Figure 3C–F and Figure S2A). In contrast, FOXA1 was immediately 
down-regulated at D2 after FOXA2 overexpression, suggesting that it might be a 
direct target of FOXA2-mediated transcriptional repression (Figure 3G), which is 
consistent with a previous study reporting that FOXA2 significantly reduces FOXA1 
expression [32]. Interestingly, a CGI approximately 2 kb downstream of the FOXA1 
promoter showed some increased methylation, whereas the CGI at the promoter 
was not methylated in LNCaP cells and remained unmethylated throughout the 
NET (Figure 3H and Figure S2A). In contrast, the expression levels of NE  
marker genes INSM1 and SYP drastically increased over the NET time course 
(Figure S2B–E). Of note, the valley of the CGI at the INSM1 promoter was 
demethylated from D0 to D28, being concordant with the gene upregulation, but 
the CGI shores showed increased methylation. By contrast, the SYP promoter was 
slightly demethylated and its intragenic region was hypermethylated, both of 
which could lead to gene upregulation, as observed for SYP from D0 to D28. 
However, these genes might also be controlled by additional mechanisms such as 
transcription factors. In aggregate, our data support that core luminal TFs were 
repressed through transcriptional or epigenetic mechanisms during NET of PCa. 

2.4 The luminal TFs were down-regulated in Patient-Derived Xenografts 
(PDXs) of NEPC compared to CRPC largely due to epigenetic silencing 

To ensure the relevance of our findings outside of our model system, we examined 
the expression of the four key luminal TFs in LuCaP PDX tumors. Not surprisingly, we 
found that AR mRNA level was nearly undetectable in NEPC PDXs and NEPC cell line 
NCI-H660, compared to CRPC PDXs (Figure 4A). Critically, GATA2 showed some variable 
expression in CRPC models but was uniformly reduced in all 5 NEPC PDXs (Figure 4B). 
HOXB13 was abundantly expressed in all CRPC models and nearly completely lost in 
NEPC cells, being consistent with a recent report [9] (Figure 4C). Interestingly, FOXA1 
level was also decreased in NEPC but maintained a substantial amount of expression 
(Figure 4D), which agrees with its reprogrammed role to mediate the expression of 
neuroendocrine-lineage genes in NEPC as recently reported [29]. 
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Figure 3 The luminal TFs were reduced during the Neuroendocrine Transformation of PCa by transcriptional or 
epigenetic repression. (A, C, E, G) Gene expression levels of AR, FOXA1, GATA2, and HOXB13 in time-course RNA-Seq. Genes 
expression levels are FPKM normalized. (B, D, F, H) Gviz tracks of methylation levels of (B) AR, (D) GATA2, (F) HOXB13 and (H) 
FOXA1 from time-course RRMS. CpG islands shown in green. 
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Figure 4 The luminal TFs were down-regulated in NEPC compared to CRPC PDXs. (A-D) Gene expression levels of AR, GATA2, 
HOXB13 and FOXA1 in CRPC (n = 8), NEPC (n = 4) PDXs and NCI-H660, a NEPC cell line. Genes expression levels are FPKM 
normalized. (E-H) Gviz tracks of methylation levels of (E) AR, (F) GATA2 (G) HOXB13 and (H) FOXA1 in CRPC (blue) and NEPC 
PDXs and NEPC cell lines (red)s. CpG islands shown in green. 
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Next, to understand the molecular mechanisms underlying the de-regulation of these 
luminal TFs, we examined DNA methylation around their promoter regions utilizing 
previously generated whole-genome methylation data [31]. Importantly, the AR 
promoter regions, particularly surrounding the CGIs, harbored greatly increased DNA 
methylations in NEPC vs. CRPC PDXs (Figure 4E). Likewise, the CGI around the GATA2 
promoter was overall hypermethylated in NEPC PDXs compared to CRPC, with the 
exception of LuCaP93, which exhibited barely detectable GATA2 expression but also a 
lack of methylation (Figure 4F). Further, LuCaP147 showed a similar pattern of DNA 
methylation as LuCaP147CR but much less expression of GATA2. The lost expression of 
GATA2 in these models might be caused by additional factors such as transcriptional 
repression. There were multiple CGIs within the HOXB13 gene that became 
hypermethylated in NEPC cells (Figure 4G). On the contrary, the FOXA1 gene lacked 
methylation in CRPC cells and remained hypomethylated in NEPC, suggesting that its 
downregulation in NEPC is likely due to other mechanisms, such as transcriptional 
repression (Figure 4H). Quantification of methylation levels of CGI within these genes 
confirmed increased AR and HOXB13 methylation, variable GATA2 methylation, and low 
FOXA1 methylation in NEPC vs. CRPC (Figure S2F). We thus illustrated an overall 
downregulation of key luminal TFs during NET in NEPC compared to CRPC PDX models, 
largely due to epigenetic silencing. 

