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Abstract 

While cancer has traditionally been viewed as a genetic disease, the role of epigenetics, which 

literally translates to “above genetics,” has revealed another layer of complexity. Somatic and 

germline mutations, in collaboration with reversible histone and DNA chemical modifications, 

reprogram chromatin architecture and modulate gene expression. Multiprotein complexes deposit 

and interpret these epigenetic marks, functioning as readers, writers, or erasers of epigenetic 

information. Notably, many epigenetic proteins are mutated or aberrantly expressed in cancer, 

leading to the recognition of “nonmutational epigenetic reprogramming” as a new hallmark of 

human cancers.  Today, we reframe cancer as a result of interactions between the genome and 

epigenome, a theme that is the focus of my thesis. Here, we uncover the genomic and epigenomic 

contributions underlying oncogenic androgen receptor (AR) reprogramming, prostate cancer 

development, and therapy resistance, with a particular emphasis on understanding the interplay 

between two key proteins: FOXA1 and NSD2.  

 

The cellular identity of a prostate cell is determined by the expression of AR and its downstream 

signaling. In a normal prostate luminal epithelial cell, AR drives terminal differentiation, i.e., its 

activity impedes proliferation. However, upon transformation, AR activates malignant and 

proliferative gene programs, largely mediated through extensive reprogramming of AR’s 

chromatin occupancy. Here, using a CRISPR-screening approach, we identified NSD2, an H3K36 

dimethyltransferase, as a critical epigenetic cofactor responsible for reprogramming AR at its 

tumor-specific enhancers. Notably, NSD2 expression is abnormally induced in prostate cancer, 

where it collaborates with FOXA1 to reprogram AR binding at enhancer sites that harbor chimeric 

FOXA1:AR half-motifs. Loss of NSD2 inactivates cancer hallmark features of invasion and 

migration and fosters increased dependency on a paralogous gene called NSD1. Hence, we 

developed a dual NSD1/2 PROTAC degrader that exhibits preferential cytotoxicity in AR-

dependent prostate cancer. Altogether, we characterize NSD2 as an essential AR neo-
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enhanceosome subunit that enables its oncogenic activity, and position NSD1/2 as viable co-

targets in advanced prostate cancer. 

 

NSD2-dependent reprogramming of AR at chimeric half-sites relies on FOXA1’s pioneering 

activity. FOXA1 decompacts chromatin to recruit lineage-specific transcription factors, such as 

AR in the prostate epithelia, and chromatin remodeling proteins. Earlier, our lab found FOXA1 to 

be recurrently altered in over 35% of metastatic castration-resistant prostate cancer (mCRPC) 

cases in Caucasian White men, which recur within three distinct structural classes with distinct 

clinical incidence and gain-of-function.  More recently, FOXA1 was reported to be mutated in 

over 40% of primary prostate cancer in Chinese patients, positioning FOXA1 as a commonly 

mutated oncogene in this disease. Yet, its tumorigenic potential and pathobiology remain 

unexplored in vivo. As a central component of this thesis, we have developed and characterized 

the first in-field transgenic mouse models that conditionally overexpress FOXA1 Class 1 or Class 

2 mutant in the mouse prostate luminal epithelia. Our findings reveal that FOXA1 Class 1 

mutations, that disrupt the wing2 sub-secondary region, in a Trp53-null background drive high-

grade, AR-dependent luminal prostate adenocarcinoma. In contrast, Class 2 mutations are unable 

to drive disease formation. Instead, they induce intra-luminal plasticity by reprogramming 

differentiated cells into an AR-positive, luminal progenitor state that is androgen-insensitive. 

Mechanistically, Class 1 mutants co-activate mTORC1 signaling and reprogram AR at chimeric 

AR half-sites in concert with aberrantly gained NSD2. On the other hand, Class 2 mutations 

activate stemness genes and decompact over 40,000 new enhancer elements, bound by stemness-

associated transcription factors, like KLF5 and AP1. This instructs an androgen-insensitive 

luminal progenitor cell fate, making the Class 2-mutant mouse prostate tissues relatively resistant 

to atrophy upon androgen withdrawal through castration. Collectively, these findings establish 

FOXA1 as a key driver of prostate cancer development, showcasing how specific alterations in 

this single oncogene can either trigger tumorigenesis in early disease or enable resistance to 

treatment in more advanced stages. 

 

In summary, this doctoral thesis elucidates the functional and phenotypic impacts of FOXA1 

mutations in prostate cancer and identifies NSD2 as a cancer-specific epigenetic regulator that 

collaborates with FOXA1 to drive AR-dependent oncogenesis. Notably, this work presents the 
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first evidence of FOXA1-driven prostate adenocarcinoma formation in murine models and further 

substantiates the structural classification of distinct FOXA1 alterations within its coding region or 

genomic locus. Furthermore, this thesis characterizes collaborative reprogramming of the prostate 

cancer epigenome by the NSD1 and NSD2 paralogous enzymes, emphasizing paralog co-targeting 

as a promising therapeutic strategy for advanced, lethal forms of the disease.  
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Chapter 1  

Beyond the Genome: The Chromatin Regulome Instructs Cellular Behavior  

 

While the history of cancer has been closely tied to alterations in the DNA sequence of somatic or 

germ cells, the fields of epigenetics and epigenomics, which literally translate to “above genetics,” 

have revealed another layer of complexity. Epigenetic modifications, including histone 

methylation, acetylation, sumoylation, and DNA methylation, can alter gene expression and 

chromatin structure, thereby affecting cell fate decisions without changing the underlying DNA 

sequence [1,2]. This is particularly evident during development, where histone modifications 

govern gene activation and repression, chromatin architecture, and the expression of lineage-

defining and body-patterning transcription factors, such as the Hox family genes [3–5]. 

Multiprotein complexes interpret these epigenetic marks, functioning as readers, writers, or erasers 

[1]. The dynamic and malleable nature of these marks allows for significant cellular plasticity and 

adaptation, both during development and in response to stress, such as injury or cancer. Notably, 

many epigenetic proteins are mutated or aberrantly expressed in cancer, leading to the recognition 

of “nonmutational epigenetic reprogramming” as a new hallmark of many cancers [6]. These 

findings have spurred the development of numerous preclinical and clinical drugs targeting 

epigenetic proteins, such as histone deacetylases, methyltransferases, and histone 

acetyltransferases, underscoring the clinical significance of the epigenome. Today, we rethink 

cancer as a result of interactions between the genome and epigenome. My thesis focuses on 

uncovering the genomic and epigenomic contributions underlying prostate cancer development, 

with a particular emphasis on two key proteins: FOXA1 and NSD2.  

  

The morphogenesis of the prostate gland 

The prostate gland is an accessory male reproductive organ located at the base of the bladder. Its 

name is derived from the Greek word “prostates,” meaning “one who stands before” or “protector,” 

a reference to its anatomical position in front of the bladder [7]. The primary role of the prostate 

https://paperpile.com/c/sxTcq0/FiOsQ+jxdLd
https://paperpile.com/c/sxTcq0/TJB9Z+6ktOF+OiJdq
https://paperpile.com/c/sxTcq0/FiOsQ
https://paperpile.com/c/sxTcq0/snkBr
https://paperpile.com/c/sxTcq0/kjtM0
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gland is to secrete prostatic fluid, which contributes to sperm viability and the formulation of the 

ejaculate fluid [8]. The prostate gland develops from the urogenital sinus through an intricate 

process of budding, elongation, branching, and ductal morphogenesis [9–11]. These distinct stages 

are regulated by the timed expression of androgens and their nuclear hormone receptor, the 

Androgen Receptor (AR), at embryonic day 12-13 [12]. AR is expressed in both the epithelial and 

stromal compartments of the prostate, and during development, stromal AR is particularly critical 

for prostate determination. Importantly, paracrine signaling between epithelium and stroma is 

integral to proper prostate development and function [9,12]. While the distinction between stromal 

and epithelial AR signaling remains less explored, most research has focused on its role in the 

epithelial compartment, where it helps maintain the differentiated, secretory phenotype and overall 

homeostasis of the prostate gland. 

 

While AR is central to the establishment and maintenance of prostate cell identity, its activity at 

lineage-defining cis-regulatory elements—also known as enhancers—is critically dependent on 

the pioneer transcription factor FOXA1 [13]. FOXA1 can bind compacted chromatin, displace H1 

linker histones to decompact the underlying DNA sequence, thereby enabling the recruitment of 

AR and other chromatin remodeling factors [14]. Notably, FOXA1 is expressed at the onset of 

prostate development, even before AR is detectable in the epithelium, and is essential for 

establishing the chromatin landscape required for subsequent AR-driven transcriptional programs 

[15]. 

  

As the prostate gland develops, AR expression increases in both the epithelial and stromal 

compartments. Upon androgen binding, AR translocates to the nucleus, where it binds to FOXA1-

primed enhancers containing a 15-bp palindromic androgen response element (ARE) and activates 

gene expression programs necessary for prostate differentiation and function [16]. This interplay 

ensures that androgen signaling is precisely targeted to genes essential for prostate morphogenesis 

and secretory activity. The mature, terminally differentiated prostate gland comprises a bilayered 

epithelium with a discontinuous outer layer of basal cells and an inner layer of AR/FOXA1+ 

secretory luminal cells interspersed with neuroendocrine cells [17,18]. Basal cells, marked by 

cytokeratins such as CK5 and p63, provide structural support and progenitor potential, while 
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luminal cells, characterized by the expression of CK8/CK18 and high levels of AR, are responsible 

for secreting prostatic fluid [19]. 

  

The adult human prostate gland is organized into three distinct zones – central, transitional, and 

peripheral – whereas in mice, it comprises four lobes: the dorsal, ventral, lateral, and anterior 

[20,21]. Notably, approximately 75% of human prostate adenocarcinoma originates in the 

peripheral zone and is characterized by the hyperproliferation of AR+/FOXA1+ luminal epithelial 

cells and the loss of basal cells, resulting in a strong luminal phenotype [18]. Since nearly all 

prostate tumors express AR, recent efforts have focused on understanding the mechanisms of AR-

positive prostate cancer and identifying novel therapeutic targets, beyond AR itself. In this thesis, 

I will uncover the molecular mechanisms governing FOXA1-driven prostate tumorigenesis by 

using genetically engineered mouse models that carry human-relevant FOXA1 mutations.  

 

Disease evolution and clinical management of prostate cancer 

 

Prostate cancer incidence 

Prostate cancer (PCa) is the second-leading cause of cancer-related deaths in North America. In 

2025 alone, the American Cancer Society predicts approximately 300,000 new cases, with 35,000 

resulting in new deaths [22]. Globally, there are more than 1 million new diagnosed cases annually, 

with the deaths exceeding 350,000 [23]. Racial disparities significantly contribute to PCa 

incidence [18]. For instance, African and Caribbean men have the highest risk of early, aggressive 

disease relative to the white population, while Asian men living in Asia have a lower risk of disease 

[24,25]. Additionally, approximately 10% of PCa cases have a substantial familial inheritance, 

where germline mutations in DNA-repair and mismatch repair genes, such as BRCA2, BRCA1, 

ATR, MSH2, and a key prostate-specific transcription factor (TF) called HOXB13 (G84E), 

strongly dictate the early onset of aggressive PCa [26–30]. 

 

PCa diagnosis and grading 

PCa diagnosis and staging are guided by a multi-parametric approach that utilizes digital rectal 

examinations (DRE), blood-based biochemical screening (prostate-specific antigen, PSA), 

histologic assessments of tissue architecture, and various imaging modalities [31]. Physical rectal 
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examination of the prostate gland using DRE along with PSA screening is the frontline of PCa 

diagnosis [31]. In case of abnormalities in the DRE or elevated PSA levels (>3ng/ml), a prostate 

biopsy is often used to confirm the presence of cancer. The Gleason Grade Group system, 

developed by Dr. Jonathan Epstein and colleagues at Johns Hopkins, USA, serves as the 

benchmark for assessing tumor aggressiveness through visual microscopic inspection of the tumor 

tissue obtained through multiple transrectal or transperineal core biopsies [18,32]. This system 

relies on the microscopic architecture of prostate glands, as originally described by the Gleason 

scoring method, to differentiate between poorly differentiated (aggressive) tumors and well-

differentiated tumors. Pathologists evaluate prostate tissue samples and identify the two most 

common architectural patterns of cancer, each assigned a grade from 3 to 5. The Gleason score is 

calculated by adding the two most common grades, resulting in scores ranging from 6 (least 

aggressive) to 10 (most aggressive). Further, the Gleason scores are grouped into Grade Groups 1 

through 5. Grade Group 1 (Gleason score 6) represents the least aggressive cancers, often suitable 

for active surveillance. Grade Groups 2 and 3 (Gleason score 7) indicate an intermediate risk, with 

tumors in Grades 3+4 being less aggressive than those in Grades 4+3. Grade Groups 4 and 5 

(Gleason scores 8 to 10) correspond to high-risk, aggressive disease that typically requires more 

intensive treatment [33,34]. 

 

Prostate cancer develops through a series of genetic, epigenetic, and cellular changes that 

transform a normal, luminal epithelial cell into cancer[35]. High-grade prostatic intraepithelial 

neoplasia (HGPIN) is recognized as the most established precursor, characterized by the abnormal 

proliferation of glandular luminal epithelial cells, and is often found adjacent to carcinoma [18,35]. 

This includes enlarged atypical nuclei with multiple nucleoli and increased expression of cell cycle 

genes. A notable pathological distinction between HGPINs and acinar adenocarcinomas is the 

absence of p63+/CK5+ basal cells in the latter, along with intense staining of luminal cell-specific 

cytokeratin 8/18, and elevated levels of cancer-related proteins, such as α-methylacyl-CoA 

racemase (AMACR)[36]. While most prostate adenocarcinomas are well differentiated, more 

aggressive disease subtypes evolve de novo or under therapy pressures to gain poorly differentiated 

features, including small-cell neuroendocrine prostate cancer [37]. While prostate acinar 

adenocarcinoma that develops in the prostate gland accounts for 95% of cases, ductal and 
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intraductal PCa (DPC and IDCP) are less frequent, yet more aggressive disease forms that are 

characterized by papillary and cribriform formations.  

  

Clinical management 

A clinical observation in the 1940s by Dr. Charles Huggins revealed that removing testicular 

androgens, either through orchiectomy or the administration of estrogens, caused significant 

regression of prostate tumors in men with advanced disease [38]. This discovery was the first to 

demonstrate the essential role of androgens in prostate cancer and laid the foundation for hormone-

based therapies, i.e., androgen deprivation therapies (ADT), also referred to as castration, that 

remain central to prostate cancer management today [39]. However, the biology of androgens and 

the discovery of the androgen receptor (AR) occurred later in the 1960s, leading to the 

development of more potent, second-generation anti-androgen drugs that are used in advanced 

disease [40–42]. PCa is a heterogeneous disease, and treatment options are often dictated by the 

disease stage, histopathological features (acinar, ductal, or neuroendocrine), and biochemical 

monitoring. 

 

Approximately 80–85% of patients are diagnosed with localized disease. [18,43] The management 

of primary localized prostate cancer is tailored based on risk stratification, incorporating factors 

such as PSA level, Gleason score, and tumor stage. For low-risk, localized disease, active 

surveillance is often preferred, especially in older patients or those with significant comorbidities 

[44]. Definitive treatments for localized or locally advanced disease include radical prostatectomy 

and radiation therapy, while patients who have intermediate- or high-risk disease are given 

radiation therapy in combination with ADT for 18–36 months [45,46]. Advances in imaging, such 

as multiparametric MRI [47] and PSMA PET [48], have improved staging accuracy and patient 

selection for curative treatments. These treatments often lead to a decline in PSA levels (<0.1 

ng/ml). While prostatectomy and radiation therapy cure about 70% of patients, about 20–30% of 

patients will relapse with a higher chance of metastatic disease, as indicated by a biochemical 

recurrence or elevated PSA levels, and are subsequently administered ADT therapies like 

luteinizing hormone-releasing hormone (LHRH) agonists or antagonists—also referred to as 

medical castration [49]. These therapies inhibit the testicular production of androgen by ablating 

the pituitary-testis signaling axis. 
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For castration-sensitive prostate cancer (CSPC)—particularly in the metastatic setting (mCSPC)—

management has evolved from ADT monotherapy to combination regimens. Current standards 

recommend ADT combined with second-generation androgen receptor signaling inhibitors 

(ARSIs) such as abiraterone or enzalutamide, both of which have demonstrated significant survival 

benefits. Abiraterone works by inhibiting CYP17, a key enzyme in androgen biosynthesis, thereby 

reducing androgen production from the testes, adrenal glands, and even within the tumor itself 

[50,51]. Enzalutamide, on the other hand, directly inhibits the androgen receptor, blocking 

androgen binding and its nuclear translocation, thereby impeding its transcriptional activity [52]. 

In patients with high-volume metastatic disease, the addition of docetaxel chemotherapy to ADT 

and an ARSI (triplet therapy) can further improve outcomes. The integration of these agents into 

treatment regimens has significantly advanced the standard of care for men with advanced prostate 

cancer, offering improved survival and delayed disease progression. 

 

However, despite the initial treatment response to castration, nearly all patients will progress to an 

androgen-independent disease, also referred to as castration-resistant prostate cancer (CRPC). 

Here, a combination of therapies, including chemotherapy (docetaxel, cabazitaxel), ARSIs 

(enzalutamide, abiraterone, apalutamide), PARP inhibitors (especially for those with DNA repair 

gene mutations), and PSMA-targeted radioligand therapy, is administered [18,53]. The choice of 

therapy is increasingly informed by prior treatments and molecular profiling, with a focus on 

personalizing care to optimize both survival and quality of life. 

 

A distinctive feature of primary, mCSPC, and mCRPC tumors is their continued reliance on AR 

and its signaling. In CRPC, castrate levels of testosterone are sufficient to maintain cell growth 

and proliferation. However, continuous treatment with ADT and ARSI therapy has coerced 

prostate cancer cells to exit their lineage and transdifferentiate into an AR-negative disease subtype 

known as neuroendocrine prostate cancer (NEPC) [54–56]. This phenomenon is known as lineage 

plasticity, specifically intercellular plasticity, which is observed in approximately 20% of CRPC 

patients. This process of transdifferentiation renders most current therapies ineffective, owing to 

the aggressive and AR-independent nature of the tumor. Understanding the molecular drivers of 

NEPC will aid in the development of novel therapies for this aggressive disease. 

https://paperpile.com/c/sxTcq0/J5BpL+UYCi2
https://paperpile.com/c/sxTcq0/Ou1h5
https://paperpile.com/c/sxTcq0/JvR2J+WmMAM
https://paperpile.com/c/sxTcq0/8qwT7+Ppbe6+pLqpJ


7 

 

 

  

The mutational roots of prostate cancer 

PCa exemplifies the idea of lineage addiction, wherein AR serves as the master regulator of 

prostate cell identity [39]. Extensive sequencing efforts of both primary and metastatic castration-

resistant prostate cancer tumors has revealed that PCa progresses through a multi-step process 

involving the accumulation of diverse clonal and subclonal genetic alterations, ultimately leading 

to the development of an AR-positive, luminal-type disease. The genomic landscape of PCa is 

primarily characterized by structural rearrangements and copy number alterations, rather than 

single-nucleotide variations. 

 

Prostate cancer is a transcription factor–addicted disease 

One of the hallmarks of primary PCa in Caucasian men is the presence of the TMPRSS2-ERG gene 

fusion, which is observed in approximately 50% of cases [57–59]. Here, an AR-regulated 

promoter, TMPRSS2, is fused to a member of the ETS family (ERG, ETV1, and ETV4), making 

it the first report of gene fusions in solid tumors. Multi-institutional efforts and next-generation 

sequencing technologies have led to a more comprehensive genomic map of PCa [60]. DNA 

sequencing studies from The Cancer Genome Atlas (TCGA, primary PCa), MSK-IMPACT 

(mCSPC and mCRPC), and SU2C-PCF (mCRPC) have broadened our understanding of PCa 

evolution. Here, in addition to the TMPRSS2-ERG gene fusion, recurrent mutations/alterations in 

transcription factors and chromatin remodelers, including FOXA1 Class 1 (a pioneer transcription 

factor and co-factor of AR) and SPOP (an E3 ubiquitin ligase of AR), as well as amplifications of 

oncogenes such as MYC (chromosome 8q gain), PIK3CA, CCND1 and loss of tumor suppressor 

genes like PTEN, NKX3.1 (chromosome 8p loss), TP53, and CDK12, were observed in the 

primary disease [61–66]. These alterations not only initiate tumorigenesis but also help shape the 

evolving chromatin landscape, increasing accessibility at regulatory regions and priming the 

cancer genome for further transcriptional dysregulation. 

 

In metastatic disease, particularly castration-resistant prostate cancer, there is a significantly higher 

incidence of bi-allelic losses of tumor suppressor genes, such as PTEN, TP53, RB1, and CDK12, 

which deprive the cell of its proliferative gatekeeper proteins [67,68]. Growth-promoting gain-of-

function alterations in the PI3K pathway (PIK3CA and AKT1) are seen in about 6% of advanced 
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tumors. Additionally, activation of WNT signaling in approximately 18% of mCRPC cases, driven 

by the loss of APC and gain of CTNNB1, promotes aggressive metastatic phenotypes. While the 

genome of a PCa cell is relatively stable compared to many other tumor types, a unique subset of 

DDR or mismatch repair-deficient tumors harbors loss-of-function mutations in BRCA2 (6-

12.5%), ATM (5-7%), and CDK12 [67,68]. These tumors, owing to their instability, have a higher 

burden of neo-antigens and hence benefit from immune checkpoint blockade therapies.  Finally, 

metastatic tumors have an increased incidence of FOXA1 Class 2 mutations, which activate WNT 

signaling to drive metastasis [64]. 

 

While alterations in transcription factors serve as key drivers for PCa, epigenetic and chromatin 

remodelling proteins help demarcate and reshape chromatin accessibility for transcriptional 

activation. For instance, loss of CHD1, a chromatin remodeling protein, is observed in 

approximately 15% of primary PCa cases, where it redistributes AR to occupy enhancer elements 

that drive its oncogenic program [65, 69]. Mutations in epigenetic modifier proteins, such as 

KMT2C and KMT2D, are also detected, albeit at lower frequencies [67]. In addition to these, 

sustained or aberrant expression of proteins belonging to the BRD family of proteins [70], histone 

methyl transferases such as NSD2 [71,72], and the SWI/SNF chromatin remodelling complex [73] 

are essential for the growth, survival, or invasion of PCa cells. 

 

These genomic insights reveal that PCa is fundamentally a transcription factor–addicted 

malignancy, with AR being the central node of the disease. Under homeostatic conditions, AR 

instructs terminal differentiation of prostate epithelial cells. While AR is rarely mutated in the 

primary disease [61], PCa cells reinforce AR activity at all stages of disease, particularly under 

therapy pressure through copy amplifications of AR and its super-enhancer, mutations in the AR 

ligand-binding domains, and AR splice variants (AR-V7) that enable ligand-independent 

activation of AR [39,74,75]. Additionally, recurrent alterations in co-factors or regulators of AR, 

such as FOXA1, SPOP, HOXB13, and NCOR1/2, highlight the importance of sustained AR 

signaling in PCa. These findings raise a pertinent question: If AR drives terminal differentiation, 

i.e., proliferative arrest, why do cancer cells restore AR activity? 
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Notably, seminal studies have highlighted that AR chromatin binding and activity are significantly 

reprogrammed during transformation [76]. Upon binding to its ligand, dihydrotestosterone (DHT), 

AR dimerizes and translocates into the nucleus where it binds as a homodimer at its 15-bp 

palindromic AR response element (ARE) [39]. These sites constitute its normal cistrome. 

However, upon transformation, AR is reprogrammed to new genomic sites that drive its oncogenic 

program. Hence, rather than enforcing differentiation, AR signaling becomes hijacked to drive 

proliferation and survival. However, the mechanisms for this reprogramming remained elusive. 

While FOXA1 and HOXB13 were deemed essential for this reprogramming, both proteins are also 

expressed in a normal prostate, suggesting that other cancer-specific co-factors likely collaborate 

with lineage-defining pioneer transcription factors, such as FOXA1 and HOXB13, to drive cancer-

specific reprogramming of AR [76]. Here, we have identified NSD2 and FOXA1 as essential 

proteins required for reprogramming AR activity in prostate cancer. In the following chapters, I 

will highlight the role of NSD2, a cancer-specific epigenetic co-factor of AR (Chapter 2), as well 

as the driver roles of distinct FOXA1 mutations (Chapter 3) in driving prostate tumorigenesis. 

 

Cancer-specific epigenetic proteins reprogram AR to its oncogenic sites 

Cancer has traditionally been viewed as a genetic disease that is driven by the accumulation of 

somatic mutations in oncogenes and tumor suppressor genes that disrupt normal cellular processes 

such as growth, division, and apoptosis. However, it is now clear that the epigenome—the 

collection of chemical modifications to DNA and histone proteins — plays an equally critical role 

in tumorigenesis and cancer progression [1,2]. Epigenetic alterations, including DNA methylation, 

histone modifications, and chromatin remodeling, can profoundly influence gene expression 

programs, cellular identity, and therapeutic response. In prostate cancer and many other 

malignancies, these epigenetic changes are not merely passive consequences of genetic mutations 

but are active drivers that cooperate with genetic alterations to shape cancer cell behavior. While 

there are diverse families of epigenetic proteins, including histone methyltransferases, histone 

acetyltransferases, DNA methyltransferases, and chromatin remodelers, this thesis focuses on one 

such histone methyltransferase, NSD2. 

 

The NSD (Nuclear receptor-binding SET Domain) family, comprising NSD1, NSD2 (also known 

as WHSC1 or MMSET), and NSD3, has been demonstrated to have essential roles in development 
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and cancer [77]. These enzymes catalyze the methylation of histone H3 at lysine 36 (H3K36), a 

modification associated with active transcription and open chromatin states. Chapter 2 of this 

thesis focuses on NSD2, also known as MMSET, which was initially identified as a driver 

oncogene in multiple myeloma. NSD2 translocations (t4;14) are observed in approximately 15-

20% of multiple myelomas, where NSD2 is positioned under the regulation of an IgH enhancer, 

driving aggressive disease phenotypes [78,79]. Later, NSD2 was also identified as a driver of 

metastasis in prostate cancer, consistent with its elevated expression in mCRPC relative to the 

primary disease [71,72]. Interestingly, NSD2 expression is the highest in neuroendocrine prostate 

cancer, where it is proposed to counteract the repressive functions of EZH2. However, this remains 

to be fully characterized [80]. In Chapter 2, we mechanistically demonstrate that NSD2 serves as 

a cancer-specific co-factor of AR, where it reprograms AR away from its normal binding sites to 

its oncogenic sites. 

 

A pioneer factor dictates organ lineage specification and drives cancer 

FOXA1, also known as hepatocyte nuclear factor 3-alpha (HNF3α), is a member of the forkhead 

box (FOX) family of pioneer transcription factors, distinguished by their butterfly-like winged 

helix DNA-binding domain [81,82]. This structural feature enables FOXA1 to decompact 

chromatin, thereby facilitating the recruitment of lineage-specific transcription factors and 

chromatin remodeling proteins. Initially identified in the liver, where it regulates genes essential 

for hepatic differentiation, FOXA1 has since been recognized as a master regulator of cell fate in 

multiple organs, including the breast and prostate [13]. In the breast, FOXA1 plays a crucial role 

in mammary gland development, working in concert with the estrogen receptor to establish luminal 

cell identity [83]. In the prostate gland, FOXA1 is indispensable for ductal morphogenesis, 

epithelial differentiation, and function, as it reshapes the chromatin landscape and enables AR-

driven gene expression, thereby dictating prostate lineage identity [15]. 

While FOXA1 is essential for normal development of the prostate, recent work from our lab 

demonstrated that FOXA1 is recurrently mutated in over 35% of prostate cancers in Caucasian 

men [64]. Notably, this number increases to 41% in Asian men, where FOXA1 surpasses the 

TMPRSS2-ERG gene fusion as the dominant oncogene [84]. FOXA1 mutations are also detected 

in breast cancer, where they reprogram estrogen receptor activity to drive tumorigenesis 

[64,85,86]. While the primary paper from our lab [64] defined three distinct structural classes of 
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FOXA1 alterations (Classes 1, 2, and 3) in PCa, Chapter 3 of this thesis focuses on uncovering the 

pathobiology and driver roles of these mutations using the first-in-field genetically engineered 

mouse models that harbor the distinct FOXA1 mutations. Here, by integrating multiomics data 

from single-cell RNA/ATAC sequencing, bulk RNA-sequencing, and ChIP-sequencing on mouse 

prostate tissues and tissue-derived 3D organoids, we functionally demonstrate how distinct 

FOXA1 mutations drive divergent PCa phenotypes [87]. 
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Chapter 2  

NSD2 is a Requisite Subunit of the AR/FOXA1 Neo-Enhanceosome in Promoting Prostate 

Tumorigenesis1 

Abstract 

The androgen receptor (AR) is a ligand-responsive transcription factor that binds at enhancers to 

drive terminal differentiation of the prostatic luminal epithelia. By contrast, in tumors originating 

from these cells, AR chromatin occupancy is extensively reprogrammed to drive hyper-

proliferative, metastatic, or therapy-resistant phenotypes, the molecular mechanisms of which 

remain poorly understood. Here, we show that the tumor-specific enhancer circuitry of AR is 

critically reliant on the activity of Nuclear Receptor Binding SET Domain Protein 2 (NSD2), a 

histone 3 lysine 36 di-methyltransferase. NSD2 expression is abnormally gained in prostate cancer 

cells, and its functional inhibition impairs AR trans-activation potential through partial off-loading 

from over 40,000 genomic sites, which is greater than 65% of the AR tumor cistrome. The NSD2-

dependent AR sites distinctly harbor a chimeric AR-half motif juxtaposed to a FOXA1 element. 

Similar chimeric motifs of AR are absent at the NSD2-independent AR enhancers and instead 

contain the canonical palindromic motifs. Meta-analyses of AR cistromes from patient tumors 

uncovered chimeric AR motifs to exclusively participate in tumor-specific enhancer circuitries, 

with a minimal role in the physiological activity of AR. Accordingly, NSD2 inactivation attenuated 

hallmark cancer phenotypes that were fully reinstated upon exogenous NSD2 re-expression. 

Inactivation of NSD2 also engendered increased dependency on its paralog NSD1, which 

independently maintained AR and MYC hyper-transcriptional programs in cancer cells. 

Concordantly, a dual NSD1/2 PROTAC degrader, called LLC0150, was preferentially cytotoxic 

in AR-dependent prostate cancer as well as NSD2-altered hematologic malignancies. Altogether, 

we identify NSD2 as a novel subunit of the AR neo-enhanceosome that wires prostate cancer gene 

expression programs, positioning NSD1/2 as viable paralog co-targets in advanced prostate cancer. 
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Introduction 

Functional CRISPR screen reveals NSD2 as an AR co-activator 

Conventional plasmid-based reporter systems fail to capture intricate epigenetic or chromatin-level 

regulation of gene expression as they lack the native histone composition or higher-order 

chromosomal structure. Thus, we engineered an endogenous AR reporter system by using the 

CRISPR/Cas9 and homologous recombination methodologies. We edited the KLK3 gene (also 

known as prostate-specific antigen, PSA) locus in AR-driven LNCaP cells to knock-in the 

mCherry coding sequence directly downstream of the endogenous promoter and fused in-frame 

via an endopeptidase sequence to the KLK3 gene (Figure. 2-1A and Supplementary Figure. A2-

1A-C). In the monoclonal reporter cell line, akin to PSA, mCherry expression is directly regulated 

by the AR transcriptional complex (Supplementary Figure. A2-1D-F) and, most importantly, 

captures chromatin or epigenetic-level changes in AR transactivation potential. Like PSA, 

mCherry expression was attenuated upon pharmacologic inhibition of co-activators like BRD416, 

SWI/SNF18, or P300/CBP19, while increasing upon inhibition of the repressive PRC2/EZH2 

complex32,33 (Figure. 2-1B and Supplementary Figure. A2-1G). Using these endogenous AR 

reporter cell lines, we carried out a functional CRISPR screen, wherein we treated the cells with a 

custom single guide RNA (sgRNA) library targeting druggable transcriptional cofactors34 

(Supplementary Figure. A2-1H) for 8 days, stimulated with DHT for 16h, and FACS-sorted into 

mCherryHIGH and mCherryLOW populations. Genomic sgRNAs were sequenced and the ratio of 

normalized counts in mCherryLOW to mCherryHIGH cell populations was used to rank individual 

sgRNAs. Here, ranked alongside BRD416 and TRIM2435,36, we identified NSD2 as an AR 

coactivator (Figure. 2-1C and Supplementary Figure. A2-1I). In contrast, subunits of the PRC2 

complex, namely EZH2 and JARID2, that repress AR activity32 were enriched in the mCherryHIGH 

cells. Validating the screening results, siRNA-mediated knockdown of NSD2 attenuated the 

expression of PSA/KLK3 in PCa cell lines (Figure. 2-1D). 

https://paperpile.com/c/syW4JW/04lJ1
https://paperpile.com/c/syW4JW/VnzeV
https://paperpile.com/c/syW4JW/8M0We
https://paperpile.com/c/syW4JW/0jZe7+xZXcO
https://paperpile.com/c/syW4JW/YXcl5
https://paperpile.com/c/syW4JW/04lJ1
https://paperpile.com/c/syW4JW/M4E55+7DcE1
https://paperpile.com/c/syW4JW/0jZe7
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Figure 2-1: Epigenetics-focused CRISPR screen shows NSD2 as an AR coactivator. A) Schematic of the epigenetic-targeted 

CRISPR screen using LNCaP mCherry-KLK3 AR reporter lines. B) Left: mCherry immunofluorescence images of LNCaP 

reporters treated with labeled epigenetic drugs. Right: Barplot showing quantification of the mCherry signal from treated reporter 

cells normalized to the DMSO treatment (n = 3 biological replicates). Mean+/- SEM are shown. Scale bar: 200µm. C) sgRNA 

enrichment rank plot based on guide RNA ratio in mCherry-LOW to mCherry-HIGH cells. D) Immunoblots of listed proteins upon 

treatment with control (siNC) or NSD2-targeting (siNSD2) siRNAs. Total H3 is used as loading control. LNCaP lysates were 

collected at Day 15. VCaP lysates were collected at Day 10 or 15 post treatment. E) Representative protein map of NSD2-Long 

(NSD2-L) and NSD2-Short (NSD2-S) isoforms. HMG: High mobility group; PHD: Plant homeodomain. F) Immunoblots of noted 

proteins in CRISPR-mediated stable knock-out (KO) of both NSD2 isoforms or NSD2-L alone. Total H3 is used as loading control. 

G) GSEA plots for AR and E2F up-regulated genes using the fold change rank-ordered genes from the NSD2 knock-out (KO) vs 

wild-type (WT) LNCaP cells. DEGS, differentially expressed genes. (n = 2 biological replicates; GSEA enrichment test). H) 

Immunoblots of listed proteins in NSD2 KO LNCaP cells stimulated with 10nM DHT. I) GSEA plots of AR hallmark genes in 

NSD2 wild-type (WT) vs knock-out (KO) LNCaP cells using the fold change rank-ordered genes from DHT (10nM for 24h) vs 

DMSO treatment. DEGS, differentially expressed genes (n = 2 biological replicates; GSEA enrichment test). J) Representative 

immunohistochemistry (IHC) images of NSD2 in prostatectomy patient specimens. Scale bar:100µm. K) NSD2 signal intensity 

from IHC staining in panel j (n = 4 patient tumors; two-sided t-test). Box plot center, median; box, quartiles 1-3, whiskers, quartiles 

1-3 土1.5*interquartile range, dot, outliers. L) Representative multiplex immunofluorescence (IF) images of KRT8, AR, and NSD2 

in benign prostate, primary prostate cancer, or metastatic castration-resistant prostate cancer (mCRPC) patient specimens. Scale 

bar:50µm. M) Quantification of NSD2 IF signal intensity per KRT8+ luminal epithelial cell from images in panel l (two-sided t-

test; normal=39, primary PCa=145, mCRPC=381 nuclei). Box plot center, median; box, quartile 1-3; whiskers, 10th and 90th 

percentile; dot, outliers. 

The NSD2 gene templates two splice isoforms producing a long, catalytically active form 

(hereafter referred to as NSD2-L) as well as a truncated shorter isoform (called NSD2-S) 

containing only the reader and protein-protein interacting PWWP and HMG domains, respectively. 

We found both NSD2 isoforms to be robustly expressed in PCa cells (Figure. 2-1E and 

Supplementary Figure. A2-2A). Deletion of NSD2-L alone strongly attenuated the expression of 

AR target genes in LNCaP cells, which was comparable to complete loss of the NSD2 protein 

(Figure. 2-1F). The transcriptomic analysis further showed global AR activity to be significantly 

dampened in NSD2-deficient LNCaP cells with a parallel loss in hyper-proliferative gene 

expression programs (Figure. 2-1G). AR and NSD2 transcriptional activities were also positively 

correlated in primary prostate tumors from the TCGA cohort (Supplementary Figure. A2-2B; 

R=0.68, p=2.2e-16). Notably, there was no change in the abundance of AR transcript or protein 

itself in NSD2-deleted cells (Figure. 2-1F and Supplementary Figure. A2-2C), yet stimulation 

with DHT failed to significantly up-regulate the expression of AR target genes (Figure. 2-1H,I 

and Supplementary Figure. A2-2C,D). 
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To date, several studies have implicated NSD2 in PCa37–41; however, it is worth noting that these 

studies were focused on the AR-negative disease. Using tissue microarrays, these studies showed 

NSD2 protein to be elevated in cancer specimens, showing a stage-wise increase from primary to 

metastatic castration-resistant or neuroendocrine PCa39,40. Building on these findings, in primary 

prostatectomy specimens we found NSD2 levels to be undetectable in the normal or adjacent 

benign foci with marked gain in expression in malignant cells (Figure. 2-1J,K). Consistent with 

this, in single-cell RNA-seq data from patient tumors, we found the NSD2 transcript to be 

exclusively expressed in the AR-positive luminal epithelial cells (Supplementary Figure. A2-

2E). Pseudo-bulk analyses confirmed NSD2 expression to be markedly elevated in the matched 

tumor vs the normal luminal compartment (n=18), and NSD2 expression positively correlated with 

Gleason score of the primary disease (Supplementary Figure. A2-2F,G). Multiplex 

immunofluorescence in additional prostatectomy and patient tumor specimens further confirmed 

the KRT8+/AR+ normal epithelial cells to have no detectable expression of NSD2, which was 

robustly expressed in the transformed epithelial cells (Figure. 2-1L,M and Supplementary 

Figure. A2-3A-E). Altogether, this data suggests that NSD2 is abnormally expressed in the 

transformed prostate luminal epithelial cells, wherein its methyltransferase function is critical for 

maintaining transcriptional activity of the AR complex. 

https://paperpile.com/c/syW4JW/QoMuo+K6Rb9+C1BUW+4S3vN+dJUil
https://paperpile.com/c/syW4JW/4S3vN+C1BUW
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Figure 2-2: NSD2 expands the AR neo-enhancer circuitry to include chimeric AR half-sites. A) Venn diagram showing 

overlaps of AR ChIP-seq peaks in NSD2 wild-type (WT) and knock-out (KO) LNCaP cell lines. B) Genomic location of NSD2-

dependent and independent AR sites defined from the overlap analysis in panel a. C) ChIP-seq read-density heatmaps of AR, 

FOXA1, and H3K27ac at top 1,000 AR enhancer sites in LNCaP NSD2 WT and KO cell lines. D) Top five known HOMER motifs 

enriched within NSD2-dependent and independent AR sites in LNCaP cells (HOMER, hypergeometric test). E) ChIP-seq read-

density tracks of AR and H3K27ac in NSD2 WT and KO LNCaP cell lines. HOMER motifs detected within AR peaks are shown 

below with grey boxes highlighting NSD2 dependent and independent AR elements. F) Fold change heatmap of HOMER motifs 

enrichment within AR binding sites specific to HOXB13, FOXA1, or FOXA1+HOXB13 overexpression in LHSAR cells (data 

from Pomerantz et al, 2015). G) Fold change and significance of HOMER motifs enriched within primary prostate cancer-specific 

AR sites over normal AR enhancers (data from Pomerantz et al., 2015; HOMER, hypergeometric test). H) AR ChIP-seq read 

density boxplot at sites containing the ARE or the FOXA1:AR chimeric motif in primary normal and tumor patient samples (normal 

prostate, n=7; primary prostate cancer, n=13; mCRPC, n=15). In box plots, the center line shows the median, box edges mark 

quartiles 1-3, and whiskers span quartiles 1-3 土 1.5 * interquartile range (one-way ANOVA). I) Rank-ordered plot of AR super-

enhancers (HOMER ROSE algorithm) in NSD2 WT and KO LNCaP cells with select known AR target genes shown. J) Boxplot 

of AR super-enhancer scores (HOMER ROSE algorithm) of top 100 cis-elements in NSD2 WT or KO LNCaP cells (two-sided t-

test). Box plot centre, median; box, quartiles 1-3; whiskers, quartiles 1-3 ± 1.5 × interquartile range; dot, outliers. 

NSD2 activates neo-enhancers with chimeric AR-half motifs 

Given that NSD2 loss had no impact on the abundance of the AR protein, we next profiled AR 

binding on chromatin. AR ChIP-seq in NSD2-deficient LNCaP cells showed a dramatic and 

complete off-loading of the AR protein from over 40,000 genomic sites that comprise over 65% 

of the tumor cistrome (Figure. 2-2A). The majority of the lost sites (i.e., NSD2-dependent) were 

within intronic or intergenic regions associated with cis-regulatory DNA elements (Figure. 2-2B). 

At these sites there was no change in the binding of FOXA1 upon NSD2 inactivation. Yet, 

disruption of AR binding was sufficient to trigger loss of the H3K27ac mark that demarcates active 

enhancers (Figure. 2-2C). In contrast, AR remains bound at over 20,000 genomic sites 

independent of NSD2, which also retained the H3K27ac active mark in the NSD2-null PCa cells 

(Fig. 2-2A-C). Next, ChIP-seq-based profiling of the chemical chromatin state showed NSD2-

dependent AR sites to have higher abundance of H3K36me2 as well as active enhancer-associated 

H3K4me1/2 and H3K27ac modifications compared to the NSD2-independent elements 

(Supplementary Figure. A2-3D-F). Contrastingly, NSD2-independent AR sites had higher levels 

of the PRC2/EZH2 catalyzed repressive H3K27me3 mark. More importantly, NSD2 inactivation 

led to a significant decrease in H3K36me2 levels at the NSD2-dependent sites, reducing it to the 

levels at NSD2-independent sites in the wild-type cells, with a parallel increase in H3K27me3 

(Supplementary Figure. A2-3G,H). 
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Motif analyses (HOMER42) of the NSD2-dependent AR sites identified a chimeric motif 

comprising a FOXA1 element juxtaposed to the AR-half site (called FOXA1:AR-half motif) as 

the most significantly enriched DNA sequence (Figure. 2-2D), with 40% of these enhancers 

harboring this motif. In contrast, NSD2-independent AR sites, a large fraction of which showed 

increased AR binding upon NSD2 inactivation, housed the palindromic androgen response 

element (ARE) (Figure. 2-2D). These distinct modes of AR DNA interaction were evident within 

a Chr10 gene locus, wherein the loss of NSD2 completely disrupted AR binding at the 

FOXA1:AR-half motif, without affecting AR’s interaction with a canonical ARE element in cis-

proximity (Figure. 2-2E). Furthermore, custom motif analyses showed enrichment of other 

transcription factor motifs, including HOXB13 and ETS, within 25bp of AR-half elements 

detected within the NSD2-dependent AR sites (Supplementary Figure. A2-4A). We also custom-

assembled chimeric AR-half motifs with FOXA1 and HOXB13 elements (in both 5’ and 3’ 

confirmations, see Methods) and interrogated their recurrence in published AR ChIP-seq data 

derived from non-cancerous LHSAR cells5. Here, we found the overexpression of FOXA1 and 

HOXB13 alone, or in combination, to markedly shift the AR cistrome away from full AREs 

(normal-like) towards chimeric AR-half elements in the tumor-like state (Figure. 2-2F and 

Supplementary Figure. A2-4B). Strikingly, motif analysis of the AR cistromes generated from 

patient specimens5,6 revealed the FOXA1:AR-half motif to be exclusively detected in the tumor-

specific AR enhancer circuitries, with such chimeric motifs being essentially absent at normal AR 

sites (Figure. 2-2G and Supplementary Figure. A2-4C-F).  In these analyses, we also found 

palindromic AREs to be depleted within cancer-specific enhancers (Figure. 2-2G). Concordantly, 

AR ChIP-seq signal at ARE sites was strongest in normal prostate tissues, while enhancers 

containing the chimeric FOXA1:AR-half motif had higher AR binding in PCa specimens (Figure. 

2-2H). H3K27ac ChIP-seq signal from matched tumors showed similar redistribution, with 

FOXA1:AR-half sites being strongly activated in mCRPC tumors (Supplementary Figure. A2-

4G). 