2.5 The luminal TFs were reduced in clinical NEPC vs. CRPC tumors  

To confirm our findings in clinical samples, we examined three publicly available 
RNA-seq datasets and found that all 4 TFs are downregulated in NEPC compared 
with CRPC samples, while neuroendocrine TFs such as ASCL1 and INSM1 were up-
regulated (Figure 5A). AR was the most strongly reduced, followed by HOXB13, 
GATA2, and FOXA1. To examine the mechanisms of their repression, we analyzed 
the Reduced Representation Bisulfite Sequencing (RRBS) data of 10 CRPC and 14 
NEPC samples [33]. The results confirmed drastically increased DNA methylations 
of CGI at the AR, GATA2, and HOXB13 promoters in NEPC compared to CRPC tumors 
(Figure 5B). In particular, AR and HOXB13 were barely methylated (mostly <2% 
methylated C) in CRPC tumors, whereas GATA2 exhibited some low-level (mostly 
<5%) methylation. AR, HOXB13, and GATA2 promoters became significantly 
hypermethylated in NEPC tumors, despite a few cases that remained a low level of 
methylation. Surprisingly, there was a clear hypomethylation of the FOXA1 
promoter in NEPC compared to CRPC in this dataset, although its expression was 
significantly down-regulated, further supporting that methylation is not the 
primary mode of regulation for FOXA1. 

While AR, HOXB13, and GATA2 were markedly downregulated or lost, with 
concurrent promoter hypermethylation, in various NEPC models and clinical 
samples that we have examined, the decrease of FOXA1 expression was less robust 
and lacked concordant epigenetic changes. This prompted us to examine the 
extent of its maintained expression in human NEPC vs. CRPC at the protein levels. 
To this end, we performed immunohistochemistry (IHC) staining of FOXA1 on 
tissue microarrays (TMA) containing metastatic CRPC or NEPC tissues stained 
positive for AR/PSA or CHGA/SYP, respectively. FOXA1 displayed strong and specific 
staining in the nuclei of CRPC tumors, which was reduced in many NEPC cases 
(Figure 5C). Quantification of FOXA1 staining for each tissue core using a scoring 
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system based on the product of the staining intensity and the percentage of cancer 
cells with positive staining revealed that over 80% of CRPC tumors expressed some 
detectable levels of FOXA1 protein and over 50% manifested moderate to strong 
staining (Figure 5D). On the contrary, FOXA1 protein was not detectable in the 
majority of NEPC tumors – only about 10% of NEPC tumors expressed some weak 
levels of FOXA1 at the protein level, in contrast to the moderate decrease of FOXA1 
RNA in NPEC as noted earlier. 