In tumor cells, the aberrant expression of oncogenes is frequently amplified through dense clusters 

of closely spaced enhancers, often referred to as super-enhancers43. NSD2 inactivation resulted in 

the loss of over 75% of the AR-bound super-enhancers in PCa (Figure. 2-2I), including those that 

are hijacked by activating translocations44 (Supplementary Figure. A2-4H). The residual super-

enhancers also showed a significant decrease in the enhancer strength in the NSD2-null relative to 

https://paperpile.com/c/syW4JW/j4pGN
https://paperpile.com/c/syW4JW/Z9oL2
https://paperpile.com/c/syW4JW/Z9oL2+D8an8
https://paperpile.com/c/syW4JW/6rP6R
https://paperpile.com/c/syW4JW/JGITt
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the wild-type LNCaP cells (Figure. 2-2J). Altogether, these data suggest that, upon ectopic 

expression, NSD2 assists oncogenic transcription factors (namely FOXA1 and HOXB13) in 

expanding the AR enhancer circuitry to include chimeric AR-half sites that constitute over two-

thirds of PCa AR cistromes.  
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Figure 2-3: NSD1 and NSD2 independently enable oncogenic AR activity. A) Left: Growth curves of cells treated with control 

(siNC) or NSD2-targeting siRNAs (n=6 biological replicates; two-sided t-test). Right: Growth curves of NSD2 knockout (KO) or 

wildtype (WT) cells (n = 3 biological replicates; two-sided t-test). Mean+/-SEM are shown. B) Left: Boyden chamber images of 

NSD2 KO and WT cells. Scale bar: 500µm. Right: Quantification of fluorescence signal (n=3 biological replication; one-way 

ANOVA+Tukey’s test). Mean+/-SEM are shown. C) Left: Representative images of NSD2 KO and WT 22RV1 cell colonies (n=3 

biological replicates). Scale bar: 1cm. Right: Staining intensity of cell colonies (two-sided t-test). Mean+/-SEM are shown. D) 

Reverse Kaplan-Meier plot of tumor grafting of 22RV1 WT, NSD2 KO, or NSD2 KO + NSD2-L cells. E) Tumor volumes of 

22RV1 NSD2-KO+NSD2-L-FKBP12F36V xenografts +/- dTAGv-1 treatment. Mean 土 SEM is shown (n = 10 biological replicates; 

two-sided t-test). F) Immunoblots of listed proteins in whole-cell or chromatin fractions of LNCaP NSD2-FKBP12F36V cells +/- 

dTAG-13. G) Schematic of co-immunoprecipitation (coIP) protein fragments. Dashed red box marks interacting domains. Inset: 

AR-NSD2 co-IP interaction summary. Red circles, interaction. Gray circles, no detectable binding. H) Left: co-IP immunoblots of 

AR DNA-binding domain (DBD) with HA-NSD2-HMG mutants. TM, triple mutant. Right: co-IP immunoblots of wheatgerm-

purified Halo-AR-DBD with His-NSD2-HMG fragments. Input fractions are shown as control. I) GSEA plots for AR and MYC 

target genes in NSD1 KO vs WT LNCaP cells. DEGS, differentially expressed genes (n=2 biological replicates; GSEA enrichment 

test). J) Immunoblots of labeled proteins upon treatment with siNC or NSD1 and/or NSD2 targeting siRNAs (siNSD1 or siNSD2). 

H3 is a loading control. K) Top: GSEA enrichment scores of EZH2/PRC2-repressed genesets in siNSD1 versus siNC-treated cells. 

Bottom: GSEA enrichment scores of prostate cancer-specific EZH2 signature in siNSD1 and/or siNSD2 vs siNC treated cells. L) 

Immunoblots of noted proteins in siNSD1 and/or siNSD2 treated cells +/- EPZ-6438. M) Immunoblot of listed proteins in siNC or 

siNSD1 and/or siNSD2 treated cells.  N) Left: Growth curves of cells treated with siNC, siNSD1, or siNSD1+NSD2. Right: Growth 

curves of control (sgNC) or NSD1-deficient (sgNSD1) cells +/- siNSD2 treatment. (n=5 biological replicates; two-sided t-test). 

Mean+/-SEM are shown.  

NSD1 and NSD2 independently enable oncogenic AR activity 

Given NSD2 inactivation resulted in disruption of the cancer-specific AR cistrome, we set out to 

phenotypically characterize NSD2-deficient PCa cells. Here, siRNA/shRNA knockdown or 

CRISPR knockout of NSD2 significantly impaired hyper-proliferative ability of AR-positive PCa 

cell lines (Figure. 2-3A and Supplementary Figure. A2-5A,B). NSD2-deficient cells also lost 

their ability to invade through Matrigel (Figure. 2-3B) and form colonies starting from single cells 

in clonogenic assays (Figure. 2-3C and Supplementary Figure. A2-5C). NSD2-null 22RV1 cells 

also lost their ability to graft when injected subcutaneously in NOD/SCID mice (Figure. 2-3D). 

Strikingly, exogenous reintroduction of NSD2-L restored the xenografting potential (green line, 

Figure. 2-3D), with resulting tumors growing at a rate comparable to those established with the 

parental wild-type cells (Supplementary Figure. A2-5D). NSD2-L re-expression also restored 

the invasive ability (Supplementary Figure. A2-5E), along with restoring the expression of 

KLK3 (Supplementary Figure. A2-5F). In the same experiment, re-expression of NSD2 variant 

lacking the SET domain (dSET) failed to rescue KLK3 (Supplementary Figure. A2-5G), while 
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expression of the hyper-active NSD2-E1099K SET-domain mutant29 completely restored KLK3 

levels (Supplementary Figure. A2-5H). Next, we engineered the NSD2-null 22RV1 cells to 

stably express dTAG-version of the NSD2-L protein fused to the FKBP12F36V tag45, which is 

rapidly degraded upon treatment with an FKBP12 degrader (Supplementary Figure. A2-5I). The 

22RV1 NSD2 KO + NSD2-L-FKBP12F36V cells successfully grafted and grew to form tumors in 

vivo; however, dosing of host animals with an FKBP12 degrader significantly diminished the 

growth of tumor xenografts (Figure. 2-3E and Supplementary Figure. A2-5J). Even at the 

molecular level, degradation of the exogenous NSD2-L-FKBP12F36V protein resulted in lower 

levels of KLK3 and chromatin-bound (i.e., p-S81) AR without a decrease in total AR expression 

(top panel, Figure. 2-3F). Concordantly, chromatin fractionation in these cells showed a marked 

loss of AR binding with a parallel decrease in H3K36me2 upon NSD2-L-FKBP12F36V degradation 

(bottom panel, Figure. 2-3F). In LNCaP NSD2-dTAG models, NSD2 degradation led to 

downregulation of multiple AR target genes in a time-dependent manner (Supplementary Figure. 

A2-5K). Also, other genes encoded in cis-proximity of NSD2-dependent AR sites (see Methods) 

were similarly down-regulated in the NSD2-deficient LNCaP cells (Supplementary Figure. 2-

6A), and were enriched for oncogenic KRAS, angiogenesis, and G2-M checkpoint pathways 

(Supplementary Figure. A2-6B). In contrast, genes associated with NSD2-independent AR sites 

were enriched for developmental pathways and AR/NKX3-1 signaling (Supplementary Figure. 

A2-6C). These findings position NSD2 as a molecular “switch” that activates oncogenic AR 

cistrome and enables hallmark cancer properties. 

Next, in size exclusion chromatography we found NSD2 to co-elute with higher order AR 

transcriptional complexes (Supplementary Figure. A2-7A). NSD2 also co-precipitated with AR 

in several PCa cell lines (Supplementary Figure. A2-7B). As previously reported46, using 

fragment-based co-immunoprecipitation, we confirmed the high mobility group box (HMG-box) 

domain of NSD2 to interact with the DNA binding domain (DBD) of AR (Figure. 2-3G and 

Supplementary Figure. A2-7C,D).Furthermore, alanine substitution of three highly conserved 

HMG-box residues (i.e., F463/W491/Y502A) individually or together (triple mutant, Figure. 2-

3G) disrupted its interaction with the AR-DBD in the ectopic HEK293T as well as cell-free 

purified wheatgerm extract systems (Figure. 2-3H). This suggests that NSD2 directly, and 

independent of DNA, interacts with the AR DBD through its HMG-box domain, which is notably 

absent in other NSD family histone methyltransferases. 

https://paperpile.com/c/syW4JW/sK9ry
https://paperpile.com/c/syW4JW/ipeDw
https://paperpile.com/c/syW4JW/ZHtQ7
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Despite a striking loss of neoplastic features, NSD2-deficient PCa cells remained viable. Thus, we 

speculated if NSD2 paralogs could sustain AR activity through alternative mechanisms. To test 

this, we knocked-out NSD1 or NSD3 individually in LNCaP and assessed its transcriptional 

impact. Unlike NSD3, NSD1 loss significantly attenuated the AR and MYC gene programs 

(Figure. 2-3I and Supplementary Figure. A2-7E,F), in addition to reducing the AR protein levels 

(Supplementary Figure. A2-7G). NSD1 inactivation also diminished hyper-proliferative gene 

pathways (like E2F and G2M; Supplementary Figure. A2-7H) and had the strongest reduction 

in H3K36me2 levels upon a single-gene loss (Figure. 2-3J and Supplementary Figure. A2-7G), 

positioning NSD1 as the predominant H3K36 di-methyltransferase in PCa cells. NSD-catalyzed 

H3K36me2 mark was recently shown to sterically hinder loading of the H3K27 residue into 

catalytic pocket of the EZH2 enzyme47, and NSD1 was reported to primarily antagonize the 

repressive PRC2/EZH2 complex48. Consistently, we found NSD1 loss to trigger a significant 

increase in EZH2/PRC2 activity, with several repressed target gene signatures being significantly 

downregulated upon NSD1 knockdown in VCaP cells (top panel, Figure. 2-3K). This was also 

confirmed using a PCa-specific PRC2 gene signature (bottom panel, Figure. 2-3K). Concordantly, 

treatment of siNSD1 cells with EPZ-6438 had substantially higher residual levels of the 

H3K27me3 mark relative to the control as well as NSD2-inactivated VCaP cells (Figure. 2-3L). 

In these experiments, loss of NSD2 alone had little to no effect on EZH2/PRC2 activity (Figure. 

2-3J-L). These results position NSD1 as the primary writer of the H3K36me2 histone mark that 

counterbalances the EZH2/PRC2 repressive complex in PCa cells to maintain the hyper-

transcriptional AR and MYC gene programs. 

Interestingly, the loss of NSD2 led to a marked increase in NSD1 levels in PCa cells (Figure. 2-

3J,M), likely suggesting that NSD1 could sustain residual oncogenic AR activity in these cells. 

Parallel inactivation of NSD1 and NSD2 in PCa cells resulted in the strongest decrease in 

H3K36me2 levels and AR target gene expression (Figure. 2-3J,M), triggering an accumulation 

of apoptotic marker cleaved-PARP (Supplementary Figure. A2-7I). Consistently, combined 

NSD1 and NSD2 inhibition resulted in significant cytotoxicity in AR-positive PCa cells (Figure. 

2-3N), while inactivation of either genes alone had little to no tumor-killing effect in prostatic cell 

lines (Supplementary Figure. A2-7J). Altogether, these data suggest that NSD1 and NSD2, 

through distinct mechanisms, promote a hyper-transcriptional chromatin state or enable oncogenic 

AR activity, respectively, in PCa cells.    

https://paperpile.com/c/syW4JW/dMmsK
https://paperpile.com/c/syW4JW/Q1rJQ
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Figure 2-4: LLC0150 is an NSD1/2 PROTAC with preferential cytotoxicity in AR-driven prostate cancer. A) Structure of 

LLC0150 and schema of NSD1 and NSD2 functional domains. LLC0150-binding PWWP1 domain is highlighted using a dashed 

red box. HMG: High mobility group; PHD: Plant homeodomain. B) Immunoblots of listed proteins in LNCaP cells treated with 

UNC6934 (warhead), LLC0150-dead (epimer control) or LLC0150 for 12h at 1uM. Total histone H3 is used as a loading control. 

C) Immunoblots of listed proteins in VCaP cells treated with LLC0150 (2uM) for increasing time durations. Total histone H3 is 

used as a loading control. D) GSEA plots of MYC target genes using the fold change rank-ordered genes from LLC0150 vs DMSO 

treated LNCaP cells. DEGS, differentially expressed genes (n = 2 biological replicates; GSEA enrichment test). E) Venn diagram 

showing the overlap of AR ChIP-seq peaks in LNCaP cells treated with LLC0150 (2uM for 48h) or DMSO as control. F) ChIP-

seq read-density heatmaps of AR, FOXA1, and H3K27ac at enhancers that are co-bound by AR and FOXA1 in LNCaP cells 

plus/minus treatment with LLC0150 (2uM for 48h). G) Percent growth inhibition (Cell-titer Glo) of LNCaP cells upon co-treatment 

with varying concentrations of LLC0150 and enzalutamide. H) Dose-response curves of LLC0150 or enzalutamide in parental or 

enzalutamide-resistant VCaP cells. Data are presented as mean +/- SEM (n=2 biological replicates). Serving as a control, 

enzalutamide dose-response curve credentials the enzalutamide-resistant VCaP cell line. I) IC50 rank-order plot of over 110 

human-derived normal or cancer cell lines after 5 days of treatment with LLC0150. AR+ prostate cancer models are highlighted in 

red, and NSD2-mutant hematologic cell lines are shown in purple as well as marked with an asterisk (*). Each cell line's originating 

tissue lineages and known NSD2 alteration status are shown below. 

 

NSD1/2 dual PROTAC preferentially kills AR+ prostate cancer 

Following a medicinal chemistry campaign, we developed a proteolysis targeting chimera 

(PROTAC) compound, called LLC0150, which co-targets NSD1 and NSD2 (Figure. 2-4A). 

LLC0150 links an NSD2 PWWP-domain binding warhead49 to a cereblon E3-ligase-recruiting 

moiety pomalidomide. Treatment with LLC0150 triggers degradation of NSD1 and NSD2, while 

sparing NSD3 (Fig. 2-4B), in a proteasome and cereblon-dependent manner (Supplementary 

Figure. A2-8A). LLC0150 had no effect on other PWWP-domain-containing proteins, but showed 

partial neo-substrate activity (Supplementary Figure. A2-8B). This first-generation PROTAC 

also had poor solubility and pharmacokinetic properties for in vivo use. In line with our genetic 

data, in PCa cells, NSD1/2 co-degradation with LLC0150 triggered a decrease in the expression 

of AR and MYC, as well as their downstream gene targets (Figure. 2-4C,D). Acute loss of NSD1 

and NSD2 in LLC0150-treated LNCaP cells resulted in impaired AR and FOXA1 chromatin 

binding (Figure. 2-4E,F and Supplementary Figure. A2-8C), with a parallel loss of H3K27ac 

activation mark at shared AR/FOXA1 enhancer sites (Figure. 2-4F). Treatment with LLC0150 

also diminished the chromatin-bound AR fraction and the H3K36me2 histone mark 

(Supplementary Figure. A2-8D). In absence of NSD1/2, DHT-induced expression of AR target 

genes was significantly weakened (Supplementary Figure. A2-8E). LLC0150 treatment also 

https://paperpile.com/c/syW4JW/Ws7WD
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markedly disrupted the assembly and activity of AR super-enhancers in LNCaP cells 

(ESupplementary Figure. A2-8F) 

Global transcriptomic analyses of LNCaP and VCaP cells treated with LLC0150 further showed 

a significant attenuation of proliferative pathways with a parallel induction of apoptotic signaling 

(Supplementary Figure. A2-9A). This was confirmed via massive accumulation of cleaved-

PARP in the LLC0150-treated AR-positive PCa cell lines (Figure. 2-4C and Supplementary 

Figure. A2-9B). AR-positive PCa cell lines were considerably more sensitive to treatment with 

LLC0150 relative to the AR-negative disease models, immortalized normal, as well as primary 

prostate epithelial cells (Supplementary Figure. A2-9C). Inactive epimer control of LLC0150 

(labeled as LLC0150-dead) did not affect the NSD1/2 levels or the viability of PCa cells (Figure. 

2-4B and Supplementary Figure. A2-9D). Notably, LLC0150 showed marked synergy with 

enzalutamide—an AR antagonistic drug—in killing LNCaP and VCaP cells (Figure. 2-4G and 

Supplementary Figure. A2-9E,F). More impressively, LLC0150 also retained cytotoxicity in cell 

line models that had acquired resistance to enzalutamide (Figure. 2-4H and Supplementary 

Figure. A2-9G). Similarly, several models of AR-positive mCRPC organoids that robustly 

express NSD2 (Supplementary Figure. A2-10A), showed significant attenuation of growth upon 

treatment with LLC0150 in a dose-dependent manner (Supplementary Figure. A2-10B-D). 

Next, we characterized the cytotoxic effect of LLC0150 in a panel of over 110 human-derived 

normal and cancer cell lines originating from 22 different lineages (Supplementary Table 1). As 

expected, hematologic cancers harboring activating NSD2 mutations emerged as the most 

sensitive to treatment with LLC0150 (IC50 ranging from 0.274 - 69.68 nM), which was 

immediately followed by AR-positive PCa cell lines (shown in red, Figure. 2-4I). Notably, AR-

positive disease models showed preferential cytotoxicity to NSD1/2 combined loss relative to AR-

negative disease models as well as a host of normal cell lines. As proof of concept, we next 

performed direct intratumoral injection of LLC0150 in mice bearing VCaP xenograft tumors 

(Supplementary Figure. A2-10E). LLC0150 triggered marked degradation of NSD1/2 in tumor 

xenografts with a parallel loss in proliferative and gain of apoptotic markers (Supplementary 

Figure. A2-10F,G). Altogether, this data suggests that combined loss of NSD1 and NSD2 leads 

to a dramatic, almost complete, loss of the H3K36me2 histone mark and disruption of the 
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AR/FOXA1 neo-enhancer circuitry, resulting in apoptotic PCa cell death. This positions NSD1/2 

paralogs as a targetable digenic dependency in AR-driven, therapy-resistant PCa. 

 Discussion 

Most targeted therapies following surgical resection or radiation of primary PCa inhibit the 

androgen/AR signaling axis4. However, how the pro-differentiation AR pathway in normal 

physiology gets reprogrammed to serve as the central oncogene in PCa remains largely unknown. 

Global AR chromatin binding profiles are markedly different between normal and transformed 

prostate epithelia5,6,13–15,50, and FOXA1 and HOXB13 have been implicated in driving AR’s 

reprogramming upon transformation5,14. However, both FOXA1 and HOXB13 are also expressed 

in the normal epithelial cells, raising the possibility for additional cofactors to underlie the 

recruitment of AR to PCa-specific enhancer elements. Here, in a functional CRISPR screen, we 

identify NSD2 as a coactivator of the AR/FOXA1 enhanceosome. NSD2 is exclusively expressed 

in PCa cells, wherein it enables functional binding of AR at chimeric AR-half motifs, which 

majorly comprise the AR neo-enhancer circuitries. Consequently, NSD2 inactivation abolishes 

hallmark cancer phenotypes, while its re-expression in deficient cells restores neoplastic features. 

This positions NSD2 as a neo-coactivator of AR that assists transcription factors, like FOXA1, 

HOXB13, and ETS, in redistributing AR on the chromatin, thereby unlocking its oncogenic gene 

programs. 

Intriguingly, in motif analyses of the PCa-specific AR cistromes, we also found significant 

depletion of the canonical ARE elements. Despite magnitude-folds increase in AR abundance in 

mCRPC, its loading at cis-regulatory elements comprising only palindromic AREs was 

significantly diminished. Also, the full ARE-containing sites were particularly inactivated in 

mCRPC tumors as evidenced by the loss of H3K27ac. This raises an intriguing possibility for the 

AR transcriptional activity stemming from a subset of canonical elements to rather impede tumor 

formation and/or progression, which is consistent with the physiological role of AR as a pro-

differentiation factor. In fact, hyper-stimulation of AR activity has anti-proliferative effects in PCa 

cells51, and bipolar androgen therapy involving cyclical inhibition and hyperactivation of AR is 

being currently tested in advanced patients52,53. These are exciting areas for further research. 

https://paperpile.com/c/syW4JW/Tf5rF
https://paperpile.com/c/syW4JW/Z9oL2+D8an8+2M1ox+vO8yv+mqIyT+4Hxtd
https://paperpile.com/c/syW4JW/4Hxtd+Z9oL2
https://paperpile.com/c/syW4JW/2UI8E
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We further found the loss of NSD2 in PCa cells to up-regulate NSD1, and co-inactivation of both 

NSD1/2 paralogs to be acutely cytotoxic. We uncovered that NSD1 and NSD2, through disparate 

mechanisms converge on wiring and maintaining the oncogenic AR gene program. While NSD2 

directly binds to AR and stabilizes the AR enhanceosome at de novo neo-enhancer elements, NSD1 

functions as the primary writer enzyme for the H3K36me2 mark that antagonizes the PRC2/EZH2 

repressive complex32,33. We envision the NSD2 function to evolve from enabling oncogenic AR 

activity in primary AR-dependent PCa to additionally supporting NSD1 in counter-balancing the 

canonical repressive PRC2 activity in the metastatic castration-resistant disease. Thus, the loss of 

NSD2 creates an increased dependency on NSD1 in AR-addicted PCa cells, positioning the 

NSD1/2 paralogs as targetable co-vulnerabilities in advanced disease. Here, we also characterized 

a dual PROTAC of NSD1 and NSD2 that confirmed co-degradation of these proteins to result in 

apoptotic cell death in AR-positive PCa. Notably both NSD1 and NSD2 are recurrently altered in 

hematological malignancies where they function as driver oncogenes. Accordingly, we found 

LLC0150 to have the highest potency in NSD2-altered cancers. This highlights the potential 

application of this compound in studying and treating these tumors. 

Figure 2-5: Schema depicting NSD2’s role in loading the AR enhanceosome at tumor-enriched chimeric AR neo-enhancer 

elements. Chromatin loading of AR in prostate epithelial cells follows two distinct modes of DNA interactions: Left, NSD2-

independent binding at cis-elements harboring the canonical, 15 bp palindromic androgen response elements (AREs) that are 

predominantly found in the physiological/normal enhancer circuitry, and Right: NSD2-dependent loading at cis-regulatory 

elements harboring chimeric AR-half motifs juxtaposed to the FOXA1 sequence that distinctively constitute the prostate cancer-

specific enhancer/super-enhancer (i.e., AR neo-enhancer) circuitries. NSD1, partly supported by NSD2, counteracts repressive 

https://paperpile.com/c/syW4JW/0jZe7+xZXcO
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activity of the PRC2/EZH2 complex, thus further amplifying AR/MYC gene expression programs in metastatic castration resistant 

prostate cancer (mCRPC) cells. 

In summary, we identify and characterize NSD2 as an essential coactivator of the AR neo-

enhanceosome that is exclusively expressed in PCa cells. NSD2 directly binds to AR and enables 

its loading at cis-regulatory elements harboring chimeric AR-half motifs, comprising over 65% of 

the malignant AR cistrome. We coalesce these mechanistic insights to propose that AR has two 

distinct modes of interacting with chromatin: 1) NSD2-independent binding at cis-elements 

harboring canonical full AREs that are predominantly found in the physiological enhancer 

circuitry, and 2) NSD2-dependent binding at cis-regulatory elements harboring chimeric AR-half 

motifs (like FOXA1:AR-half) that distinctively constitute the cancer-specific enhancer circuitries 

of AR (Figure. 2-5). Furthermore, we uncover NSD1 and NSD2 as a digenic dependency in AR-

positive PCa, and develop an NSD1/2 dual PROTAC degrader that shows preferential cytotoxicity 

in AR-positive PCa. Our findings warrant a focused development of new NSD-targeting 

therapeutics and evaluation of their efficacy and safety in preclinical and clinical studies. 
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Methods 

Ethical Statement 

All experiments detailed in this manuscript were performed in compliance with the Institutional 

Review Board (IRB) and the Institutional Animal Care and Use Committee (IACUC) at the 

University of Pennsylvania and the University of Michigan. 

Animal procurement: Animal studies were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Pennsylvania and/or the University of Michigan. Animal 

use and care were in strict compliance with institutional guidelines, and all experiments conformed 

to the relevant regulatory standards by the universities. NOD SCID or NCI SCID/NCr athymic 

nude mice were obtained from the Jackson Laboratory (strain code: 005557) and Charles River 

(strain code: 561). All in vivo experiments were initiated with male mice aged 5-8 weeks. All mice 

were housed in a pathogen-free animal barrier facility and all in vivo experiments were initiated 

with male mice aged 5-8 weeks. All mice were maintained under the conditions of pathogen-free, 

12 hours light/12 hours dark cycle, temperatures of 18-23°C, and 40-60% humidity. 
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Statement on use of human specimens: Prostate tumor patient tissues were acquired from the 

University of Michigan (U-M) pathology archives. These tissues were utilized for 

Immunohistochemistry and multiplex Immunofluorescence experiments to assess for Cytokeratin-

8 and NSD2 expression in tumor or adjacent normal prostate cells. Formalin-fixed paraffin 

embedded specimens from the archives were used upon approval by the U-M Institutional Review 

Board and does not require patient consent. 

Cell lines 

Most cell lines were purchased from the American Type Culture Collection (ATCC) and were 

cultured following ATCC protocols. For all experiments, LNCaP and 22RV1 cells were grown in 

RPMI 1640 medium (Gibco) and VCaP cells in DMEM with Glutamax (Gibco) medium 

supplemented with 10% fetal bovine serum (FBS; Invitrogen). HEK293FT cells were grown in 

DMEM (Gibco) medium with 10% FBS. All cells were grown in a humidified 5% CO2 incubator 

at 37 °C. Mycoplasma and cell line genotyping were performed once a fortnight and every month 

respectively at the University of Michigan Sequencing Core using Profiler Plus (Applied 

Biosystems). Results from these were compared with corresponding short tandem repeat profiles 

in the ATCC database to authenticate their identity. 

Antibodies 

For immunoblotting, the following antibodies were used: NSD1 (NeuroMab: 75-280, 1:1000); 

NSD2 (Abcam:ab75359, 1:1000); NSD3 (Cell Signaling Technologies: 92056S, 1:1000); 

KLK3/PSA (Dako:A0562, 1:1000); FKBP5(Cell Signaling Technologies: 12210, 1:1000); NKX3-

1 (Cell Signaling Technologies:83700S, 1:1000); FOXA1 N-terminal (Cell Signaling 

Technologies: 58613S; Sigma-Aldrich: SAB2100835, 1:1000); FOXA1 C-terminal (Thermo 

Fisher Scientific: PA5-27157, 1:1000); AR (Millipore: 06-680, 1:1000); AR (Abcam: ab133273, 

ab108341, 1:1000); H3 (Cell Signaling Technologies: 3638S, 1:2500); GAPDH (Cell Signaling 

Technologies: 3683, 1:2500); H3K27me3(Millipore: 07-449, 1:2500); H3K36me2 (Cell Signaling 

Technologies: 2901S, Abcam: ab9049, 1:2500); H3K27ac (Active Motif, Cat#39336, Cat#39133, 

1:2500); Phospho-AR (Ser-81) (Millipore, Cat# 07-1375-EMD, 1:1000); HALO (Thermo 

Scientific ,Cat# G9281, 1:1000); HA (Cell Signaling Technologies, Cat# 3724S, 1:1000); His (Cell 

Signaling Technologies, Cat#2365S, 1:1000). ChIP-seq assays were performed using the 

following antibodies: FOXA1 (Thermo Fisher Scientific: PA5-27157); AR (Millipore: 06-680); 
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H3K4me1 (Abcam: ab8895); H3K4me2 (CST: C64G9); H3K36me2 (Abcam: ab9049); 

H3K27me3 (EMD: 07-449), and H3K27ac (Active Motif, Cat#39336). 

Cell free protein-protein interaction studies 

In vitro protein expression was carried out by cloning the desired expression cassettes downstream 

of a Halo- or His-tag to produce fusion proteins. Briefly, AR-DBD was subcloned in pFN21K 

containing Halo tag, and NSD2-HMGa was cloned in pcDNA4c containing His tag. After cloning, 

the fusion proteins were expressed using the cell-free transcription and translation system (Cat. # 

L4140, Promega) following the manufacturer's protocol. For each reaction, protein expression was 

confirmed by Western blot. 

 

A total of 10μl cell-free reaction containing halo- and His-tag fusion proteins was incubated in 

PBST (0.1% tween) at 4°C overnight. Ten microliter HaloLink beads (Cat. #G931, Promega) were 

blocked in BSA at 4°C for overnight. After washes with PBS, the beads were mixed with AR-

NSD2-HMGa and TM mixture and incubated at RT for 1hr. Halolink beads were then washed 

with PBST for 4 times and eluted in SDS loading buffer. Proteins were separated on SDS gel and 

blotted with anti-His Ab (CST: Cat#2365S). 

 

Colony formation assays 

For the colony formation assay, approximately 10,000 cells/well in six-well plates (n=3) were 

seeded and treated with the required drugs/compounds or vehicle for 12-14 days. Media was 

replenished every 3-4 days. Colonies were fixed and stained using 0.5% (w/v) crystal violet 

(Sigma, C0775) in 20% (v/v) methanol for 30 min, washed with distilled deionized water, and air-

dried. After scanning the plate, the stained wells were destained with 500 μL 10% acetic acid, and 

the absorbance was determined at 590 nm using a spectrophotometer (Synergy HT, BioTek 

Instruments, Vermont-USA).  

 

Cellular protein fractionation assays 

Chromatin-bound proteins were extracted following a protocol previously described17. In brief, 10 

million cells were collected, washed with DPBS, and resuspended in 250 μl Buffer A (10 mM 

HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT) 

https://paperpile.com/c/syW4JW/3NHVV
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supplemented with 0.1% TritonX-100. After incubation on ice for 10 min, the nuclear pellet was 

collected by centrifugation at 1300 x g for 5 min at 4°C, washed in Buffer A, and resuspended in 

Buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT) with the same centrifugation settings, and 

incubated on ice for 30 min. The chromatin pellet was collected by centrifugation at 1700 x g for 

5 min at 4°C, washed and resuspended in Buffer B with 150 mM NaCl, and incubated on ice for 

20 min. After centrifugation at 1700 x g for 5 min to remove proteins soluble in 150 mM salt 

concentrations, the pellet was then incubated in Buffer B with 300 mM NaCl on ice for 20 min 

and centrifuged again at 1700 x g to obtain the final chromatin pellet. The chromatin pellet was 

dissolved in a sample buffer, sonicated for 15 seconds, and boiled at 95°C for 10 min. Immunoblot 

analysis was conducted on samples as described above. All buffers were supplemented with Pierce 

protease inhibitor and Halt protease & phosphatase inhibitors. 

  

RNA isolation and quantitative real-time PCR 

Standard protocol from the miRNeasy Mini kit (Qiagen) was used to extract total RNA with the 

inclusion of on-column genomic DNA digestion step using the RNase-free DNase Kit (Qaigen). 

RNA concentration was estimated using the NanoDrop 2000 spectrophotometer (ThermoFisher 

Scientific), and 1ug of total RNA was used for complementary DNA (cDNA) synthesis using the 

SuperScript III Reverse Transcriptase enzyme (ThermoFisher Scientific) following 

manufacturer’s instructions. 20ng of cDNA was used for each polymerase chain reaction (PCR) 

using the FAST SYBR Green Universal Master Mix (ThermoFisher Scientific), and every sample 

was quantified in triplicates. Gene expression was normalized and calculated relative to GAPDH 

and HPRT1 (loading control) using the delta-delta Ct method and normalized to the control group 

for graphing. Quantitative PCR (qPCR) primers were designed using the Primer3Plus tool 

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) and synthesized by 

Integrated DNA Technologies. Primers used in this study are provided in Supplementary Table 2. 

 

siRNA/ASO-mediated gene knockdown 

Mammalian cells were seeded in a 6-well plate format at the density ranging from 100,000–

250,000 cells per well. 12 hours post seeding, cells were transfected with 25nM of gene-targeting 

ON-TARGETplus SMARTpool siRNAs (or ASOs) or non-targeting pool siRNAs (or ASOs) as 

negative control (Dharmacon) using the RNAiMAX reagent (Life Technologies; Cat#: 13778075) 

http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
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on two consecutive days, following manufacturer’s instructions. 72 hours after transfection, total 

RNA and protein were extracted to confirm efficient (>80%) knockdown of the target genes. For 

the siRNA-treated VCaP DMSO/EPZ-6438 RNA-seq experiment (Fig. 3k), cells were pre-treated 

with control siRNA (siNC) or siRNA targeting NSD1, NSD2, or NSD1/2 (siNSD1, siNSD2) for 

30 days, followed by 72hours of EPZ-6438 treatment. Catalog numbers and guide RNA sequences 

of siRNA SMARTpools (Dharmacon) are provided in Supplementary Table 3. 

  

CRISPR-Cas9-mediated gene knockout 

For gene knockouts, cells were seeded in a 6-well plate at a density of 200,000–300,000 cells per 

well and transduced with viral particles with lentiCRISPR-V2 plasmids coding either non-

targeting (sgNC) or sgRNAs targeting NSD1 and NSD2. This was followed by 3 days of 

puromycin selection, after which proliferation assays were carried out as described below. The 

lentiCRISPR-V2 vector was a gift from Dr. Feng Zhang’s lab (Addgene plasmid # 52961). sgRNA 

sequences are provided in Supplementary Table 4. 

 

Proliferation assays 

For siRNA growth assays, cells were directly plated in a 96-well plate at the density of 2,500–

8,000 cells per well and transfected with gene-specific or non-targeting siRNAs, as described 

above, on day 0 and day 1. Every treatment was carried out in six independent replicate wells. 

CellTiter-Glo reagent (Promega) was used to assess cell viability at multiple time points after 

transfection, following the manufacturer’s protocol. Data were normalized to readings from siNC 

treatment on day 1 and plotted as relative cell viability to generate growth curves. Alternatively, 

for CRISPR sgRNA growth assays, cells were treated as described above for target gene 

inactivation and seeded into a 96-well plate at 2500 cells per well, with five-six replicates per 

group. 

 

Matrigel invasion assay 

LNCaP CRISPR clones were grown in 10% CSS-supplemented medium for 48 h for androgen 

starvation. Matrigel-coated invasion chambers were used and additionally coated with 

polyethylene terephthalate membrane to allow for fluorescent quantification of the invaded cells 

(Biocoat: 24-well format, no. 354166). On the upper layer of the chamber, fifty thousand starved 
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cells were resuspended in serum-free medium and were added to each invasion chamber while 

twenty percent FBS-supplemented medium was added to the bottom wells to serve as a 

chemoattractant. 12 hours later, medium from the bottom well was aspirated and replaced with 1x 

HBSS (Gibco) containing 2 μg/ml Calcein-green AM dye (Thermo Fisher Scientific; C3100MP) 

and incubated for 30 min at 37 °C. Invasion chambers were then placed in a fluorescent plate 

reader (Tecan-Infinite M1000 PRO), and fluorescent signals from the invaded cells at the bottom 

were averaged across 16 distinct regions per chamber to determine the extent of invasion. For 

rescue experiments, stable lines overexpressing the NSD2 isoforms were generated. Briefly, to 

LNCaP NSD2 KO lines, GFP or NSD2-Long isoform containing viruses were added. These lines 

were then used to perform the invasion assay as described above. 

RNA-seq and analysis 

RiboErase RNA-seq libraries were prepared using 200–1,000 ng of total RNA. Ribosomal RNA 

was removed by enzymatic digestion of the specific probe-bound duplex rRNA (KAPA RNA 

Hyper+RiboErase HMR, Roche) and then fragmented to around 200-300bp with heat in the 

fragmentation buffer. Following this, double-stranded cDNA was generated, and end-repair and 

ligation was performed using New England Biolabs (NEB) adapters. Final library preparation was 

performed by amplification with the 2x KAPA HiFi HotStart mix and NEB dual barcode following 

the manufacturer’s protocol. Library quality was measured on an Agilent 2100 Bioanalyzer for 

product size and concentration. Paired-end libraries were sequenced with the Illumina HiSeq 2500, 

(2 × 100 nucleotide read length) with sequence coverage to 15–20M paired reads. 

RNA data was first processed using kallisto (version 0.46.1)54. Then analysis was performed in R, 

first read counts were normalized and filtered (counts >10) using EdgeR55 (edgeR_3.39.6), and 

differential expression was performed using Limma-Voom (limma_3.53.10)56. Gene Set 

Enrichment Analysis (GSEA) was performed using fgsea (fgsea_1.24.0)57 and comparisons were 

made to several signatures, including an experimentally derived AR signature, the human hallmark 

MsigDB signatures (/www.gsea-msigdb.org), and the hallmark androgen response signature 

(HALLMARK_ANDROGEN_RESPONSE.v7.5.1.gmt). In addition, R packages tidyverse, 

gtable, gplots, ggplot2, and EnhancedVolcano (EnhancedVolcano_1.15.0) were also used for 

generating summary figures (R version 4.2.158–60). 

https://paperpile.com/c/syW4JW/bioTW
https://paperpile.com/c/syW4JW/9F61P
https://paperpile.com/c/syW4JW/PD5pa
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ChIP-seq and data analysis 

Chromatin immunoprecipitation (ChIP) experiments were carried out using the Ideal ChIP-seq Kit 

for Transcription Factors or Histones (Diagenode) as per the manufacturer’s protocol. Chromatin 

from 2 × 106 cells (for transcription factors) and 1x106 cells (for histones) was used for each ChIP 

reaction with 4 or 2 μg of the target protein antibody, respectively. In brief, cells were trypsinized 

and washed twice with 1× PBS, followed by cross-linking for 8 min in 1% formaldehyde solution. 

Crosslinking was terminated by the addition of 1/10 volume 1.25 M glycine for 5 min at room 

temperature followed by cell lysis and sonication (Bioruptor, Diagenode), resulting in an average 

chromatin fragment size of 200 bp. Fragmented chromatin was then used for immunoprecipitation 

using various antibodies, with overnight incubation at 4 °C. ChIP DNA was de-crosslinked and 

purified using the iPure Kit V2 (Diagenode) using the standard protocol. Purified DNA was then 

prepared for sequencing as per the manufacturer’s instructions (Illumina). ChIP samples (1–10 ng) 

were converted to blunt-ended fragments using T4 DNA polymerase, Escherichia coli DNA 

polymerase I large fragment (Klenow polymerase), and T4 polynucleotide kinase (New England 

BioLabs (NEB)). A single adenine base was added to fragment ends by Klenow fragment (3′ to 5′ 

exo minus; NEB), followed by ligation of Illumina adaptors (Quick ligase, NEB). The adaptor-

ligated DNA fragments were enriched by PCR using the Illumina Barcode primers and Phusion 

DNA polymerase (NEB). PCR products were size selected using 3% NuSieve agarose gels (Lonza) 

followed by gel extraction using QIAEX II reagents (Qiagen). Libraries were quantified and 

quality checked using the Bioanalyzer 2100 (Agilent) and sequenced on the Illumina HiSeq 2500 

Sequencer (125-nucleotide read length). 

ChIP-seq analysis was carried out by first assessing reads and performing trimming using 

Trimmomatic version 0.39 (settings TruSeq3-PE-2.fa:2:30:10, minlen 50)61. Paired end reads were 

aligned to hg38 (GRCh38) human genome reference using bwa (“bwa mem” command with 

options -5SP -T0, version 0.7.17-r1198-dirty) 62. Alignments were then filtered using both 

samtools63 (v1.1,quality score cutoff of 20) and picard 64 MarkDuplicates (v(2.26.0-1-gbaf4d27-

SNAPSHOT), removed duplicates). Peak calling was performed using MACS2 (v2.2.7.1) 65 using 

narrowpeak setting  for narrow peaks and a second set for broad peaks (e.g., H3K27ac, --broad -B 

--cutoff-analysis --broad-cutoff 0.05 --max-gap 500). Finally, bedtools (v2.27.1)66 was used to 

remove blacklisted regions of the genome from the peak list (Encode’s exclusion list 
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ENCFF356LFX.bed). UCSC’s tool wigtoBigwig (v2.8) was used for conversion to bigwig 

formats67. 

Overlap analysis of ChIP-seq data 

Peak lists from MACS were compared between samples using R package ChIPpeakAnno 68–70. 

Peaks within 500bp of each other were reduced to single peaks. Overlaps were calculated using 

settings maxgap=-1L, minoverlap=0L, ignore.strand=TRUE, connectedPeaks=c('keepAll', 'min', 

'merge'). Comparisons of enrichment sites to the known gene database 

(TxDb.Hsapiens.UCSC.hg38.knownGene) were performed using R package ChIPseeker. A 

distance of +/- 1 kb was used to assess relative distance from gene regions. 

 

HOMER motif calling 

De novo and known motif enrichment analysis was performed using HOMER (version v.4.10)42,71. 

Custom motif matrices were generated manually, then assigned score thresholds using HOMER’s 

utility seq2profile, allowing for two mismatches. This setting was chosen after iteratively 

comparing performance with the pre-existing FOXA1:AR motif. Further customization was 

achieved by checking for presence of motif elements with different spacings, ranging from 0-8 

‘N’s added between elements, and flipping the order of elements in each of these: FOXA1-ARE, 

ARE-FOXA1, FOXA-N-ARE, ARE-N-FOXA1, FOXA1-NN-ARE, ARE-NN-FOXA1, etc.  

Custom motifs were then further validated using XSTREME (v5.5.5)72 from the MEME Suite71 to 

check for additional configurations and variations in padding between motif elements.  

Enrichment heatmaps 

The software Deeptools (v3.5.1) was used to generate enrichment plots and read density heatmaps. 

A reference point parameter of +/- 2.5kb for histone signals and +/- 1.5kb for AR/FOX signals was 

used. Other settings included using ‘skipzeros’, ‘averagetype mean,’ and ‘plotype se’. The Encode 

blacklist ENCFF356LFX was used 73. 
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Motif and signal plots 

Sushi (Sushi_1.32.0) package in R was used to layer signal tracks. The plotBedgraph(), 

plotGenes(), plotBed() functions were used with output from ChIP-seq alignments and output from 

HOMER motif enrichment analysis74. 

 

Super-enhancer analysis 

Super-enhancer regions were identified with findPeaks function from HOMER (version v.4.10) 42 

using options “-style super -o auto”. In addition, the option “-superSlope −1000” was added to 

include all potential peaks, which were used to generate the super-enhancer plot (super-enhancer 

score versus ranked peaks). The slope value of greater than or equal to 1 was used to identify 

super-enhancer clusters. The input files to findPeaks were tag directories generated from alignment 

files in SAM format with makeTagDirectory function from HOMER. Super-enhancer scores were 

plotted using the normalized tag count values between the datasets. 

 

Single-cell data analysis 

Three public scRNA-seq datasets from primary prostate cancer were downloaded from GEO or a 

website provided by the author (GSE193337, GSE185344, www.prostatecellatlas.org)75. Using 

cell annotation from the Tuong et al. dataset as reference, luminal cells were annotated for the 

other two datasets with the label transfer method of Seurat29. Pseudo-bulk expression profiles30 

were generated by summing counts from all cells annotated as luminal cells for each patient (tumor 

and normal samples separately). Normalization was achieved by computing normalization factors 

with the trimmed mean of M-values method31 and applying the cpm function from edgeR (v 

3.36.0)32. Boxplots of NSD2 and PCA3 expression were generated with ggpubr33 and paired 

Wilcoxon test was used to test the significance of the difference between benign and tumor (only 

patients with paired benign and tumor samples were included). 

 

Immunohistochemistry (IHC) and immunofluorescence (IF) 

Immunohistochemistry (IHC) was performed on 4-μm-thick formalin-fixed, paraffin-embedded 

(FFPE) tissue sections using anti-NSD2 mouse monoclonal primary antibody (catalog no. 

ab75359, Abcam), anti-AR rabbit monoclonal primary antibody (catalog no. 760-4605, Roche-

Ventana), and anti-CK8 rabbit monoclonal primary antibody (catalog no. ab53280, Abcam). 
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Singleplex IHC was carried out on the Ventana ULTRA automated slide staining system (Roche-

Ventana Medical Systems) using the OmniView Universal diaminobenzidine (DAB) detection kit 

(catalog no. 760-500, Roche-Ventana) and Hematoxylin II (catalog no. 790-2208, Roche-Ventana) 

for counterstain. Staining was evaluated under 100× and 200× magnification using a bright-field 

microscope. 

 

Assessment of drug synergism 

To determine the synergy between two drug treatments, cells were treated with increasing 

concentrations of either drug for 120 h, followed by the determination of viable cells using the 

CellTiter-Glo Luminescent Cell Viability Assay (Promega). The experiment was carried out in 

four biological replicates. The data were expressed as percentage inhibition relative to baseline, 

and the presence of synergy was determined by the Bliss method using the synergy finder R 

package. 

 

Statistics and Reproducibility 

All immunoblot experiments were repeated at least two to three times. For immunofluorescent 

staining experiments, number of biological replicates used in each case are noted in the figure 

legend. While representative images are shown in some panels, e.g. Figure 3b and Extended Data 

Figure 5e, quantitation from all independent replicates is included. No statistical methods were 

used to predetermine sample sizes for any experiments. For all analyses, data distribution was 

assumed to be normal, but this was not formally tested. All immunofluorescence data 

quantification was performed in a double-blinded manner by in-house pathologists. For in vivo 

animal experiments,   

 

Data Availability 

All data are available in the manuscript or the supplementary information. Raw next-generation 

sequencing data, including ChIP-seq and RNA-seq, generated in this study are deposited in the 

Gene Expression Omnibus (GEO) repository (accession number: GSE242737) at National Center 

for Biotechnology Information. ChIP-seq data from normal, primary prostate cancer (PCa), and 

metastatic castration-resistant prostate cancer were pulled from GEO repositories GSE130408 and 
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GSE70079. Three public scRNA-seq datasets from primary PCa were downloaded from GEO 

(GSE193337 and GSE185344) or a web-portal provided by the authors. 