 

Figure 5 The luminal TFs were reduced in NEPC vs. CRPC tumors. (A) Expression of downregulated TFs (AR, FOXA1, GATA2 
and HOXB13) and upregulated TFs (ASCL1 and INSM1) in NEPC vs. CRPC in 3 public datasets. Adjusted p values were obtained 
from DESeq2 for the Beltran and Labrecque (GSE126078) datasets, and from limma for the Haider (GSE74685) dataset. * p < 
0.05, *** p < 0.001, NS non-significant. Log2 normalized values are shown. (B) Boxplots showing DNA methylation percentage 
of cytosines located in CpG islands near the promoter of each gene. p values were calculated using a t-test. CRPC n = 18, NEPC 
= 10 patients. (C) Representative IHC images of FOXA1 staining of CRPC and NEPC tissue cores from 3 different patients for 
each condition. Scale bar: 200μm. (D) Quantification of FOXA1 staining levels in NEPC (n = 20 cores) vs. CRPC (n = 64 cores) 
TMA sections. Scores are indicated as negative, weak, moderate or strong based on a binned product of the percent of 
positively stained cells by the staining intensity. 
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3. Discussion 

Previous studies have reported that FOXA1 forms distinct lineage-specific binding 
in different tissues, which is dependent on the distribution of H3K4me1 in the 
tissue types [14]. Being also a pioneer factor for AR, FOXA1 was thought to translate 
this cell-type-specific epigenetic signature to lineage-specific gene expression 
[8,14-16]. Whether FOXA1 requires the presence of H3K4me1 to recruit AR and 
whether H3K4me1 itself can shape AR binding, however, have not been addressed. 
In this study, we first confirmed that more than 50% of FOXA1 binding sites are co-
occupied by H3K4me1 – 25% of total H3K4me1. Albeit it is beyond the scope of this 
study to determine whether the H3K4me1 mark recruits FOXA1, the data supports 
significant FOXA1 occupancy at lineage-specific enhancers (defined by the 
H3K4me1 mark). However, nearly 50% of FOXA1 binds at chromatin regions lacking 
H3K4me1, and surprisingly, FOXA1 alone is able to recruit AR to these sites, as 
opposed to H3K4me1-only sites that are often devoid of AR binding. We thus 
proposed a revised model wherein FOXA1 alone is necessary and sufficient to 
recruit AR to the chromatin (Figure 6), some of which could be promoters, while 
H3K4me1 helps guide the complex to lineage-specific enhancers.  

 

Figure 6 A model depicting how FOXA1 acts as a pioneer factor to recruit HOXB13 and GATA2 to tightly control AR 
cistrome. FOXA1 recruits AR to enhancers independently of H3K4me1. FOXA1 itself is sufficient to enlist AR to its genomic 
binding sites, about 60% of which lead to enhancer priming and activation. In contrast, HOXB13 and/or GATA2 alone are 
insufficient to recruit each other, nor AR to the target genomic sites, while AR is able to recruit HOXB13 and GATA2 to 
strengthen its own cistrome. During NET of PCa cells, AR, GATA2, and HOXB13 became down-regulated or lost due to promoter 
hypermethylation, whereas FOXA1 was decreased by transcriptional repression, dissolving AR signaling. 
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FOXA1, HOXB13, and GATA2 have all been known as pioneer factors [10,11,13,34]. 
While FOXA1 has been shown to be crucial in reprogramming AR to lineage-specific 
enhancers containing FKHD motifs and bound by FOXA1, we have previously found 
that GATA2 is unable to reprogram AR or FOXA1 to GATA motifs [7]. Through 
comprehensive analyses of their binding sites, we found that FOXA1 co-occupancy 
is almost a prerequisite for AR to bind to the chromatin regions that were bound 
by GATA2 and/or HOXB13, which, by themselves, do not co-occupy with each other, 
nor with AR. Moreover, similar to GATA2, HOXB13 knockdown also failed to 
reprogram the cistromes of AR, FOXA1, or GATA2, opposing its being a pioneer 
factor. This agrees with the literature that provided less direct evidence for HOXB13 
as a pioneer factor, either focusing on other HOX genes or only pioneering AR-V7 
[22]. Only recently HOXB13 has been shown to increase accessibility through 
SMARCD2. We thus propose a model of hierarchical regulation wherein FOXA1 acts 
as a pioneer factor to bind to the chromatin to independently recruit/reprogram 
AR, GATA2, or HOXB13, which further facilitates/enhances the occupancy of each 
other on the chromatin (Figure 6). 