 

Code Availability 

All custom codes used for data analyses are freely available from the following public repositories: 

Github: https://github.com/mctp/NSD2_req_subunit76 and Zenodo: 

https://doi.org/10.5281/zenodo.12979564)77. 
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Chapter 3  

Divergent FOXA1 Mutations Drive Prostate Tumorigenesis and Therapy-Resistant 

Cellular Plasticity2 

Abstract 

FOXA1 is frequently altered in hormone-driven malignancies, with activating mutations found in 

10-40% of primary prostate cancers based on ethnicity. Yet, the tumorigenic potential and 

pathobiology of FOXA1 alterations remain unexplored in vivo. Here, we characterize prostate 

tissues from knock-in mouse models engineered to harbor FOXA1 mutant transgenes, representing 

distinct classes of alterations found in human cancers. Our findings reveal that FOXA1 Class 1 

mutations (i.e., Wing 2 alterations) in a p53-null background, drive high-grade, invasive luminal 

prostate adenocarcinoma with full penetrance by 40 weeks. These lesions retain luminal 

characteristics, gain NSD2 expression, and regress upon androgen withdrawal—mirroring key 

features of human prostate adenocarcinomas. Mechanistically, Class 1 mutants aberrantly activate 

mTORC1/2 signaling and reprogram androgen receptor (AR) activity by expanding the enhancer 

circuitry at non-canonical, chimeric FOXA1:AR-half elements enriched in human tumors. In 

contrast, FOXA1 Class 2 mutations (i.e., C-terminal truncations) do not drive cellular 

transformation. Instead, these mutations induce intra-luminal plasticity by partially 

reprogramming differentiated cells into a progenitor, stem-like state within androgen-replete 

normal tissues—a phenomenon otherwise induced upon castration. Class 2 mutants lead to a 10 to 

20-fold expansion of AR+/CK8+ luminal epithelia that gain expression of stemness markers such 

as Trop2, Ck4, and Psca. Mechanistically, while maintaining AR activity, Class 2 mutants de-

compact over 40,000 new cis-regulatory elements bound by KLF5 and AP-1 transcription factors 

to activate luminal progenitor and castration-induced gene programs. Accordingly, Class 2-

mutant-expressing prostate epithelial cells better survive after castration and remain proliferative 

despite androgen withdrawal. Furthermore, castration-resistant prostate cancers from human 

https://doi.org/10.1126/science.adv2367
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patients that harbor Class 2 mutations show highest KLF5 expression as well as cancer stemness 

signatures. Overall, our findings position FOXA1 as a multifaceted oncogene in AR-dependent 

prostate cancers, wherein divergent selection of distinct mutational patterns either drive cancer 

formation or therapy-resistant disease progression. 

Introduction 

Prostate cancer (PCa) is characterized by transcriptional dysregulation, with over 70% of the 

primary disease driven by somatic alterations affecting transcription factors (TFs) and their 

regulatory chromatin and epigenetic cofactors (1–3). Activating ETS family gene fusions 

(involving ERG, ETV1, ETV4, and FLI1) with highly active promoters are pathognomonic driver 

alterations in primary PCa—recurrent in over 60% of cases in European White men (4). Genomic 

studies have also uncovered frequent alterations in the pioneer transcription factor FOXA1 in 10–

35% of PCa in this population (2, 3, 5–7). Strikingly, in the Asian population, FOXA1 mutations 

are detected in over 40% of primary PCa cases, surpassing ETS fusions to become the predominant 

driver alteration in this patient ethnicity (8). These genetic alterations reshape the transcriptional 

landscape of prostate epithelial cells, activating oncogenic gene programs that drive tumorigenesis 

and metastatic progression. 

Almost all primary prostate tumors express the lineage-specific androgen receptor (AR) protein. 

Upon binding to its ligand (i.e., androgens), AR homodimerizes and enters the nucleus to activate 

transcription of genes that are crucial for terminal differentiation and secretory function of the 

prostate luminal epithelial cells (9, 10). AR activity, however, is extensively reprogrammed during 

prostate tumorigenesis to acquire an oncogenic gene program (11, 12), becoming essential for 

hyperproliferation and survival of tumor cells (13). Thus, targeted therapies blocking either the 

production of androgen (i.e., surgical or medical castration) or directly inhibiting AR (e.g. 

enzalutamide, etc.) comprise mainstay regimens after surgical resection or radiation of the 

localized disease (14, 15). Androgen deprivation therapies (ADTs) induce only temporary 

remission of the tumor and, in all treated patients, the disease relapses  by further acquiring 

mutations in AR pathway genes or co-factors that restore AR activity, including copy amplification 

or hotspot mutations of AR itself, and is clinically referred to as castration-resistant prostate cancer 

(CRPC) (16, 17). 
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As a pioneer factor, FOXA1 binds to nucleosomal DNA at distal enhancers and triggers chromatin 

decompaction to enable transcriptional activity of lineage-specific transcription factors (18, 19), 

including AR in the prostate luminal epithelia (20, 21). Our group recently characterized FOXA1 

alterations into three distinct structural classes, each showing disparate clinical incidence and 

molecular gain-of-functions (5) (Figure. 3-1A). Class 1 alterations are detected in localized, 

primary tumors (i.e., are initiating events) that primarily comprise missense and in-frame indel 

mutations in the Wing 2 region of the DNA-binding forkhead domain, imparting FOXA1 higher 

nuclear mobility and transactivation potential for oncogenic AR signaling (5). In contrast, FOXA1 

Class 2 mutations are clonally detected only in the metastatic disease (i.e., are acquired events) 

and comprise frameshift mutations in the C-terminal half of the protein, imparting dominance in 

engaging chromatin and de-repressing metastatic WNT signaling (5). Class 3 alterations comprise 

structural variations within the FOXA1 gene locus that amplify a conserved enhancer to increase 

the wild-type FOXA1 activity. Similar FOXA1 alterations are also detected in other hormone-

driven malignancies, including breast, salivary gland, and bladder tumors (22–26). 

Despite such high recurrence of FOXA1 alterations, their pathobiology remains unexplored in 

mouse models. Mouse models harboring other recurrent truncal genetic alterations such as ETS 

fusions, SPOP mutations, NKX3.1 deletion, MYC amplification, and CHD1 deletion have 

uncovered important mechanisms underlying PCa initiation (27–35). For instance, modeling the 

characteristic chromosome 8p loss and chromosome 8q gain observed in human PCa (2, 3), several 

groups have demonstrated that NKX3.1 inactivation or MYC overexpression in the mouse prostate 

epithelia triggers malignant transformation (31, 33). Notably, more high-grade invasive tumors are 

detected in compound mouse models where, based on co-alterations found in the human disease, 

PTEN or p53 is simultaneously inactivated (27, 28, 31, 36, 37). These in vivo findings establish 

these genetic alterations as collaborative drivers in the development and/or progression of PCa. 

In this study, we present genetically engineered mice with targeted knock-in of human cancer-

associated FOXA1 mutant transgenes, that provide crucial mechanistic insights into divergent 

mechanisms of FOXA1 Class 1 and Class 2 alterations in PCa. We found that FOXA1 Class 1 

mutants, in conjunction with Trp53 loss, co-activate oncogenic AR and mTORC1 gene programs 

to drive high-grade, prostate adenocarcinomas, which invade into the surrounding stroma upon 

progression. These tumors retain luminal features and resemble the primary human disease, 
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exhibiting the loss of NKX3.1, gain of MYC, and abnormal induction of NSD2 (a known co-

activator of cancer-specific AR signaling (12). Furthermore, Class 1-driven tumors are androgen-

sensitive and regress upon castration. In contrast, FOXA1 Class 2 mutations are unable to drive 

prostatic transformation. Instead, these DNA-binding-dominant FOXA1 mutants reprogram 

differentiated luminal epithelial cells into a progenitor, stem-like state through de novo genesis of 

AP-1/KLF5 neo-enhancer circuitry in androgen-replete normal prostate tissues—a molecular 

phenomenon herein described as induced intra-luminal plasticity. Class 2 mutant-expressing 

prostate epithelium exhibits enhanced survival upon castration, suggesting FOXA1 Class 2 

mutations serve as promoter events in the course of disease progression. Overall, our findings 

causally implicate FOXA1 mutations in AR-dependent prostate tumorigenesis and progression, 

while also explaining the divergent evolution of distinct classes of FOXA1 alterations in human 

PCa. 

Results 

FOXA1 Class 1 mutation with Trp53 deletion drives high-grade invasive adenocarcinoma 

We first engineered a novel transgenic mouse model via targeted knock-in of the human FOXA1 

R265-71del (Class 1) mutant transgene into the first intron of the mouse Rosa26 gene locus. The 

knock-in sequence consisted of a synthetic CAG promoter driving constitutive expression of the 

LoxP-flanked puromycin-resistance (puroR) selection marker, followed by the FOXA1-mutant 

coding sequence fused to a V5 epitope tag (Figure. 3-1B, Supplementary Figure. A3-1A). We 

crossed the FOXA1 transgene harboring female mice with the well-characterized Pb-Cre4 males 

(38) to obtain FOXA1;Pb-Cre genotypes, where FOXA1+/+;Pb-Cre+ males were denoted as 

“case” while littermate FOXA1+/+;Pb-Cre- males were used as controls (Figure. 3-1B). As 

expected, we saw specific and robust nuclear staining of V5 in prostate epithelial cells in case 

relative to the control prostate tissue (Figure. 3-1B), which looked histologically normal at 10-12 

weeks of age (Supplementary Figure. A3-1B). However, histopathological evaluation of older 

animals revealed FOXA1 Class 1 mutants to drive hyperplasia in the epithelial lining, with 

intraepithelial neoplasia (PIN) spanning 20-25% of the tissue by 60 weeks of age. We also detected 

focal high-grade, Ki67-positive intra-ductal carcinomas (IDCs) in 25% of the cases. Similar hyper-

proliferative lesions were not detected in the control tissues (Supplementary Figure. A3-1C-E). 

https://paperpile.com/c/8ZaQIb/J5d4K
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Thus, FOXA1 Class 1 mutants are able to initiate transformation of the prostate epithelia, albeit 

with a long latency and incomplete penetrance. 

Next, assessment of genomic co-alterations from metastatic tumors uncovered FOXA1 Class 1 

mutations to often co-occur with biallelic loss of TP53 while being mutually exclusive to PTEN 

deletions, when compared to other truncal alterations (Supplementary Figure. A3-1F). Thus, we 

generated compound two-gene models by crossing FOXA1 Class 1 mice with transgenic mice 

harboring floxed, inactivating alleles of the Trp53 tumor suppressor gene (Figure. 3-1B, 

Supplementary Figure. A3-1G). Strikingly, in prostate tissues from the FOXA1 R265-

71del+/+;Trp53f/f;Pb-Cre+ (i.e., case) mice, we detected widespread hyper-stratified epithelial 

lesions with enlarged nuclei in the anterior prostate starting around the 40-week timepoint (Figure. 

3-1C,D). Littermate control mice lacking Cre recombinase largely showed a normal prostate 

histology denoted by a monolayer epithelium. Notably, with age, the cancerous lesions expanded 

to cover a larger tissue area as well as exhibited characteristics of high-grade disease (Figure. 3-

1C,E), as assessed using our in-house grading system (see Methods and Supplementary Figure. 

A3-1H). Ki67 staining revealed 30-40% of the cells within cancerous lesions to be actively 

proliferating (Figure. 3-1F, Supplementary Figure. A3-1I). At 80 weeks, case animals had a 

significant enlargement of the urogenital tract (Supplementary Figure. A3-1J), and the prostate 

tissues showed expansive, luminous glandular structures that were almost entirely encapsulated by 

high-grade intraductal adenocarcinoma (Supplementary Figure. A3-1K). Importantly, these 

lesions strongly expressed the FOXA1 R265-71del mutant (detected using the V5 tag) along with 

luminal markers like AR and CK8 (Figure. 3-1G), akin to primary prostatic tumors detected in 

humans. 
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Figure 3-1: FOXA1 Class 1 mutants drive high-grade invasive adenocarcinoma in the background of p53 loss. A) Frequency 

of FOXA1 alterations in the European (primary and metastatic) and Asian (primary) prostate cancer patient cohorts. FOXA1 Class 

1 mutations are truncal alterations seen in the primary and metastatic disease (10-12%) and comprise in-frame indels and missense 

mutations in the wing2 region of the protein. Class 2 mutations are acquired in the metastatic disease and comprise truncating 

frameshift alterations in the C-terminal region of the protein. Class 3 mutations are structural alterations (duplications and 

translocations) within the FOXA1 syntenic loci found in the primary and metastatic disease (8-28%). FOXA1 Class 4 mutations 

comprise the missense R219S alteration that is primary enriched in NEPC tumors (4%). Indel, insertion, and deletion; CRPC, 

castration-resistant prostate cancer; NEPC, neuroendocrine prostate cancer; U-M, University of Michigan; WCM, Weill Cornell 

Medicine; CPGEA: Chinese Prostate Cancer Genome and Epigenome Atlas. B) Left: Schematic of FOXA1 Class 1 (R265-71del) 

knock-in transgenic mouse models and mating strategies for monogenic (R265-71del+/+) and bigenic (R265-71del+/+; Trp53f/f) 

mouse lines. Probasin-Cre (Pb-Cre) ensures prostate-specific expression of FOXA1. Control and case animals are denoted as Pb-

Cre- and Pb-Cre+, respectively. Right: V5-epitope tag immunohistochemistry (IHC) in control (Pb-Cre-) and case (Pb-Cre+) 

R265-71del+/+ animals. Scale=100µm. C) Representative Hematoxylin and Eosin (H&E) stained cross-sections of FOXA1 R265-

71del+/+;Trp53f/f control and case prostate tissues (anterior lobe) from 40 to 80 week-old mice. Black-dotted boxes denote zoomed 

insets. Scale=100µm. D) Area of nuclei in 80-week-old control and case FOXA1 R265-71del+/+;Trp53f/f prostate tissues (two-

tailed t-test). E) Histopathological grading of tissues from panel c. Grade 1: Hyperplasia, Grade 2: Low/high-grade prostate 

intraepithelial neoplasia (PINs), Grade 3: Florid high-grade PINs and/or Atypical Intraductal Proliferation (AIP) and/or Intraductal 

carcinoma (IDC), Grade 4: Invasive adenocarcinoma. F) Left: Ki67 IHC in control and case FOXA1 R265-71del+/+;Trp53f/f 

prostate tissues at 40, 60, and 80 weeks. (Scale=100µm). Right: Statistical representation of quantification (percentage of KI67-

positive cells) from 40-week-old tissues from the left panel (two-tailed t-test). Box plot: center line, median; box, interquartile 

range (Q1–Q3); whiskers, minimum to maximum values; all individual data points shown. G) Representative H&E and multiplex 

immunofluorescence of V5, AR, and CK8 in FOXA1 R265-71del+/+;Trp53f/f 80-week-old prostate tissues. Adjacent benign and 

intraductal carcinoma (IDC) tumor regions are marked. Scale=100µm.  H) Representative H&E, alpha-smooth muscle actin (SMA) 

IHC and multiplex immunofluorescence of noted proteins in FOXA1 R265-71del+/+;Trp53f/f 100-week-old tissues. Invasive 

islands denoting breach of basement membrane (lack of SMA) are highlighted in a black, dotted box. Scale=100µm. I) Left: 

Uniform Manifold Approximation and Projection (UMAP) plots from single-cell RNA-seq data of FOXA1 R265-

71del+/+;Trp53f/f 100-week-old anterior and dorsal prostate lobes. Tumor cell clusters are highlighted in yellow and red. Right: 

Split UMAP plots with only case or control tissue-derived cells colored across clusters. J) Violin plots showing expression of Ar, 

Foxa1, Nkx3.1, Myc and a prostate cancer score (defined in this paper; see Methods) in distinct cell populations described in panel 

I. K) Heatmap of select transcription factor (TF) gene expression along the pseudotime (Slingshot, see Methods) from normal 

luminal cells to tumor cells derived from FOXA1 R265-71del+/+;Trp53f/f control and case prostate tissues. The top heatmaps 

show aggregate z-scores of luminal, AR, mTORC1, and prostate cancer signature genes. 

Strikingly, starting around 60 weeks of age, FOXA1 R265-71del+/+;Trp53f/f;Pb-Cre+ mice also 

showed signs of invasion of the adenocarcinoma into the surrounding stromal regions (denoted as 

grade 4 lesions; Figure. 3-1E and Supplementary Figure. A3-2A). These invasive lesions were 

identified by breach of the encapsulating SMA-positive fibromuscular layer and detection of 

delaminated stromal islands of epithelial tumor cells co-expressing CK8, AR, and the FOXA1 

transgene (Figure. 3-1H, Supplementary Figure. A3-2B). In a single 100-week-old case animal, 
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we also detected a large tumor mass with adenocarcinoma histology and strong expression of 

transgenic FOXA1 mutant protein (Supplementary Figure. A3-2C,D). In summary, FOXA1 

Class 1 mutants in absence of p53 drive the formation of luminal adenocarcinoma by 40 weeks of 

age, which invade into the surrounding stromal regions upon disease progression. 

Next, to mechanistically characterize the FOXA1 R265-71del+/+;Trp53f/f prostatic tumors, we 

performed single-cell RNA-sequencing of anterior and dorsal prostate lobes harvested from 100 

week-old case and control animals (n = 2 per genotype; Supplementary Figure. A3-3A). We 

subset epithelial cells where, as expected, we found a specific loss of the puroR transcript in Cre-

expressing cells derived from the case animals (Supplementary Figure. A3-3B,C). Consistent 

with the histological data, we found the FOXA1 R265-71del+/+;Trp53f/f;Pb-Cre+ prostate tissues 

to have a 2-fold higher fraction of epithelial cells in the DNA replication (i.e., S) phase of the cell 

cycle, indicative of hyper-proliferation (Supplementary Figure. A3-3D). Louvain clustering 

identified five distinct epithelial cell clusters, with clusters 2 and 3 comprising cells predominantly 

coming from the cancerous tissues (Figure. 3-1I). Remarkably, these cancer-specific epithelial 

clusters showed highest expression of both Ar and mouse Foxa1 genes (Figure. 3-1J). 

Simultaneously, these cells showed a distinct molecular signature indicative of malignant 

transformation, characterized by a significant downregulation of the prostate-specific tumor 

suppressor gene Nkx3.1 and aberrant upregulation of the oncogene Myc (Figure. 3-1J). We were 

able to confirm a marked decrease in NKX3.1 protein expression within cancerous lesions relative 

to the adjacent normal prostate epithelia (Supplementary Figure. A3-3E). Thus, we labeled the 

tumor-specific epithelial clusters as luminal high (cluster 3) and low (cluster 2), reflecting 

expression levels of Ar and Foxa1 luminal markers (Figure. 3-1I,J). Through differential 

expression analyses between tumor versus normal luminal clusters, we also defined a 50-gene 

signature of FOXA1 Class 1-driven mouse prostate adenocarcinoma, which was specifically 

activated in the tumor luminal cells (Supplementary Figure. A3-3F). Cross-species analyses 

revealed reciprocal enrichment of FOXA1 Class 1-associated gene signatures between human and 

mouse prostate tumors, with human Class 1 mutant PCa genes significantly upregulated in murine 

models and vice versa (Supplementary Figure. A3-3G,H). Pathway analyses demonstrated 

conserved activation of hyperproliferative programs—including E2F/G2M cell cycle progression, 

mitotic spindle formation, MYC signaling—as well as activation of luminal androgen response 
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and PI3K-mTORC1 pathways in both human and mouse Class 1-mutant tumors (Supplementary 

Figure. A3-3I). Next, to characterize sequential changes in the transcriptional landscape upon 

FOXA1 Class 1 mutation triggered transformation of the normal prostate epithelia, we performed 

Slingshot pseudotime trajectory analysis (Supplementary Figure. A3-3J). This analysis 

confirmed the loss of Nkx3.1 expression upon emergence of PCa with a parallel increase in Ar and 

Foxa1 levels (Figure. 3-1K). Most strikingly, we found an aberrant gain of a host of AR+ 

adenocarcinoma-associated transcription factors that were recently identified using the Pten 

deletion-triggered mouse PCa models (39) (Figure. 3-1K). 

Altogether, through detailed histopathological and single-cell transcriptomic characterization, we 

show that overexpression of FOXA1 Class 1 mutants along with p53 inactivation in the prostate 

epithelia triggers the formation of AR+ adenocarcinoma that strongly recapitulates luminal 

features of the primary human disease. This also constitutes the first experimental evidence 

causally linking FOXA1 Class 1 mutations to prostate tumorigenesis, thereby substantiating these 

early genetic alterations as bona fide drivers of human PCa. 

  

https://paperpile.com/c/8ZaQIb/z9wX7
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Figure 3-2: FOXA1 Class 1 mutants co-activate AR and mTORC1 oncogenic signaling. A) Left: UMAP plots from single-

cell RNA-seq data of R265-71del+/+;Trp53f/f tissues showing the meta-score of AR and mTORC1 gene signatures. Right: Violin 

plots of AR and mTORC1 gene signature scores in the tumor and normal clusters. B) Gene set enrichment analysis (GSEA) plots 

for PI3K and FOXA1 Class 1 activated genes from FOXA1 Class 1 or PI3K mutant patient tumor tissues. DEGS, differentially 

expressed genes (GSEA enrichment test). C) Representative H&E and Ki67 IHC in Class 1 R265-71del+/+;Trp53f/f isogenic 

organoids. Cre- organoids are wild-type/normal organoids, while Cre+ organoids are tumor organoids. Scale=100µm. D) 

Immunoblot of labeled proteins in the Cre- and Cre+ tumor organoids. Total H3 is used as a loading control. E) GSEA plots of AR 

and mTORC1 up-regulated genes using the fold change from FOXA1 R265-71del+/+;Trp53f/f Cre+ vs Cre- tumor organoids. 

DEGS, differentially expressed genes. (n=2 biological replicates, GSEA enrichment test). F) Immunoblot of labeled proteins in 

R265-71del+/+ Cre- and Cre+ organoids treated with MK2206 (AKT inhibitor), rapamycin (mTORC1 inhibitor), torin 

(mTORC1/2 inhibitor), or ARD61 (AR degrader) for 24 hours. G) Growth curves (cell titer glow) of Class 1 single gene (R261G+/-

) and two-gene (R265-71del+/+; Trp53f/f) Cre- and Cre+ organoid lines grown in full media or media lacking DHT and EGF (n=4 

biological replicates, two-sided t-test, mean with SD is shown). H) Representative images of Class 1 (R261G+/+) Cre- and Cre+ 

organoids grown in complete media or media depleted of EGF and DHT. I) Venn diagram showing overlaps of AR ChIP-seq in 

Cre- and Cre+ Class 1 R261G+/+ organoids. J) Top five known HOMER motifs (ranked by p-value) enriched within Cre+, i.e., 

Class 1 specific AR binding sites. (HOMER, hypergeometric test). K) Fold change and significance of HOMER motifs enriched 

within Cre+ AR sites over Cre- AR binding sites (HOMER, hypergeometric test). L) Representative multiplex-IF images of CK8, 

AR, and NSD2 in anterior lobes of FOXA1 Class 1 R265-71del+/+;Trp53f/f tumors. Scale = 100µm. M) Left: Tumor volumes of 

syngeneic R265-71del+/+;Trp53f/f Cre+ tumor organoids grafted in the subcutaneous flanks of C57BL/6 mice. Right: 

Representative H&E and multiplex-IF of labeled proteins in tumor allografts obtained from the left panel. Scale =50µm. N) 

Schematic of castration experiment performed in 60-week-old FOXA1 R265-71del+/+;Trp53f/f mice. O) Transformation score 

(defined in this paper, see methods) in 60-week-old intact and castrated FOXA1 R265-71del+/+;Trp53f/f prostate tissues (two-

sided t-test). Box plot: center line, median; box, interquartile range (Q1–Q3); whiskers, minimum to maximum values; all individual 

data points shown. P) Prostate cancer score in single-cell RNA-seq from 60-week-old intact and castrated FOXA1 R265-

71del+/+;Trp53f/f prostate tissues (two-sided Wilcoxon test). 