We found that AR and HOXB13 were down-regulated during NET of PCa and in 
clinical NEPC vs. CRPC tumors associated with DNA hypermethylation, which is 
consistent with previous reports [9]. A previous study has reported that FOXA2, 
which is up-regulated in NEPC, directly suppresses FOXA1 [30], which is consistent 
with our data showing FOXA1 loss in our FOXA2-driven NET model. However, the 
RNA levels of FOXA1 were decreased but maintained in NEPC PDXs and clinical 
NEPC tumors, compared to CRPC, and this was not due to epigenetic silencing. 
Strikingly, although FOXA1 mRNA levels were maintained in PDX and patient NEPC 
samples in multiple cohorts, IHC staining of TMA revealed a lack of FOXA1 protein 
in NEPC tumors. However, this data is limited by the small sample size – only 20 
NEPC cores from 7 metastatic sites of 3 patients (1 core unreadable). Further 
validation of FOXA1, and perhaps GATA2 and HOXB13 proteins, in large cohorts of 
NEPC samples, are warranted to validate the loss of these core luminal TFs in NEPC 
at the protein level.  

4. Methods 

4.1 ChIP-seq and Western Blots 

LNCaP cells were infected with shRNAs targeting control (pGIPZ), FOXA1 (shFOXA1), 
HOXB13 (shHOXB13) and GATA2 (shGATA2) for 5 days. Then the cells were 
collected and subjected to WB.  

LNCaP cells were infected with control or HOXB13, FOXA1, GATA2 KD lentivirus and 
subjected to ChIP-seq assay as previously described [9]. Antibodies used in this 
study include AR (Millipore Sigma, 06-680), FOXA1 (Abcam, ab23738), HOXB13 
(Santa Cruz, SC-66923), GATA2 (Santa Cruz, SC-9008), H3K4me1 (Abcam, ab8895), 
H3K4me2 (Millipore, 07-030), H3K27ac (Abcam, ab4729). 

4.2 ChIP-seq analysis 

ChIP-seq libraries were mapped to GRCh38 using bowtie2. Bigwig files were 
created using deeptool’s bamCoverage using Counts Per Million normalization 
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with blacklisted regions removed. Peaks were called using MACS2 using -nomodel 
–shift 0 –extsize 250 -q 0.01 parameters. Broad peaks were called for H3K4me1. 
Peak overlapping analysis was performed using Homer’s mergePeaks function. 
This procedure produced unique and overlapping peak numbers which were 
provided as the intersection size to ComplexUpset to create the upset plots. Motif 
analysis was performed using findMotifsGenome from Homer using default 
parameters. Enrichment of motifs were selected from the % of Target Sequences 
with Motif from Homer’s known motif enrichment results. Only one motif was 
picked for each TF: FOXA1(Forkhead)/LNCAP-FOXA1-ChIP-Seq(GSE27824)/Homer, 
ARE(NR)/LNCAP-AR-ChIP-Seq(GSE27824)/Homer, Gata2(Zf)/K562-GATA2-ChIP-
Seq(GSE18829)/Homer, and HOXB13(Homeobox)/ProstateTumor-HOXB13-ChIP-
Seq(GSE56288)/Homer. 

4.3 RNA-Seq analysis 

NEPC time-course RNA-Seq libraries were mapped to hg38 using STAR. Output raw 
counts were converted into FPKM values using an in-house Perl script. FPKM values 
of RNA-seq data in PDXs were obtained from [35]. Public data from studies [33] and 
[36] were downloaded and reprocessed as above. Differential gene analysis was 
performed using DESeq2 between CRPC and NEPC patients in each dataset. 
DESeq2-normalized values were log2 transformed and plotted. Microarray data 
were processed using limma and log2 normalized. 

4.4 Methylation analysis 

The RRMS libraries were performed using the protocol from Oxford Nanopore. 
Briefly, the genomic DNA of LuCaP PDX was extracted using Quick-DNA Miniprep 
Plus Kit (Zymo, D4068. The DNA libraries were prepared using Ligation Sequencing 
Kit (ON SQK-LSK110) per the manufacturer's protocol. Sequencing was performed 
on an Oxford Nanopore GridiON sequencer with R9.4.1 flow cells (FLO-MIN106D) 
from Oxford Nanopore. CpGs, including CpG islands, shores, shelves as well as 
promoter regions, were used as regions of interest for RRMS. Base calling and 
alignment were processed by guppy, minimap2 and remora. Visualization of 
genomic tracks were done using Gviz. Raw RRBS data was obtained from dbGAP 
phs000909.v1.p1 [33] and re-processed using Bismark. For each CpG island near 
the gene promoter, the methylation percentages captured for each CpG site were 
averaged across the entire CpG island. This was repeated for each patient and each 
gene of interest. P values between groups were calculated by t test. 

4.5 Tissue microarrays 

Tissue microarrays (TMAs) of human metastatic CRPC and NEPC specimens were 
obtained from the University of Washington Medical Center Prostate Cancer Donor 
Program. All specimens were collected from patients within 8 hours of death, 
formalin-fixed (decalcified in formic acid for bone specimens), paraffin-embedded, 
and examined histologically for the presence of a nonnecrotic tumor. TMAs were 
annotated as NEPC based on lack of AR, PSA, NKX3-1 and presence of CHGA and 
SYP IHC staining, which were scored by the University of Washington. 8 CRPC 
patients and 3 NEPC patients from Array C were included. Each patient has 1-3 
metastatic sites, and each site has 3 cores. TMAs were stained for FOXA1 using anti-
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FOXA1 (1:400; ab23738, Abcam). FOXA1 staining for each TMA core was scored as 
previously described [37]. In brief, the percentage of positively stained tumor cells 
was assigned a score between 0-4, indicating ≤5%, 6%-25%, 26%-50%, 51%-75%, 
and 76%-100% positive cells, respectively. The staining intensity was scored 
between 0-3 for absent, weak, moderate and strong staining, respectively. The 
products of the two scores were obtained to produce final scores (between 0-12), 
which were then binned as follows: negative (0-1), weak (2-4), moderate (5-8), and 
strong (9-12). 

Abbreviations 

The following abbreviations are used in this manuscript: 

PCa Prostate cancer 
NEPC Neuroendocrine prostate cancer 
TF Transcription factor 

Declarations 

Ethics Statement 

TMA UWTMA92 Array C was approved and obtained from the University of 
Washington Medical Center and approved by their Institutional Review Board. 

Consent for Publication 

Not Applicable 

Availability of Data and Material 

Some previously generated ChIP-Seq data are deposited at GSE69045. The time-
course RNA-Seq and RRMS are deposited at GSE239278. All newly generated data 
used in this paper are deposited at GSE296178. 

Funding 

Funding supports for the work include the NIH/NCI grants no. R01CA275193 (to 
J.Y.), R01CA286147 (to J.Y.), and R01CA257446 (to J.Y.) and DOD grant no PC210266 
(to J.Y.), PC220151 (to J.C.Z) and PC220158 (to J.C.Z). 

Competing Interests 

The authors have declared that no competing interests exist. 

Author Contributions 

Conceptualization: J.Y. and J.C.Z; Methodology: V.K., J.Y. and J.C.Z; Experiments: X.L.; 
TMA Scoring: L.B. Methylation processing: X.S. and J.C.Z., Writing: V.K, J.Y. and J.C.Z. 

  



Cancer Heterogeneity and Plasticity 2025;2(2):0008  Page 16 of 17 

Acknowledgment 

We thank all Yu lab members for their helpful discussions and suggestions. We 
thank Dr. Eva Corey (University of Washington) for the generation of the LuCaP 
PDX models and for sharing them with us. The CRPC TMA was graciously provided 
by Dr. Colm Morrissey (University of Washington). 