FOXA1 Class 1 mutants co-activate AR and mTORC1/2 tumorigenic pathways 

We next set out to delineate the molecular mechanism through which FOXA1 Class 1 mutants 

drive prostate adenocarcinoma. First, we derived pure, pseudo-bulk transcriptional profiles of 

normal and cancerous luminal epithelial cells by combining gene marker-verified cells from case 

and control prostate tissues (see Methods). As expected, gene signature enrichment analysis of 

genes differentially expressed between cancer and normal luminal epithelia showed a significant 

activation of hyper-proliferative and other cancer-associated hallmark pathways (Supplementary 

Figure. A3-4A). Serving as an intrinsic control, the same cancer pathways were not differentially 

expressed in the basal epithelia between case and control tissues (Supplementary Figure. A3-

4A). More strikingly, we found a significant and parallel up-regulation of both AR and mTORC1/2 

signaling in case cells, as evidenced by the higher AR+mTORC1 meta-scores in the tumor luminal 
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clusters (Figure. 3-2A, see Methods). To further evaluate this transcriptional association in human 

clinical samples, we compared bulk transcriptomes in Caucasian primary (TCGA, n=503) and 

CRPC tumors (SU2C cohort, n=657) (3) harboring FOXA1 Class 1 mutations or PI3K pathway 

alterations, the latter mostly comprising PTEN deletions. Our analysis revealed a significant 

concordance in differentially expressed genes between the two genomic subtypes 

(Supplementary Figure. A3-4B-D), showing a reciprocal gene signature enrichment pattern. The 

PI3K alteration activated gene signature was significantly up-regulated in Class 1-mutant tumors, 

while conversely, the FOXA1 Class 1 gene program was overexpressed in PI3K-altered cases 

(Figure. 3-2B). Similarly, integrative multi-omics analyses in Asian primary PCa (CPGEA cohort; 

n=206), where FOXA1 Class 1 is a pre-dominant driver alteration in over 41% of the cases 

(Figure. 3-1A), revealed a strong activation of AR signaling in Class 1-mutant tumors 

(Supplementary Figure. A3-4E). We also saw a significant concordance in differentially 

expressed genes between the Class 1-mutant and PI3K-altered PCa subtypes (Supplementary 

Figure. A3-4F,G). Altogether, these findings suggest that concomitant activation of AR and PI3K-

mTORC1/2 signaling is a salient feature of FOXA1 Class 1-driven prostate carcinogenesis that is 

conserved across human patient ethnicities as well as our mouse models. 

         For further experimental interrogation, we established prostate epithelial organoids from 

the FOXA1 R265-71del+/+;Trp53f/f transgenic mice. We transduced these organoids with either 

an empty-vector control (annotated as Cre-) or Cre recombinase-coding (Cre+) adenovirus to 

establish isogenic lines (Supplementary Figure. A3-4H, left), with Cre recombinase activity 

triggering expression of the V5-tagged FOXA1 protein (Supplementary Figure. A3-4H, right). 

Compared to the Cre- wild-type lines, FOXA1 R265-71del+/+;Trp53f/f;Cre+ organoids showed 

hyper-stratification of the epithelial lining and a significantly higher proportion of Ki67-positive 

cells (Figure. 3-2C), while retaining their cystic, luminal morphology. Transcriptomic profiling 

revealed activation of several hallmark cancer pathways, which were concordantly activated in 

mouse PCa tissues (Supplementary Figure. A3-4I,J). This notably included the increased 

expression of MYC and its downstream oncogenic gene programs associated with malignant 

transformation (Figure. 3-2D, Supplementary Figure. A3-4I). Even in the organoid models, we 

found a significant co-activation of AR and mTORC1 signaling (Figure. 3-2E), credentialing them 

for use in further mechanistic studies. 

https://paperpile.com/c/8ZaQIb/RCkGa
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To define putative FOXA1 targets, we first performed FOXA1 ChIP-seq in our isogenic wild-type 

and Class 1-mutant mouse prostate organoids and identified genes that show FOXA1 binding 

within their putative cis-regulatory elements using the GREAT algorithm (40) (Supplementary 

Figure. A3-5A). These predicted targets were then intersected with genes that are significantly 

up-regulated in either FOXA1 Class 1-mutant R261G+/+ prostate organoids or the FOXA1 R265-

71del+/+;Trp53f/f;Cre+ tumor line (Supplementary Figure. A3-5B), revealing 141 likely direct 

targets of Class 1 mutants of FOXA1 (Supplementary Table 5). Enrichr pathway analysis (41) 

of this gene set showed a significant enrichment of many cancer-associated MSigDB pathways, 

including epithelial-mesenchymal transitions (EMT), hypoxia, and glycolysis. Most notably, 

putative FOXA1 targets were also enriched for genes comprising the mTORC1 signature 

(Supplementary Figure. A-5C), which is consistent with our prior findings of PI3K-mTORC1 

activation being a key mechanism for FOXA1 Class 1-driven prostate tumorigenesis. 

Next, to discern specific contributions of Class 1 mutant overexpression and p53 inactivation in 

driving tumorigenesis, we employed the FOXA1 R261G and R265-71del single-gene organoids. 

Here, overexpression of Class 1 mutants alone was sufficient to parallelly activate both AR and 

mTORC1 pathways (Supplementary Figure. A3-5D,E), along with the E2F/G2M proliferative, 

glycolysis, and other oncogenic gene programs (Supplementary Figure. A3-5F). In organoid 

models, however, CRISPR-mediated inactivation of p53 alone failed to significantly modulate 

these oncogenic pathways (Supplementary Figure. A3-5F). Consistent with our in vivo findings, 

histological assessment of organoid morphology also showed profound hyper-stratification of the 

normal epithelial lining only in the compound FOXA1 R261G+/-;Trp53-KO models 

(Supplementary Figure. A3-5G). p53-null organoids, however, more closely resembled the 

histology of isogenic wild-type (i.e., Cre-) models. The FOXA1 R261G+/-;Trp53-KO organoids 

also had the highest percent of Ki67 positive cells and showed the fastest growth when compared 

to the normal or FOXA1 R261G-expressing isogenic lines (Supplementary Figure. A3-5H-J). 

Altogether, these findings credential FOXA1 Class 1 mutations to serve as initiators of malignant 

transcriptional programs, with subsequent loss of Trp53 acting as a potent promoting alteration in 

driving PCa formation and progression. 

Expression of FOXA1 Class 1 mutants in organoids also led to a strong and dose-dependent 

increase in pS473-AKT and pS6 (S235/236), which are direct substrates of mTORC1/2 kinases(42, 

https://paperpile.com/c/8ZaQIb/2yDAx
https://paperpile.com/c/8ZaQIb/2yDAx
https://paperpile.com/c/8ZaQIb/2yDAx
https://paperpile.com/c/8ZaQIb/2yDAx
https://paperpile.com/c/8ZaQIb/Pgeo
https://paperpile.com/c/8ZaQIb/Pgeo
https://paperpile.com/c/8ZaQIb/Pgeo
https://paperpile.com/c/8ZaQIb/Pgeo
https://paperpile.com/c/8ZaQIb/pr3G2+KgS3k
https://paperpile.com/c/8ZaQIb/pr3G2+KgS3k
https://paperpile.com/c/8ZaQIb/pr3G2+KgS3k
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43) (Figure. 3-2F, Supplementary Figure. A3-5K). This was corroborated in human clinical 

specimens, where primary PCa from both Caucasian (2) and Asian (44) men showed significantly 

elevated levels of phosphorylated RPS6 at serine 235/236 and 240/244 residues in FOXA1 Class 

1-mutant tumors compared to FOXA1 wild-type cases, with no change in total RPS6 levels 

(Supplementary Figure. A3-5L,M). Intriguingly, we found treatment with mTORC1 and/or 

mTORC2 inhibitors (i.e., rapamycin and torin) completely blocked Class 1-induced accumulation 

of p-S6, while treatment with an AKT inhibitor (MK2206) had little to no effect (Figure. 3-2F). 

We also found that AR degradation in Class 1 organoids had no effect on the induction of p-S6 

(Figure. 3-2F). Overexpression of wild-type FOXA1 (mimicking Class 3 amplifications) also 

triggered a strong induction of p-S6 (Supplementary Figure. A3-5K). In growth assays, we found 

single-gene and compound models of Class 1-expressing prostate organoids to grow better than 

their wild-type counterparts in complete media. This enhanced proliferation of Class 1-mutant 

organoids was even more profound in growth media lacking stimulatory ligands of AR and 

PI3K/mTORC1 pathways, namely DHT and EGF (Figure. 3-2G,H). This suggests that FOXA1 

Class 1 mutants function as hypermorphs and activate mTORC1/2 signaling independently of 

AKT as well as AR activities. 

Next, we asked how FOXA1 Class 1 mutants modulate AR signaling. We first performed AR 

ChIP-seq in Class 1 mutant-expressing or wild-type (i.e., Cre-) control prostate organoids. Here, 

in the presence of the Class 1 mutant, we detected an extensive reprogramming and expansion of 

the AR cistrome, with almost 16,000 new cis-regulatory elements gained within distal intergenic 

and intronic regions (Figure. 3-2I, Supplementary Figure. A3-6A). HOMER motif analysis of 

Class 1-specific AR sites uncovered an enrichment of FOXA1 and chimeric FOXA1:AR-half 

motifs (Figure. 3-2J,K). In contrast, full palindromic androgen response elements (ARE) and 

related nuclear receptor motifs were enriched in the wild-type-specific, normal AR cistrome 

(Figure. 3-2K, Supplementary Figure. A3-6B). A recent study from our group identified 

chimeric AR half-sites as a distinctive feature of tumor-specific AR enhancer circuitries, which is 

activated by NSD2 as a neo-coactivator of AR (12). In line with these findings, we found that 

NSD2 expression was induced in Class 1-positive PCa lesions, with no detectable expression in 

control tissues (Figure. 3-2l, Supplementary Figure. A3-6D). NSD2 expression was further 

elevated within invasive tumor edges and delaminated stromal islands (Supplementary Figure. 

https://paperpile.com/c/8ZaQIb/pr3G2+KgS3k
https://paperpile.com/c/8ZaQIb/pr3G2+KgS3k
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A3-6E). In derivative tumor organoids, proximity ligation assay revealed strong nuclear 

interaction between NSD2 and AR proteins, which was completely lost in isogenic lines with 

CRISPR-mediated knock-out (KO) of NSD2 (Supplementary Figure. A3-6F-I). Loss of NSD2 

in the tumor organoids attenuated growth and significantly dampened AR signaling 

(Supplementary Figure. A3-6J,K), with chromatin binding of AR disrupted at over 85% of its 

distal and intergenic binding sites (Supplementary Figure. A3-6L,M). Next, HOMER motif 

analysis of NSD2-dependent AR sites uncovered FOXA1:AR-half chimeric motif as the topmost 

significantly enriched motif, while the NSD2-independent sites housed the 15 bp canonical, 

palindromic androgen response element (ARE; Supplementary Figure. A3-6N,O). Consistently, 

quantitation of NSD2-catalyzed H3K36me2 signal from ChIP-seq showed a significant depletion 

at nucleosomes flanking the NSD2-dependent AR binding sites in the NSD2-KO models 

(Supplementary Figure. A3-6P). These findings are consistent with our prior observations in 

human PCa (12), and suggest that FOXA1 Class 1 mutants pioneer neo-enhancer elements of AR 

that harbor non-palindromic, chimeric AR-half motifs and, in concert with NSD2, activate a 

distinct luminal gene program of prostate tumorigenesis 

Further validating their malignant phenotype, FOXA1 R265-71del+/+;Trp53f/f;Pb-Cre+ tumor 

organoids, but not the isogenic Pb-Cre- controls, formed large tumors upon subcutaneous 

implantation into NSG mice (Supplementary Figure. A3-7A). The tumor organoids also 

established syngeneic allografts in the C57BL/6 host mice retaining their adenocarcinoma 

histology as well as expression of transgenic FOXA1 and AKT and CK8 luminal markers (Figure. 

3-2M). Human PCa is treated with ADT as the first line of targeted therapies (45, 46). Thus, we 

assessed if FOXA1 Class 1-driven tumors were sensitive to androgen withdrawal by performing 

surgical castration on 50-65 week-old FOXA1 R265-71del+/+;Trp53f/f case and control animals 

(n=3-4 per genotype), followed by histological grading and single-cell RNA sequencing of residual 

tissues four weeks later (Figure. 3-2N). In contrast to widespread tumors detected in the 

hormonally-intact case animals, castrated animals had no atypical lesions that stained for Ki67 

(Figure. 3-2O, Supplementary Figure. A3-7B,C). More compelling, epithelial cells from case 

tissues showed a significant loss of the FOXA1 Class 1-driven PCa gene signature upon castration 

relative to the intact condition (Figure. 3-2P). Altogether, our findings show that FOXA1 Class 1 

mutations promoted by p53 inactivation trigger the formation of high-grade and invasive prostate 
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adenocarcinoma that retain luminal features as well as regress upon castration, recapitulating 

cardinal characteristics of the primary human disease. 
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Fiure 3-3: FOXA1 Class 2 mutants trigger castration-associated intra-luminal plasticity. A) ChIP-seq read-density heatmaps 

of FOXA1 wild-type and Class 2 mutant at 86,000 sites in Class 2 P358fs+/- Cre- and Cre+ organoids. B) Left: UMAP plots of 

young and old Class 2 P358fs+/- mouse prostate tissues. Two distinct case-specific populations are highlighted in yellow and red. 

Right: Split UMAP plots with only case or control tissue-derived cells colored across clusters. C) Violin plots of noted signatures 

in the distinct clusters emanating from the Class 2 case and control prostate tissues. D) Left: UMAP plots of the consensus stemness 

signature (see Methods) in the Class 2 case and control clusters. Right: Volcano plot of up and down-regulated genes from the case 

vs control Class 2 single-cell RNA-seq data. Consensus stemness genes are highlighted as purple dots. E) Left: Representative 

multiplex-IF stained sections of V5 and TROP2 in distinct lobes of 55-week-old Class 2 mutant tissues (Pb-Cre- represents control 

tissues, and Pb-Cre+ represents case tissues). Scale =100µm. Right: Percentage of AR+/TROP2+ cells in distinct lobes of control 

and case Class 2 mutant tissues (two-sided t-test). F) Violin plots showing mRNA expression (imputed) of noted genes in the 

distinct Class 2 case and control-specific clusters. G) Representative multiplex-IF stained sections of V5, TROP2, and AR in 42-

week-old Class 2 mutant case and control tissues. Scale=100µm. H) Violin plots of the castration-induced gene signature (defined 

in-house, see methods) and an L1 gene signature (defined by Kirk et al., 2024) in the Class 2 case and control clusters. I) Boxplots 

of Nkx3.1 mRNA expression in intact and castrated wild-type prostate tissues (left) and intact FOXA1 Class 2 control and case 

tissues (right) (two-sided Wilcoxon test). J) Boxplots of distinct gene signature scores in intact FOXA1 Class 2 control and case 

tissues (top) and castrated or intact wild-type prostate tissues (bottom) (pseudo-bulk analyses from single-cell data, Wilcoxon test). 

K) Immunoblot of V5 and TROP2 in isogenic Class 2 Cre- (control) and Cre+ (Class 2 mutant expressing) mouse prostate 

organoids. Total H3 is used as a loading control. L) TROP2 immunofluorescence in Cre- and Cre+ Class 2 mutant mouse prostate 

organoids. Scale = 100µm. M) Left: Representative images from the limited dilution assay (100 cells/well) in Class 2 Cre- and 

Cre+ organoids. Right: Percentage of organoids formed in the limited dilution assay at varying cell numbers (n= 3 biological 

replicates, two-sided t-test). N) Reverse Kaplan-Meier plot of subcutaneous organoid grafting of wild-type, Class 1 or 2 monogenic 

mouse prostate organoids in CB17/SCID mice. 

FOXA1 Class 2 mutations trigger castration-associated intra-luminal plasticity 

We engineered a knock-in mouse model carrying the FOXA1 P358fs mutant transgene in the 

Rosa26 gene locus and, using a similar mating strategy with the Pb-Cre4 mice, conditionally 

overexpressed the FOXA1 Class 2 mutant in the prostate epithelia (Supplementary Figure. A3-

7D). While the transgenic protein was robustly expressed, in contrast to Class 1 mutants, 

overexpression of FOXA1 P358fs did not trigger the formation of precancerous PINs or 

hyperproliferative IDCs, even in animals as old as 145 weeks (Supplementary Figure. A3-7E-

H). However, given the neomorphic characteristics and dominant DNA binding of Class 2 mutants 

(5), we investigated their transcriptional effects. Using isogenic prostate organoids, we first found 

that the transgenic FOXA1 P358fs mutant exhibited cistromic dominance by entirely displacing 

the endogenous wild-type FOXA1 protein from over 65% of its binding sites (i.e., 44,500 DNA 

elements; Figure. 3-3A and Supplementary Figure. A3-7I-K). Notably, even at the residual sites, 

wild-type FOXA1 binding was significantly attenuated in Class 2-mutant-expressing prostate 
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organoids (Supplementary Figure. A3-7L,M). Next, we profiled wild-type (control) and Class 

2-expressing (case) prostate tissues using the single-cell multi-omics (gene expression + ATAC) 

assay. Louvain clustering of epithelial cells identified seven distinct clusters, with clusters 3 and 4 

predominantly comprising cells coming from the FOXA1 P358fs+/-;Pb-Cre+ (case) prostate 

tissues (Supplementary Figure. A3-8A, Figure. 3-3B). Notably, these cellular clusters 

constituted over 35-40% of the Class 2-mutant-expressing epithelia and strongly expressed gene 

markers of secretory luminal (Lum) cells defined in mouse cellular atlases (Figure. 3-3C). 

Notably, while remaining negative for basal genes, Class 2-enriched cells in clusters 3 and 4 gained 

expression of genes that are exclusively expressed in the luminal proximal (LumP) cells (Figure. 

3-3C), which is a rare subpopulation of luminal cells located near the urethra (47). LumP cells 

have been shown to possess progenitor/stem-like properties and demonstrate enhanced 

regenerative capacity in prostate reconstitution assays (47). Based on this expression profile, we 

annotated cells in clusters 3 and 4 as FOXA1 Class 2-induced luminal stem-like cells (abbreviated 

as C2-iLumStem). 

To further corroborate the hybrid secretory–proximal luminal character of C2-iLumStem cells, we 

defined a consensus stemness signature by intersecting independent gene markers of urethra-

proximal, luminal progenitors (i.e., LumP, LumC, and L2) reported in three mouse prostate cell 

atlases (47–49) (Supplementary Figure. A3-8B). Comparing pure, pseudo-bulk transcriptomic 

profiles between C2-iLumStem and Lum populations from case and control tissues, revealed a 

striking up-regulation of most of the consensus signature genes (Figure. 3-3D), including well-

characterized markers like Tacstd2, Krt4, and Psca (Supplementary Figure. A3-8C). Strikingly, 

immunofluorescent staining of TROP2 (the protein product of Tacstd2) in Class 2-mutant-

expressing prostate tissues corroborated a marked, 15-20-fold expansion of TROP2+ epithelial 

cells, which also stained for V5 (i.e., FOXA1 P358fs) expression (Figure. 3-3E and 

Supplementary Figure. A3-8D). TROP2+/V5+ epithelial cells were uniformly distributed within 

distal and proximal regions in all prostatic lobes (Figure. 3-3E) and showed evident expansion 

even in prostatic glands harvested from 6-week-old mice (Supplementary Figure. A3-8E). Given 

their uniform spatial distribution, we next questioned if C2-iLumStem cells originated from the 

differentiated luminal compartment. Consistent with this notion, unlike the proximally located 

LumP cells, C2-iLumStem cells strongly expressed differentiated luminal markers like Nkx3.1 and 
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Hoxb13 (Figure. 3-3F), and strongly co-stained for AR, TROP2, and FOXA1-V5 proteins 

(Figure. 3-3G). C2-iLumStem cells were also negative for LumP and basal cell markers Ppp1r1b 

and Trp63, respectively (Figure. 3-3F). Furthermore, we detected a significant increase in luminal 

progenitor scores within differentiated luminal cell types identified in distinct mouse prostate 

atlases in Class 2-mutant-expressing prostate tissues relative to cells from wild-type controls 

(Supplementary Figure. A3-8F,G). Altogether, we found overexpression of the DNA-binding 

dominant FOXA1 P358fs Class 2 mutant to reprogram transcriptomes of differentiated luminal 

epithelial cells to activate progenitor/stemness gene programs—a phenomenon we herein refer to 

as induced intra-luminal plasticity. 

         Previous studies have documented extensive transcriptional reprogramming in mouse 

prostate epithelial cells in response to androgen deprivation (50–52). More recently, seminal 

studies mapping the mouse cellular prostate atlas identified distinct sub-populations of luminal 

epithelial cells that persist after castration, all of which commonly express stemness genes, 

including TROP2 (48, 49, 53). Consistent with these reports, we found a marked induction of 

TROP2 expression in the wild-type prostate epithelium after castration (Supplementary Figure. 

A3-9A). Through single-cell transcriptional profiling of residual prostate tissues two weeks post-

castration, we identified an adaptive gene program activated in the AR+ epithelial cells. Notably, 

these castration-induced genes were also activated in the C2-iLumStem cell population of FOXA1 

P358fs+/-;Pb-Cre+ animals even without androgen withdrawal (Figure. 3-3H, top; 

Supplementary Figure. A3-9B). A recent study also defined a distinct subpopulation of luminal 

cells, called L1, that emerge 7 days post-castration and repopulate the epithelium upon androgen 

restoration (53). Strikingly, we found C2-iLumStem cells to highly express the L1 gene signature 

without androgen withdrawal (Figure. 3-3H, bottom). Consistently, we detected a sustained 

expression of Nkx3.1—an AR up-regulated gene—in the C2-iLumStem cells, which was 

undetectable in the AR+ epithelial cells after castration (Figure. 3-3I). This was further 

corroborated by analyzing gene signature scores in pseudo-bulk transcriptional profiles, which 

revealed that overexpression of FOXA1 P358fs mutant in hormone-replete prostate tissues 

maintained comparable AR chromatin binding, co-factor enrichment, and transcriptional activity, 

while triggering a significant activation of genes associated with luminal stemness and adaption to 

castration (Figure. 3-3J, top, Supplementary Figure. A3-9C,D). Conversely, castration induced 
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the expression of analogous stemness genes in the prostate epithelium while simultaneously 

suppressing the AR pathway (Figure. 3-3J, bottom). Our findings indicate that FOXA1 Class 2 

mutants maintain their chromatin pioneering functions related to AR signaling while acquiring a 

neomorphic capacity to activate stemness and castration-associated genes in the hormone-replete 

prostate epithelium. 