Supplementary Information 

The following supplementary materials are available on the website of this paper: 
Figure S1: FOXA1 reprograms the binding of AR, GATA2, and HOXB13 to many 
new binding sites that are enriched for their own motifs. 
Figure S2: NE markers have increased expression and variable methylation 
over NET. 

References 

1. Balk SP, Knudsen KE. AR, the cell cycle, and prostate cancer. Nucl Recept Signal. 2008;6:e001. DOI 
2. Beltran H. Update on the biology and management of neuroendocrine prostate cancer. Clin Adv Hematol 

Oncol. 2016;14(7):513-515.  
3. Harris WP, Mostaghel EA, Nelson PS, Montgomery B. Androgen deprivation therapy: progress in 

understanding mechanisms of resistance and optimizing androgen depletion. Nat Clin Pract Urol. 
2009;6(2):76-85. DOI 

4. Zong Y, Goldstein AS. Adaptation or selection--mechanisms of castration-resistant prostate cancer. Nat Rev 
Urol. 2013;10(2):90-98. DOI 

5. Watson PA, Arora VK, Sawyers CL. Emerging mechanisms of resistance to androgen receptor inhibitors in 
prostate cancer. Nat Rev Cancer. 2015;15(12):701-711. DOI 

6. Wang Q, Li W, Liu XS, Carroll JS, Janne OA, Keeton EK, et al. A hierarchical network of transcription factors 
governs androgen receptor-dependent prostate cancer growth. Mol Cell. 2007;27(3):380-392. DOI 

7. Zhao JC, Fong KW, Jin HJ, Yang YA, Kim J, Yu J. FOXA1 acts upstream of GATA2 and AR in hormonal regulation 
of gene expression. Oncogene. 2016;35(33):4335-4344. DOI 

8. Jin HJ, Zhao JC, Wu L, Kim J, Yu J. Cooperativity and equilibrium with FOXA1 define the androgen receptor 
transcriptional program. Nat Commun. 2014;5:3972. DOI 

9. Lu X, Fong KW, Gritsina G, Wang F, Baca SC, Brea LT, et al. HOXB13 suppresses de novo lipogenesis through 
HDAC3-mediated epigenetic reprogramming in prostate cancer. Nat Genet. 2022;54(5):670-683. DOI 

10. Kopachik W, Hayward SW, Cunha GR. Expression of hepatocyte nuclear factor-3alpha in rat prostate, seminal 
vesicle, and bladder. Dev Dyn. 1998;211(2):131-140. DOI 

11. Mirosevich J, Gao N, Gupta A, Shappell SB, Jove R, Matusik RJ. Expression and role of Foxa proteins in prostate 
cancer. Prostate. 2006;66(10):1013-1028. DOI 

12. Gao N, Ishii K, Mirosevich J, Kuwajima S, Oppenheimer SR, Roberts RL, et al. Forkhead box A1 regulates 
prostate ductal morphogenesis and promotes epithelial cell maturation. Development. 2005;132(15):3431-
3443. DOI 

13. Cirillo LA, Lin FR, Cuesta I, Friedman D, Jarnik M, Zaret KS. Opening of compacted chromatin by early 
developmental transcription factors HNF3 (FoxA) and GATA-4. Mol Cell. 2002;9(2):279-289. DOI 

14. Lupien M, Eeckhoute J, Meyer CA, Wang Q, Zhang Y, Li W, et al. FoxA1 translates epigenetic signatures into 
enhancer-driven lineage-specific transcription. Cell. 2008;132(6):958-970. DOI 