Cre-mediated overexpression of the FOXA1 P358fs mutant in prostate organoids also induced the 

expression of TROP2, which was evident even through in situ staining of TROP2 in intact 

organoids (Figure. 3-3K,L, Supplementary Figure. A3-9E). This was also accompanied by a 

concomitant enrichment of the gene signature of luminal progenitor cells in Class 2-mutant 

organoids (Supplementary Figure. A3-9F). To phenotypically characterize their stemness 

character, we performed limited dilution assays. Here, Class 2-expressing prostate cells showed a 

2-3-fold higher organoid forming capacity relative to isogenic wild-type (Cre-) cells (Figure. 3-

3M, Supplementary Figure. A3-9G,H). More notably, prostate organoids expressing the FOXA1 

P358fs Class 2-mutant were the only single-gene model to form palpable allografts when 

transplanted into mouse dorsal flanks, in contrast to both wild-type as well as Class 1 mutant-

expressing organoids (Figure. 3-3N, Supplementary Figure. A3-9I). In summary, while 

incapable of driving prostatic epithelial transformation, we found FOXA1 Class 2 mutants to 

induce significant transcriptional reprogramming that leads to activation of luminal progenitor as 

well as castration-adaptive gene programs in hormone-intact mice. Notably, this is consistent with 

their clonal detection in CRPC tumors and suggests that Class 2 mutants “prime” the prostate 

epithelia to better withstand androgen deprivation therapies. 
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Figure 3-4: FOXA1 Class 2 mutants activate KLF5/AP-1 neo-enhancer circuitry to drive therapy-resistance. A) Fold change 

and significance of HOMER motifs enriched within Class 2 neo cis-regulatory elements (CREs) from single-cell multiome ATAC 

data in Class 2 control and case prostate tissues (HOMER, hypergeometric test). B) Bubble plots highlighting expression and 

chromVAR motif activity of noted transcription factors from 10X single-cell multi-omics of Class 2 mutant control and case tissues. 

The size of the dot indicates expression and heatmap color intensity indicates ChromVar activity. C) Venn diagram showing overlap 

of FOXA1 wild-type and Class 2 mutant cistromes in P358fs+/- Cre- and Cre+ mouse prostate organoids. D) Venn diagram 

showing overlap of the KLF5 cistrome in Class 2 Cre- and Cre+ mouse prostate organoids. E) ChIP-seq read-density heatmaps of 

KLF5 and FOXA1 Class 2 mutant at the Class 2-specific, wild-type, or shared sites in the FOXA1 P358fs+/- Cre- and Cre+ mouse 

prostate organoids. F) Fold change and significance of HOMER motifs enriched at KLF5 and Class 2 mutant co-bound sites 

(HOMER, hypergeometric test). G) ChIP-seq read-density tracks of the FOXA1 Class 2 mutant and KLF5 within the Jun, Fos, and 

Bach2 locus in the Class 2 Cre- and Cre+ mouse prostate organoids. H) Growth curves (Cell Titer-Glow) of Cre- and Cre+ Class 

2 mutant organoids in DHT-depleted and enzalutamide-treated media conditions (n=4 biological replicates, two-sided t-test). I) 

Representative multiplex-IF images of CK8 and V5 in the intact and castrated Class 2 mutant (Pb-Cre+) tissues. Scale =100µm. 

Zoomed insets of select regions are shown. J) Percentage of epithelial cells (CK8+, grey) that are V5+ (green) in intact and castrated 

Class 2 tissues from panel (I). K) Left: Representative Ki67 IHC stained sections of Class 1 (R265-71del+/+) and Class 2 

(P358fs+/-) control and case castrated tissues. Right: Percentage of Ki67+ cells in control, Class 1, and Class 2 tissues (two-sided 

t-test). Box plot: center line, median; box, interquartile range (Q1–Q3); whiskers, minimum to maximum values; all individual data 

points shown. L) Boxplots showing KLF5 mRNA expression in metastatic CRPC patient tissues (SU2C, n=371 patients) across 

distinct genomic driver groups. SU2C, Stand Up To Cancer (Wilcoxon rank-sum test). M) Boxplots showing the KLF5 gene 

signature (CRPC, top) and Club prostate cancer signature (bottom) in CRPC patient tissues (SU2C, n=371 patients) across distinct 

genomic driver groups (Wilcoxon rank-sum test). 

Class 2 mutants activate KLF5/AP-1 neo-enhancers to drive castration resistance 

To interrogate the molecular mechanism of FOXA1 Class 2-mutant induced stemness, we 

compared chromatin accessibility profiles between C2-iLumStem and differentiated luminal cells 

using single cell ATACseq data. Here, we detected a significant increase in de-compacted, open 

chromatin in the presence of the Class 2 mutant, with over 8,800 cis-regulatory sites located within 

distal non-coding regions gaining accessibility (Supplementary Figure. A3-10A). Intriguingly, 

motif analyses of the Class 2-pioneered cis-regulatory sites revealed a significant enrichment of 

motifs belonging to the AP-1 (FOS/JUN), KLF, and FOXA transcription factor families (Figure. 

3-4A), with a surprising absence of AR and other nuclear receptor motifs. To further elucidate 

differential activation of transcriptional networks across distinct epithelial cell populations 

detected within Class 2-mutant prostate tissues, we performed ChromVAR analysis on the 

corresponding chromatin accessibility (ATAC) profiles from our single-cell multi-omics data. 

This revealed the C2-iLumStem cells to show specific activation of AP-1 transcriptional complexes 

(Figure. 3-4B). KLF factors instead were predicted to have higher activity in both the innate LumP 
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and C2-iLumStem clusters (Figure. 3-4B). Among these, KLF5 was particularly strongly expressed 

and significantly up-regulated in the C2-iLumStem cells relative to the differentiated luminal 

epithelium (Supplementary Figure. A3-10B). We also detected a significant activation of WNT 

(consistent with our earlier findings (5)) and TEAD transcriptional regulators (recently described 

to interact with AP-1 in a subset of CRPC tumors (54)) in the C2-iLumStem epithelial cells (Figure. 

3-4B). 

Next, we employed our isogenic organoid models to experimentally interrogate the crosstalk 

between FOXA1 P358fs mutant, AP-1, and KLF5 transcriptional complexes. As a neomorphic 

gain-in-function, while the truncated FOXA1 Class 2 mutant replaced the wild-type protein on the 

chromatin, it additionally acquired de novo binding at over 40,000 new cis-regulatory sites within 

distal non-coding regions (Figure. 3-4C, Supplementary Figure. A3-10C,D). As anticipated, 

HOMER motif analysis uncovered AR and FOX recognition elements to be most significantly 

enriched within the common cistrome (Supplementary Figure. A3-10E). In contrast, Class 2-

mutant-specific binding sites lacked the AR motif and instead showed enrichment of motifs 

recognized by the AP-1 (FOS/JUN) family of transcription factors (Supplementary Figure. A3-

10E). As seen in mouse prostate tissues, overexpression of the FOXA1 P358fs mutant in prostate 

organoids also led to an up-regulation of KLF5 (Supplementary Figure. A3-10F), with the 

P358fs mutant occupying cis-regulatory sites within the Klf5 gene locus (Supplementary Figure. 

A3-10G). We also found the endogenous FOXA1 P358fs mutant in LAPC4—a human-derived 

CRPC cell line—to bind within the Klf5 gene locus (Supplementary Figure. A3-10G). 

KLF5 was recently implicated in driving castration resistance in human PCa(55). Thus, we next 

profiled KLF5 chromatin occupancy (ChIP-seq) in our Class 2-mutant organoids. We detected a 

striking expansion of the KLF5 cistrome, gaining over 23,000 new binding sites in Class 2-mutant-

expressing organoids (Figure. 3-4D), which were notably co-occupied by the FOXA1 P358fs 

mutant (Figure. 3-4E). HOMER motif analysis of the FOXA1 Class 2 and KLF5 shared enhancers 

uncovered a significant enrichment of their own as well as the AP-1 family transcription factor 

motifs (Figure. 3-4F). We also found FOXA1 P358fs to bind within gene loci of several AP-1 

complex transcription factors, including Jun, Fos, and Maff, which was accompanied by a 

concurrent gain in KLF5 binding at these sites and up-regulation of their transcripts (Figure. 3-

4G, Supplementary Figure. A3-10H,I). In summary, our findings indicate that FOXA1 Class 2 
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mutants de novo pioneer a novel enhancer circuitry that is bound and activated by KLF5 and AP-

1 complexes, thereby driving transcriptional reprogramming and luminal plasticity in prostate 

epithelial cells. 

         In phenotypic assays, we found Class 2-mutant prostate organoids to grow significantly 

better in androgen-depleted media as well as upon treatment with the AR antagonist enzalutamide 

(Figure. 3-4H), suggesting that Class 2 mutant-expressing prostate epithelial cells can better 

withstand inhibition of AR signaling. To assess this in vivo, we castrated the FOXA1 P358fs+/-

;Pb-Cre+ mice and quantified the survival of transgene-expressing luminal epithelial cells. Here, 

we focused on the anterior prostate lobes leveraging the well-described incomplete Cre 

recombinase activity that leads to transgene expression in roughly half of the prostate epithelium 

(38). Accordingly, in intact animals, we detected about 50% of the CK8+ luminal epithelial cells 

to co-express the V5-tagged FOXA1 P358fs transgenic protein (Figure. 3-4I,J). The CK8+;V5+ 

cells, however, comprised almost 95% of the prostate epithelium two weeks post-castration 

(Figure. 3-4I,J), suggesting that the FOXA1 P358fs-expressing cells are able to survive and 

persist upon androgen removal. Consistently, Ki67 staining of the residual prostate tissues revealed 

that the Class 2-mutant-expressing epithelia had significantly higher proliferative activity in the 

absence of androgen when compared to wild-type (Pb-Cre-) controls as well as Class 1-mutant-

expressing prostate tissues (Figure. 3-4K). This was also reflected in significantly higher weights 

of residual prostate glands harvested from the case versus control animals (Supplementary 

Figure. A3-11A). 

When credentialing these findings in human patient tumors, we found the highest expression of 

KLF5 in CRPC specimens that harbored clonal FOXA1 Class 2 mutation (Figure. 3-4L). In Class 

2-mutant tumors, KLF5 expression was also positively correlated to two independent gene 

signatures of KLF5 (Supplementary Figure. A3-11B; published in (55)). Assessment of KLF5 

activity based on both signatures also uncovered strongest activation in Class 2-mutant CRPC 

tumors versus other genomic subtypes (Figure. 3-4M, Supplementary Figure. A3-11C). 

Strikingly, in Class 2-mutant tumors, we also detected a strong activation of gene signature of 

PCa-associated club cells (Figure. 3-4M), which were identified via single-cell methodologies in 

metastatic PCa specimens (56) and are associated with treatment resistance to AR-targeted 

therapies (57). Furthermore, we observed a strong positive correlation between KLF5 transcripts 
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and the PCa club signature in CRPC, which was not the case in FOXA1 Class 1 mutant tumors 

(Supplementary Figure. A3-11D). Altogether, our findings suggest that FOXA1 Class 2 mutants 

reshape the cis-regulatory chromatin landscape to activate KLF5 and AP-1 enhancer-driven gene 

programs that confer resistance to androgen deprivation therapies, positioning the acquired 

FOXA1 Class 2 alterations as promoters of metastatic and therapy-resistant disease progression. 

Discussion 

Prostate cancer is predominantly driven by transcription factor oncogenes (2–6). FOXA1 is a 

pioneer transcription factor that is frequently altered in PCa. In the Chinese population, surpassing 

the frequency of ETS fusions, FOXA1 mutations become the predominant driver alteration 

detected in over 40% of primary prostatic tumors (8). Yet, FOXA1 pathobiology remains 

unexplored in PCa mouse models. In this study, we developed novel knock-in transgenic mouse 

models to elucidate the functional consequences of FOXA1 Class 1 and Class 2 mutations in PCa 

initiation and progression. Through longitudinal histopathological analysis and multi-omic 

characterization, we show that FOXA1 Class 1 mutations serve as initiating events in prostate 

tumorigenesis. These mutations, in conjunction with p53 inactivation, give rise to AR-dependent 

adenocarcinomas that significantly regress upon androgen deprivation. In contrast, FOXA1 Class 

2 mutations emerge as key drivers of castration resistance by specifying a luminal progenitor cell 

state, thus enhancing survival in androgen-depleted environments. Our findings provide 

experimental evidence causally implicating FOXA1 alterations in AR-dependent prostate 

carcinogenesis and progression, while also explaining the divergent evolution of distinct FOXA1 

mutation classes observed in human PCa. 

Since the clinical demonstration of PCa regression following androgen blockade, inhibition of the 

androgen/AR axis has remained the cornerstone of treatment for locally advanced and metastatic 

PCa (14, 58). However, replicating this acute androgen dependence of primary PCa has been 

particularly challenging in mouse models. The widely-used PTEN inactivation-driven PCa mouse 

models typically result in prostatic tumors exhibiting castration-resistant phenotypes (27), thus 

representing a more advanced disease. Distinctively, the FOXA1 Class 1-driven prostate 

adenocarcinomas faithfully recapitulate key features of the primary human PCa. These tumors 

exhibited key characteristics including NKX3.1 loss, MYC up-regulation, and sustained AR 
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expression. Consistent with prior findings from our group (12), we also detected an abnormal 

induction of NSD2 in Class 1 tumors along with extensive chromatin reprogramming of AR to 

activate its oncogenic gene programs. Most importantly, akin to primary human PCa, these tumors 

showed sensitivity to androgen deprivation and regressed upon castration. While further 

characterization is necessary, FOXA1 Class 1-driven murine PCa and derivative tumor organoids 

offer valuable systems for investigating the pathobiology that underlies PCa initiation and 

development of castration resistance. 

Mechanistically, we found Class 1 mutants to simultaneously activate the AR and PI3K/mTORC1 

oncogenic pathways. Similar transcriptional changes were observed in the recently developed 

SPOP-driven PCa murine model (32). Also, in localized human PCa, cases harboring either the 

SPOP or FOXA1 Class 1 mutations were reported to have elevated AR activity (5, 32). These 

insights are particularly significant given the well-established antagonistic relationship between 

AR and PI3K pathways in PCa (59), and lower prevalence of PI3K pathway alterations in the 

organ-confined, localized disease (2, 3, 60). In this context, and based on our findings, we posit 

that FOXA1 Class 1 mutations amplify AR activity to counteract the inherent antagonism of AR 

signaling resulting from non-canonical activation of oncogenic mTORC1 signaling in these 

tumors. Furthermore, our findings offer a plausible explanation for lower frequency of PTEN 

alterations even upon metastatic progression of primary tumors initiated by FOXA1 Class 1 

mutations in human patients. 

In contrast to Class 1 mutations, C-terminal truncating FOXA1 Class 2 mutations failed to initiate 

PCa formation in our mouse models. This finding is consistent with clonal emergence of Class 2 

mutations only in CRPC human tumors (5). FOXA1 Class 2 mutants instead triggered profound 

reprogramming of the chromatin regulatory landscape (i.e., the regulome) by commissioning a 

KLF5/AP-1 neo-cistrome in prostate luminal epithelial cells that specifies a TROP2+/CK4+ 

progenitor cell state, activating castration-induced gene programs even without exposure to 

androgen deprivation therapies. This confirms the C-terminal truncated Class 2 mutants to function 

as neomorphs and serve as promoters of PCa progression. Several studies have reported that 

TROP2 is upregulated in approximately 90% of CRPC tumors (61–63). It would be clinically 

valuable to determine whether Class 2-mutant CRPCs exhibit higher or more uniform expression 

of TROP2, making them sensitive to treatment with TROP2-targeted antibody-drug conjugates, 
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such as sacituzumab govitecan that was FDA approved for breast cancer treatment (64). Earlier, 

we had shown FOXA1 Class 2 mutants promote metastasis in human models by de-repressing the 

WNT pathway (5). Thus, we propose a coalescent evolutionary model wherein FOXA1 Class 2 

mutations emerge as primary prostatic tumors subsequently evolve towards metastatic (via WNT 

de-repression) or castration-resistant (via inducing intra-luminal plasticity) phenotypes. However, 

further investigation is necessary to determine if FOXA1 Class 2 mutations would arise 

spontaneously during natural disease progression (i.e., in de novo metastatic tumors) or are induced 

by the selective pressure of androgen deprivation therapies. 

Intriguingly, motif analyses of the Class 2 neo-cistrome uncovered AP-1 transcription factors as 

key collaborators in mediating the castration-resistant phenotype. This is consistent with emerging 

literature implicating the AP-1 complex in driving therapy-emergent PCa subtypes (54), including 

AR-negative neuroendocrine disease (65). We also observed extensive remodeling of the cis-

regulome in FOXA1 Class 2-mutant prostate epithelial cells, wherein the acquired neo-enhancers 

did not contain motifs of canonical FOXA1 partnering TFs, like AR and NFI. These neo-sites were 

instead enriched for the AP-1 family motifs. A comprehensive mouse prostate cellular atlas by 

Tang and colleagues recently identified a novel castration-induced luminal cell population, 

designated L1, which persists following castration and repopulates the epithelial lining upon 

androgen restoration (53). This study suggested this luminal plasticity to be regulated by the loss 

of AR and gain of AP-1 cis-regulatory elements. Here, while maintaining AR activity, we found 

FOXA1 Class 2 mutants to parallelly co-opt AP-1 and KLF5 cis-regulatory enhancers in inducing 

luminal plasticity in androgen-replete mouse prostate epithelium. Beyond KLF5, our analyses also 

revealed increased activity of TEAD family factors in the Class 2 mutant-pioneered cis-regulome. 

Recent studies using human patient specimens have reported TEAD proteins to collaborate with 

AP-1 in establishing a distinct chromatin profile in stem cell-like CRPC tumors (designated as 

CRPC-SCL) that show shorter remission upon treatment with AR signaling inhibitors (54). These 

insights collectively position AP-1 transcription factors as key drivers of lineage plasticity—both 

intra-luminal as well as neuroendocrine—that enables PCa progression and resistance to 

androgen/AR-targeted therapies. 
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Figure 3-5: Schema depicting distinct oncogenic mechanisms of FOXA1 Class 1 and Class 2 mutations in driving prostate 

tumorigenesis or therapy-resistant progression. Normal prostate epithelia comprise three main cell types: terminally 

differentiated, secretory luminal (Lum) cells, basal cells, and luminal proximal stem-like cells (annotated as LumP, LumC, or Lum2 

in published cellular atlases). Overexpression of FOXA1 Class 1 mutants in a p53-deficient prostate epithelium (left) drives 

formation of androgen-sensitive, invasive prostate adenocarcinoma. This malignant transformation is enabled by the aberrant 

induction of NSD2, cistromic redistribution of the androgen receptor (AR) at chimeric FOXA1:AR-half enhancer elements, and 

co-activation of the mTORC1/2 oncogenic pathway. In contrast, overexpression of FOXA1 Class 2 mutants (right) reprograms 

AR+/CK8+ differentiated luminal epithelial cells to express luminal stemness markers, thereby partially acquiring progenitor-like 

characteristics. Class 2 mutants induce this intra-luminal plasticity by commissioning a neo-cistrome that is occupied and activated 

by the AP-1 and KLF5 transcriptional complexes. Class 2-induced luminal stem-like cells (annotated C2-iLumStem) retain AR 

activity and resist cell death upon castration, suggesting their role in enabling PCa progression following androgen deprivation 

therapy. 

In summary, our study provides the first experimental evidence that distinct classes of FOXA1 

alterations drive disparate PCa phenotypes (Figure. 3-5), while explaining their divergent 

evolution in human disease. The truncal FOXA1 Class 1 mutations initiate AR-dependent and 

androgen-sensitive prostate adenocarcinoma by co-activation of oncogenic AR and mTORC1 

pathways, while acquired FOXA1 Class 2 mutations reprogram epithelial cells into a castration-
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resistant, luminal progenitor state by activating AP-1/KLF5 neo-enhancer-driven gene programs. 

Further validating the original classification schema of FOXA1 alterations found in human cancers 

(5, 6), these findings underscore the functional versatility of FOXA1 as a principal PCa oncogene. 

Depending on the mutation type, FOXA1 either drives PCa formation or metastatic, therapy-

resistant progression. Additionally, the FOXA1 transgenic mouse models developed in this study 

provide a valuable bioresource for studying the pathobiology of breast, salivary gland, and bladder 

tumors harboring oncogenic FOXA1 alterations. 
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Materials and Methods 

Ethical statement 

All experiments detailed in this paper complied with the Institutional Review Board and the 

Institutional Animal Care and Use Committee (IACUC) at the University of Michigan. 

Animal procurement 

Animal studies were approved by the Institutional Animal Care and Use Committee at the 

University of Michigan. Animal use and care were in strict compliance with institutional 

guidelines, and all experiments were performed in compliance with relevant regulatory standards 

laid down by the university. Transgenic FOXA1 mouse lines were obtained from Baylor College 

of Medicine and were generated in a C57BL/6 background. Probasin-Cre (Stock#026662) mice 

and Trp53f/f (Stock#008462) mice were obtained from Jackson Laboratory (Bar Harbor, ME). For 

the generation of the syngeneic models, male C57BL/6J (Stock# 000664) mice (6-8-weeks old) 

and NOD Cg-Prkdc<scid> ll2rg<tm1Wjl>SzJ (NSG) mice were obtained from the Jackson 

Laboratory (Stock#005557). For the subcutaneous grafting assay, male CB17 SCID mice were 

obtained from Charles River (Stock#236). Mice were housed in a pathogen-free animal barrier 

facility under a pathogen-free, 12 h light/12 h dark cycle, 18–23 °C temperatures, and 40–60% 

humidity. 

 

Generation of FOXA1 transgenic mice 

FOXA1 mutant transgenic models were generated as described earlier (41). Briefly, plasmids 

containing CMV enhancer-driven human FOXA1 mutations (Class 1, 2, and 3) were injected into 

the pronuclei of C57BL/6 mouse fertilized eggs, which were then implanted into pseudo-pregnant 

females. While these models were generated using the human FOXA1 coding sequence, the mouse 

and human FOXA1 sequences are highly conserved, with a 96.6% similarity at the amino acid 

level, with the Wing 2 and forkhead functional domains being identical. These experiments were 

performed as a service in Dr. Jianming Xu’s laboratory at Baylor College of Medicine, Houston, 

Texas. PCR screening was used to identify potential founder animals. Sperms from all transgenic 

lines have been cryopreserved at the University of Michigan and can be revived and shared with 

the scientific community upon request.  

https://paperpile.com/c/tEjMjy/0Bwzx
https://paperpile.com/c/tEjMjy/0Bwzx
https://paperpile.com/c/tEjMjy/0Bwzx
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Genotyping of tail DNA from FOXA1 mutant mice was performed using Agarose Gel 

Electrophoresis and PCR. The following sequences of primers were used for PCR analysis: 

Genotyping_Left_F: 5′-GAGTTCTCTGCTGCCTCCTGG-3′ 

Genotyping_Left_R: 5′-GAGCGGCCAGCTTATCGATAC-3′ 

Genotyping_Right_F: 5′-GAAAGAACCAGCTGGGGCTC-3′ 

Genotyping_Right_R: 5′-CGAAAATCTGTGGGAAGTCTTG-3′ 

Span_Forward: 5′-GAGTTCTCTGCTGCCTCCTGG-3′ 

Span_Reverse: 5′-CGAAAATCTGTGGGAAGTCTTG-3′  

The Genotyping Left (GT-L) primers generated a product size of 225 bp, and the Genotyping Right 

(GT-R) primers generated a product size of 385 bp, while the span primers generated a product 

size of 213 bp. PCR conditions used were 35 cycles (15 s at 94 °C, 30 s at 58 °C and 30 s at 72 

°C) using high fidelity Platinum™ Taq DNA Polymerase (Thermo Fisher Scientific, 

Cat#11304011), 10 µM of the primers and 2µl of the tail DNA. For the castration experiments, 

sham or castration surgeries were performed in compliance with the University of Michigan 

IACUC guidelines.  