15. Wang D, Garcia-Bassets I, Benner C, Li W, Su X, Zhou Y, et al. Reprogramming transcription by distinct classes 
of enhancers functionally defined by eRNA. Nature. 2011;474(7351):390-394. DOI 

https://doi.org/10.1621/nrs.06001
https://doi.org/10.1038/ncpuro1296
https://doi.org/10.1038/nrurol.2012.237
https://doi.org/10.1038/nrc4016
https://doi.org/10.1016/j.molcel.2007.05.041
https://doi.org/10.1038/onc.2015.496
https://doi.org/10.1038/ncomms4972
https://doi.org/10.1101/2021.10.04.463081
https://doi.org/0.1002/(SICI)1097-0177(199802)211:2%3c131::AID-AJA2%3e3.0.CO;2-I
https://doi.org/10.1002/pros.20299
https://doi.org/10.1242/dev.01917Review
https://doi.org/10.1016/s1097-2765(02)00459-8
https://doi.org/10.1016/j.cell.2008.01.018
https://doi.org/10.1038/nature10006


Cancer Heterogeneity and Plasticity 2025;2(2):0008  Page 17 of 17 

16. Sahu B, Laakso M, Ovaska K, Mirtti T, Lundin J, Rannikko A, et al. Dual role of FoxA1 in androgen receptor 
binding to chromatin, androgen signalling and prostate cancer. EMBO J. 2011;30(19):3962-3976. DOI 

17. Edwards S, Campbell C, Flohr P, Shipley J, Giddings I, Te-Poele R, et al. Expression analysis onto microarrays 
of randomly selected cDNA clones highlights HOXB13 as a marker of human prostate cancer. Br J Cancer. 
2005;92(2):376-381. DOI 

18. Sreenath T, Orosz A, Fujita K, Bieberich CJ. Androgen-independent expression of hoxb-13 in the mouse 
prostate. Prostate. 1999;41(3):203-207. DOI 

19. Economides KD, Capecchi MR. Hoxb13 is required for normal differentiation and secretory function of the 
ventral prostate. Development. 2003;130(10):2061-2069. DOI 

20. Norris JD, Chang CY, Wittmann BM, Kunder RS, Cui H, Fan D, et al. The homeodomain protein HOXB13 
regulates the cellular response to androgens. Mol Cell. 2009;36(3):405-416. DOI 

21. Pomerantz MM, Li F, Takeda DY, Lenci R, Chonkar A, Chabot M, et al. The androgen receptor cistrome is 
extensively reprogrammed in human prostate tumorigenesis. Nat Genet. 2015;47(11):1346-1351. DOI 

22. Chen Z, Wu D, Thomas-Ahner JM, Lu C, Zhao P, Zhang Q, et al. Diverse AR-V7 cistromes in castration-resistant 
prostate cancer are governed by HoxB13. Proc Natl Acad Sci U S A. 2018;115(26):6810-6815. DOI 

23. Perez-Stable CM, Pozas A, Roos BA. A role for GATA transcription factors in the androgen regulation of the 
prostate-specific antigen gene enhancer. Mol Cell Endocrinol. 2000;167(1-2):43-53. DOI 

24. Zhou Y, Lim KC, Onodera K, Takahashi S, Ohta J, Minegishi N, et al. Rescue of the embryonic lethal 
hematopoietic defect reveals a critical role for GATA-2 in urogenital development. EMBO J. 1998;17(22):6689-
6700. DOI 

25. He B, Lanz RB, Fiskus W, Geng C, Yi P, Hartig SM, et al. GATA2 facilitates steroid receptor coactivator 
recruitment to the androgen receptor complex. Proc Natl Acad Sci U S A. 2014;111(51):18261-18266. DOI 

26. Wu D, Sunkel B, Chen Z, Liu X, Ye Z, Li Q, et al. Three-tiered role of the pioneer factor GATA2 in promoting 
androgen-dependent gene expression in prostate cancer. Nucleic Acids Res. 2014;42(6):3607-3622. DOI 

27. Patel RA, Sayar E, Coleman I, Roudier MP, Hanratty B, Low JY, et al. Characterization of HOXB13 expression 
patterns in localized and metastatic castration-resistant prostate cancer. J Pathol. 2024;262(1):105-120. DOI 

28. Cheng S, Yang S, Shi Y, Shi R, Yeh Y, Yu X. Neuroendocrine prostate cancer has distinctive, non-prostatic HOX 
code that is represented by the loss of HOXB13 expression. Sci Rep. 2021;11(1):2778. DOI 

29. Baca SC, Takeda DY, Seo JH, Hwang J, Ku SY, Arafeh R, et al. Reprogramming of the FOXA1 cistrome in 
treatment-emergent neuroendocrine prostate cancer. Nat Commun. 2021;12(1):1979. DOI 

30. Han M, Li F, Zhang Y, Dai P, He J, Li Y, et al. FOXA2 drives lineage plasticity and KIT pathway activation in 
neuroendocrine prostate cancer. Cancer Cell. 2022;40(11):1306-1323 e1308. DOI 

31. Lu X, Keo V, Cheng I, Xie W, Gritsina G, Wang J, et al. Epigenetic remodeling and 3D chromatin reorganization 
governed by NKX2-1 drive neuroendocrine prostate cancer. bioRxiv. 2024:2024.2012.2004.626816. DOI 

32. Wang Z, Townley SL, Zhang S, Liu M, Li M, Labaf M, et al. FOXA2 rewires AP-1 for transcriptional 
reprogramming and lineage plasticity in prostate cancer. Nat Commun. 2024;15(1):4914. DOI 

33. Beltran H, Prandi D, Mosquera JM, Benelli M, Puca L, Cyrta J, et al. Divergent clonal evolution of castration-
resistant neuroendocrine prostate cancer. Nat Med. 2016;22(3):298-305. DOI 

34. Hankey W, Chen Z, Wang Q. Shaping Chromatin States in Prostate Cancer by Pioneer Transcription Factors. 
Cancer Res. 2020;80(12):2427-2436. DOI 

35. Coleman IM, DeSarkar N, Morrissey C, Xin L, Roudier MP, Sayar E, et al. Therapeutic Implications for Intrinsic 
Phenotype Classification of Metastatic Castration-Resistant Prostate Cancer. Clin Cancer Res. 
2022;28(14):3127-3140. DOI 

36. Labrecque MP, Coleman IM, Brown LG, True LD, Kollath L, Lakely B, et al. Molecular profiling stratifies diverse 
phenotypes of treatment-refractory metastatic castration-resistant prostate cancer. J Clin Invest. 
2019;129(10):4492-4505. DOI 

37. Park SH, Fong KW, Kim J, Wang F, Lu X, Lee Y, et al. Posttranslational regulation of FOXA1 by Polycomb and 
BUB3/USP7 deubiquitin complex in prostate cancer. Sci Adv. 2021;7(15). DOI 

https://doi.org/10.1038/emboj.2011.328
https://doi.org/10.1038/sj.bjc.6602261
https://doi.org/10.1002/(SICI)1097-0045(19991101)41:3%3c203::AID-PROS8%3e3.0.CO;2-J
https://doi.org/10.1242/dev.00432
https://doi.org/10.1016/j.molcel.2009.10.020
https://doi.org/10.1038/ng.3419
https://doi.org/10.1073/pnas.1814741115
https://doi.org/10.1016/s0303-7207(00)00300-2
https://doi.org/10.1093/emboj/17.22.6689
https://doi.org/10.1073/pnas.1421415111
https://doi.org/10.1093/nar/gkt1382
https://doi.org/10.1002/path.6216
https://doi.org/10.1038/s41598-021-82472-1
https://doi.org/10.1038/s41467-021-22139-7
https://doi.org/10.1016/j.ccell.2022.10.011
https://doi.org/10.1101/2024.12.04.626816
https://doi.org/10.1038/s41467-024-49234-9
https://doi.org/10.1038/nm.4045
https://doi.org/10.1158/0008-5472.c.6511524
https://doi.org/10.1158/1078-0432.c.6532449.v1
https://doi.org/10.1158/1538-7445.am2018-1092
https://doi.org/10.3410/f.739903258.793595596