Allograft model 

Organoids were trypsinized, filtered, and resuspended in Matrigel for subcutaneous injections. 

Briefly, 3 x 106 cells were injected into the dorsal flanks of NSG mice. Tumor growth was 

monitored weekly. Once R265-71del+/+; Trp53f/f tumors reached 1000 mm3, the resected tumors 

were cut into small size pieces and implanted into the subcutaneous space of both flanks of 

C57BL/6 mice to generate the syngeneic model.  

 

Antibodies 

For immunoblotting, the following antibodies were used: AR (Millipore: 06-680); V5 tag (Thermo 

Fisher Scientific: R960-25); FOXA1 (Millipore: 05-1466); c-MYC (Cell Signaling Technologies: 

5605S); vinculin (Sigma Aldrich: V9131); H3 (Cell Signaling Technologies: 3638S); KLF5 

(Proteintech: 21017-1-AP); phospho-AKT (Ser473) (D9E) (Cell Signaling Technologies: 4060S); 

phospho-S6 ribosomal protein (Ser235/236) (Cell Signaling Technologies: 2211S). 
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For immunohistochemistry, the following antibodies were used: Ki67 (BD Pharmingen™: 

550609); V5 tag (Thermo Fisher Scientific: R960-25); AR (Millipore: 06-680); FOXA1 (Thermo 

Fisher Scientific: PA5-27157); TROP2 (Bio-Techne R&D Systems: BAF1122); alpha-SMA 

(Ventana Medical Systems, 760-2833). 

 

For immunofluorescence, the following antibodies were used: CK8 (Abcam: ab53280); AR 

(Ventana: 760-4605, Abcam: ab108341); V5 tag (Thermo Fisher Scientific: R960-25); TROP2 

(Bio-Techne R&D Systems: BAF1122); NSD2 (Abcam: ab75359); NKX3.1 (Athena Enzyme 

Systems/Athena Environmental Sciences 0317). 

 

For ChIP-seq, the following antibodies were used: AR (Millipore: 06-680); KLF5 (Proteintech: 

21017-1-AP); FOXA1 (Thermo Fisher Scientific: PA5-27157); FOXA1 (Cell Signaling 

Technology: 53528). 

 

Immunoblotting 

Cell lysates were prepared and immunoblotting was performed as described earlier (46). Briefly, 

cells were lysed in RIPA buffer (ThermoFisher Scientific: 89900) containing Protease and 

Phosphatase Inhibitor Cocktail (ThermoFisher Scientific: 78440) and denatured for 10 minutes by 

heating at 70 °C. Next, Pierce 660nM protein assay reagent was used to measure the protein 

concentration (Thermo Fisher Scientific: 22660). 10-30 μg of total protein was loaded per lane and 

separated in either NuPAGE 3 - 8%, Tris-Acetate Protein Gel (ThermoFisher Scientific) or 

NuPAGE 4 - 12%, Bis-Tris Protein Gel (ThermoFisher Scientific), and transferred in semi-dry 

transfer system (Trans-blot Turbo System; BioRad) at 25 volts for one hour. Membrane blocking 

was performed for one hour in 5% non-fat dry milk and incubated overnight at 4°C with primary 

antibodies. Secondary antibodies with horseradish peroxidase (HRP; BioRad) conjugation were 

used at 1:20,000 diluted in TBST, and the membrane was incubated for one hour at room 

temperature. Blots were finally developed using enhanced chemiluminescence (ECL Prime, 

Thermo Fisher Scientific) and imaged on an Odyssey Fx Imager (LiCOR Biosciences) following 

the manufacturer’s protocol. 

 

https://paperpile.com/c/tEjMjy/s0U2M
https://paperpile.com/c/tEjMjy/s0U2M
https://paperpile.com/c/tEjMjy/s0U2M
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The following antibodies were used for immunoblotting: AR (Millipore: 06-680); V5 tag (Thermo 

Fisher Scientific: R960-25); FOXA1 (Millipore: 05-1466, Thermo Fisher Scientific: PA5-27157); 

c-MYC (Cell Signaling Technologies: 5605S); vinculin (Sigma Aldrich: V9131); H3 (Cell 

Signaling Technologies: 3638S); KLF5 (Proteintech: 21017-1-AP); PTEN (D4.3) (Cell Signaling 

Technology: 9188S); AKT (Cell Signaling Technology: 9272S); phospho-AKT (Ser473) (D9E) 

(Cell Signaling Technologies: 4060S); S6 ribosomal protein (5G10) (Cell Signaling Technologies: 

2217S); phospho-S6 ribosomal protein (Ser240/244) (Cell Signaling Technologies: 2215S), 

TROP2 (Thermo Fisher Scientific: PA5-86376). 

 

Generation of mouse prostate organoids 

To generate mouse prostate organoids, mice were euthanized, and the distinct prostate lobes were 

micro-dissected. Unless specified otherwise, all four prostate lobes (anterior, dorsal, ventral, and 

lateral) were pooled and minced using a disposable scalpel into small pieces of approximately 1.0 

mm3 in a 10-cm culture dish under aseptic conditions. Subsequently, the minced tissues were 

transferred into 15 mL tubes containing prewarmed (37 °C) advanced DMEM F-12 +/+/+ media 

with 5 mg/mL of collagenase Type II (Gibco, 17101015) and incubated on a rotator for 1 hour at 

37°C. Next, the tissues were digested with TrypLE (Thermo Fisher Scientific, 12605010) for 15 

minutes, followed by a media wash. The cell pellets were finally suspended in 90% growth factor 

reduced Matrigel (Corning®, 354230) diluted with advanced DMEM F-12 media on ice and plated 

in a 24-well tissue culture plate (40 μL/drop). After solidifying the gel at 37 °C in the 5% CO2 

incubator for 15 minutes, 0.5 mL/well of complete mouse prostate organoid culture media were 

added. The components of the mouse prostate media were adapted from previously published 

protocols(47). 

 

Organoid Adenoviral Cre and CRISPR/Cas-9 lentiviral transduction 

In vitro CRE recombination was achieved by adenoviral delivery of CRE recombinase-containing 

virus or empty vector based on previously published protocols (48). For the adenoviral 

transduction, 5µl of a 10X viral stock was added to 100k cells, along with 16µg/mL polybrene, 

and incubated for 1 hour at 37°C on a rotor. Following this, the tubes were centrifuged for one 

hour at 750xg at 25°C, washed twice with 1X PBS, and plated into four 40µl Matrigel domes. 

Immunoblots for V5 were run to confirm recombination and transgene expression.  

https://paperpile.com/c/tEjMjy/Orwm1
https://paperpile.com/c/tEjMjy/Orwm1
https://paperpile.com/c/tEjMjy/Orwm1
https://paperpile.com/c/tEjMjy/CICjA
https://paperpile.com/c/tEjMjy/CICjA
https://paperpile.com/c/tEjMjy/CICjA
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Similarly, CRISPR/Cas-9 mediated knockout of Trp53 and Nsd2 was performed by lentiviral 

delivery of a CRISPR-V2 plasmid encoding an active Cas9 and sgRNA sequences. Briefly, 1 mL 

of the 10x lentivirus was added along with polybrene to 100k cells. Spinfection was performed as 

described above, and immunoblotting or immunohistochemistry was performed to validate protein 

knock-out. The sgRNAs used in this study are as follows: 

sgTrp53 #1:5’-CACCGGCGGTTCATGCCCCCCATGC-3’ 

sgTrp53 #2:5’-CACCGGTGAAATACTCTCCATCAA G-3’ 

sgNsd2#1:5’-CACCGTTGATAGGTGTAGTATTGGG-3’ 

sgNsd2#2:5’-CACCGCCTTAGCTACTTGAGGGTTG-3’ 

 

Organoid growth and limiting dilution assays 

Prior to plating for growth assays, organoids were digested with TrypLE for 10 minutes. 250-500 

cells were plated per Matrigel dome in a 12-well plate in differing media conditions. Cell viability 

was assayed at Day 0 for six days according to the CellTiter-Glo 3D Cell Viability Assay Kit 

(Promega G9683). 

 

For the organoid limited dilution assay, 50, 100, 500, and 1000 cells were plated in 40µl or 25µl 

Matrigel domes in a 24-well plate (manual) or 96-well plate (IncuCyte), respectively, in complete 

mouse prostate organoid media. For the manual assay, organoids were cultured for eight days 

before imaging, while for the IncuCyte, images were captured every day, and representative 

images from Day 8 were shown.  

 

In situ proximity ligation assay (PLA) 



107 

 

 

PLA was performed using a previously described protocol (49). Briefly, FOXA1 Class 1 mutant 

NSD2 wild-type and NSD2 knock-out organoids were fixed for 10 minutes in 4% PFA and washed 

thrice with 1x PBS. After ethanol-based dehydration and sectioning, slides were deparaffinized 

and antigen retrieval was performed by boiling slides for 15 minutes in citrate buffer (pH 6.0). 

Next, slides were permeabilized using 0.5% Triton X-100% (in PBS) for 10 min. The NaveniFlex 

PLA kit staining kit was used with mild modifications. Briefly, slides were blocked in 10% goat 

serum, followed by incubation with the desired primary antibodies (AR abcam, Cat#ab108341; 

NSD2 abcam, Cat#ab75359) at four degrees overnight. Finally, slides were mounted using Prolong 

Gold Antifade mounting media and the PLA signal intensity/spot was determined with ImageJ 

software. 

 

RNA isolation and sequencing 

Prostate organoids were seeded at a density of 20,000 cells/40µl Matrigel dome in 2 replicates on 

Day 0 and incubated for 48 hours in complete organoid media, followed by a 12-hour starvation 

in media lacking EGF and DHT. Organoids were stimulated with 10 nM DHT for 24 hours to 

define a mouse-specific AR signature. RNA isolation and library preparation were performed 

using  previously described protocols(5, 49). Briefly, total RNA was then isolated using QIAzol 

Lysis Reagent (QIAGEN) and extracted using the miRNeasy Mini Kit (Qiagen). SuperScript III 

Reverse Transcriptase enzyme (Thermo Fisher Scientific) was used for conversion of 1ug RNA 

into cDNA following the manufacturer’s instructions. 

 

RiboErase RNA-seq libraries were prepared using 200–1,000 ng of total RNA extracted from 

mouse organoids. Ribosomal RNA was eliminated through enzymatic digestion using the KAPA 

RNA Hyper+RiboErase HMR Kit (Roche). RNA was then fragmented to approximately 200-300 

bp using heat and double-stranded cDNA was synthesized after fragmentation, followed by end-

repair and ligation using New England Biolabs adapters. The final library preparation involved 

amplification (2x KAPA HiFi HotStart mix) and addition of NEB dual barcodes, following the 

manufacturer's protocol. Quality control of the libraries were performed using the Agilent 2100 

Bioanalyzer and paired-end sequencing was performed on the Illumina Novaseq, with 2 × 100 

nucleotide read lengths and a sequence coverage of 15–20 million paired reads per sample. 

 

https://paperpile.com/c/tEjMjy/3YTga
https://paperpile.com/c/tEjMjy/3YTga
https://paperpile.com/c/tEjMjy/3YTga
https://paperpile.com/c/tEjMjy/3YTga+7Cc6I
https://paperpile.com/c/tEjMjy/3YTga+7Cc6I
https://paperpile.com/c/tEjMjy/3YTga+7Cc6I
https://paperpile.com/c/tEjMjy/3YTga+7Cc6I
https://paperpile.com/c/tEjMjy/3YTga+7Cc6I
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Alignment was performed using Kallisto (v0.46.1) to the mouse (mm10/GRCm38) or human 

(hg38/GRCh38) references(50). Read counts were adjusted for normalization and filtered in R via 

package EdgeR (51). Package Limma-Voom (vlimma_3.53.10) was involved in differential 

expression analysis (52). GSEA analysis and corresponding heatmaps and figures were created 

using R package fgsea (vfgsea_1.24.0), ComplexHeatmap, and ggplot2 for signatures from 

MSigDB’s hallmark MTORC1 and custom AR signatures based on our data (53–55). 

 

ChIP-seq and analyses 

Prostate organoids were seeded at a density of 30,000 cells/well and grown for 3-5 days in 

complete media. Organoids were stimulated with 1 nM of R1881 for 6 hours before harvest. 

Organoids were dissociated using TrypleLE for 10 minutes and split into 500,000 to 1 million cells 

per tube. 

 

Chromatin immunoprecipitation (ChIP) experiments were performed as described earlier(5, 56). 

The Ideal ChIP-seq Kit for transcription factors (Diagenode) was used following the 

manufacturer’s protocol. 500,000 to 1 million cells were used per ChIP reaction with 2µg of 

antibody. Briefly, cells were crosslinked, lysed and sonicated using a Bioruptor Pico, Diagenode 

machine to achieve a desired chromatin size of about 200bp. Sheared chromatin was incubated 

with desired antibodies overnight at 4 °C followed by de-crosslinking and DNA purification the 

next day. 

Purified DNA was prepared for sequencing using the manufacturer’s instructions (Illumina). 

Library preparation and processing of reads were performed as described earlier (56). Quality 

control of the final libraries were performed using the Bioanalyzer 2100 (Agilent) and sequenced 

on the Illumina Novaseq Sequencer (125-nucleotide read length). 

 

Reads were processed as described in Parolia et al (10). Briefly, reads were trimmed using 

Trimmomatic version 0.39 (settings TruSeq3-PE-2.fa:2:30:10, minlen 50), and aligned using bwa 

(“bwa mem,” options -5SP -T0, version 0.7.17-r1198-dirty) to mm10 (GRCm38) genome 

reference or hg38 (GRCh38) reference(57, 58). Next, reads were filtered using Markduplicates 

from Picard in addition to a  quality score filtering of >20 via samtools(59). Peak calling was 

performed using MACS2, filtered using bedtools, and converted to bigwigs with UCSC 

https://paperpile.com/c/tEjMjy/o0Tf2
https://paperpile.com/c/tEjMjy/o0Tf2
https://paperpile.com/c/tEjMjy/o0Tf2
https://paperpile.com/c/tEjMjy/4jIB6
https://paperpile.com/c/tEjMjy/4jIB6
https://paperpile.com/c/tEjMjy/4jIB6
https://paperpile.com/c/tEjMjy/PVZDy
https://paperpile.com/c/tEjMjy/PVZDy
https://paperpile.com/c/tEjMjy/PVZDy
https://paperpile.com/c/tEjMjy/rtIPl+hWqAk+80638
https://paperpile.com/c/tEjMjy/rtIPl+hWqAk+80638
https://paperpile.com/c/tEjMjy/rtIPl+hWqAk+80638
https://paperpile.com/c/tEjMjy/rtIPl+hWqAk+80638
https://paperpile.com/c/tEjMjy/rtIPl+hWqAk+80638
https://paperpile.com/c/tEjMjy/pAjHY+7Cc6I
https://paperpile.com/c/tEjMjy/pAjHY+7Cc6I
https://paperpile.com/c/tEjMjy/pAjHY+7Cc6I
https://paperpile.com/c/tEjMjy/pAjHY+7Cc6I
https://paperpile.com/c/tEjMjy/pAjHY+7Cc6I
https://paperpile.com/c/tEjMjy/pAjHY
https://paperpile.com/c/tEjMjy/pAjHY
https://paperpile.com/c/tEjMjy/pAjHY
https://paperpile.com/c/tEjMjy/WJ7LY
https://paperpile.com/c/tEjMjy/WJ7LY
https://paperpile.com/c/tEjMjy/WJ7LY
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wigtoBigwig(60, 61). Cistrome overlap analysis was performed in R (v3.6.0) using ChipSeekAnno 

(v3.0.0) and ChipSeeker (v1.29.1)(62, 63). Enrichment heatmaps were generated using 

Deeptools(64). HOMER was used to perform motif enrichment analysis (65). Motif dot plot 

summaries were created in R (v3.6.0) using Sushi (66). 

 

Single-cell RNA and multi-omics (ATAC+RNA) sample preparation 

Mice were euthanized, and distinct prostate lobes were micro-dissected. Unless specified 

otherwise, all four prostate lobes were pooled and minced using a disposable scalpel into small 

pieces of approximately 1.0 mm3 in a 10-cm culture dish under aseptic conditions. Subsequently, 

the minced tissues were transferred into 15 mL tubes containing prewarmed (37 °C) advanced 

DMEM F-12 +/+/+ media with 5 mg/mL collagenase Type II (Gibco, 17101015) and incubated 

on a rotator for 30 minutes at 37°C. Next, the tissues were digested with TrypLE (Thermo Fisher 

Scientific, 12605010) for 15 minutes, followed by a media wash. Single cells were strained using 

a 70 and 40-micron filter, followed by a 0.4% BSA in 1XPBS wash. Following this, cells were 

either processed for single-cell RNA-sequencing or 10x single-cell multi-omics 

(ATAC+RNAseq). 

  

Single-cell RNA sequencing was performed using the Chromium Next GEM Single Cell 3' Kit 

v3.1 (10x Genomics) according to the manufacturer's instructions (67). Briefly, single-cell 

suspensions were loaded onto a Chromium Next GEM Chip along with reverse transcription 

reagents and Gel Beads containing barcoded oligonucleotides. The chip was then placed in a 

Chromium Controller to generate Gel Bead-in-Emulsions (GEMs), encapsulating individual cells 

with unique barcoded Gel Beads. Cellular mRNAs were reverse transcribed within each GEM to 

generate barcoded full-length cDNA. Following reverse transcription, the GEMs were broken, and 

the barcoded cDNA was amplified by PCR. The amplified cDNA underwent fragmentation, end 

repair, and A-tailing, followed by adapter ligation and PCR amplification to generate final 

sequencing libraries. Library quality was assessed using an Agilent Bioanalyzer. 

Single-cell multi-omics was performed using the Chromium Next GEM Single-cell Multiome 

ATAC+Gene expression kit (10x Genomics) according to the manufacturer’s protocol (68). 

Briefly, nuclei were isolated, followed by transposition and adapter ligation using a Tn5 

transposase. Transposed nuclei were loaded onto a Chromium Next GEM microfluidic chip along 

https://paperpile.com/c/tEjMjy/AXQal+iUsSk
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with gel beads containing 10x barcoded oligonucleotides. The GEMs were incubated to produce 

barcoded DNA from transposed chromatin (ATAC) and barcoded full-length cDNA from 

polyadenylated mRNA (Gene expression) within each GEM. Following this, the GEM was broken, 

cDNA was amplified, and pre-amplified cDNA was used as input for the ATAC and gene 

expression library preparation. For ATAC, sample indexing primers were used for further 

amplification while the amplified cDNA underwent fragmentation, end repair, and A-tailing, 

followed by adapter ligation and PCR amplification to generate final sequencing libraries. Library 

quality was assessed using an Agilent Bioanalyzer. 

 

Single-cell RNA-seq and multiome (single nucleus RNA-seq and ATAC-seq) sequencing 

Single-cell RNA-sequencing: Data processing was performed using a previously described 

protocol (49). Briefly, after sequencing, read demultiplexing, alignment, and gene quantification 

were conducted with the 10X Genomics Cell Ranger pipeline (v5.0) for scRNA libraries or Cell 

Ranger ARC pipeline (v2.0) for multiome libraries. Custom reference was built by adding 

sequences of human FOXA1 and puroR to the prebuilt mouse reference (mm10) downloaded from 

the 10X website. To reduce potential ambient RNA contamination, especially for nuclear libraries, 

SoupX (69) was applied to the raw gene count matrix obtained from Cell Ranger, and the corrected 

read count matrix was used for downstream analyses with Seurat (v4.1)(70) if not specified 

otherwise. Using the median number of detected genes and fraction of mitochondrial reads per 

cell, low-quality cells were further filtered (table S3). In addition, putative doublets were identified 

using the pre-SoupX matrix with scDblFinder (71) followed by removal of mitochondrial genes 

from the matrix. After QC steps, the SoupX corrected count matrices of replicates from paired 

libraries (e.g., case and control) were pooled and normalized. The top 2000 highly variable genes 

were identified followed by assignment of cells to clusters. Cell annotation was performed using 

the TransferData method and public datasets as reference (32–34), which were manually inspected 

and adjusted according to top marker gene expression. Sub-clustering was conducted with all cells 

annotated as Basal, Luminal, or LumP to capture the heterogeneity of epithelial cells. 

  

To conduct gene set enrichment analysis (GSEA) between groups, pseudo-bulk gene expression 

profiles were generated and TPM-based normalized expression was calculated with edgeR by 

using the TMM scaling factors (51). In Class 1 case versus control comparison, luminal cells in 
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case that were puroR-;hFOXA1+ (based on imputed data) were compared to luminal cells in 

control that were puroR+; whereas for basal cells, puroR+ were used for case and control. Genes 

ranked by logFC were used as input for pre-ranked GSEA with fgsea (72). MsigDB was used to 

download Hallmark gene sets (73). When noted, MAGIC (74) imputed gene expression was used 

for data visualization with heatmap and violin plot. Pseudo-time analysis was performed with 

Slingshot (75) using MAGIC imputed gene expression matrix. The gene expression analyses of 

the multiome libraries followed the same pipeline as the single-cell RNA-seq libraries described 

above. Prediction of cell cycle position was performed with tricycle (76) 

  

Gene signatures: Gene signatures from Class 1 and Class 2 single-cell RNA-sequencing or multi-

omics data were defined by performing pseudo-bulk analyses between the case and control-

specific clusters. Pure tumor cells in the pseudo-bulk analyses of 100-week-old single-cell RNA-

sequencing data were identified by expression of transgenic FOXA1 and lack of puroR mRNA 

expression. This selection strategy enabled the removal of cells within case tissues that escaped 

Cre recombination, thus retaining puroR transcript expression. 

  

The AR signature (only comprising activated genes) was defined using common genes up-

regulated in wild-type mouse prostate organoids stimulated with DHT (10 nM) for 24 hours. 

mTOR signature from the MSigDB hallmark database (HALLMARK_MTORC1_SIGNALING) 

was used. Basal, Lum, and LumP signatures were selected from the top 25 up-regulated genes in 

differential analysis between one versus others (ranked by p values from Wilcoxon’s test) using 

the single-cell data from a 100-week control mouse. Top marker genes of basal cells expressed in 

LumP cells were excluded to avoid overlapping signatures. Prostate adenocarcinoma-related 

transcription factors were obtained from a previous publication (26). The FOXA1-driven PCa 

signature was defined as the top 50 up-regulated genes in the Class 1 case vs control luminal cell 

clusters (fig. S3F). Markers for LumP (32–34),Luminal-2 (32–34), and Luminal-C (32–34) were 

identified using data and annotation from corresponding studies by comparing to all other 

epithelial cells. Consensus stemness (42 genes) signature was determined from the intersection of 

the top 100 up-regulated genes in LumP, Luminal-2, and Luminal-C (fig. S8B). 

The castration signature was derived using multiome gene expression data collected from wild-

type prostates or residual prostate tissues 2 weeks post-castration. Specifically, differential analysis 
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was conducted between castrated and wild-type (i.e., hormonally intact) epithelial cells at the 

pseudo-bulk level, and the top 20 up-regulated genes were identified. Genes with similar 

expression levels in basal cells were filtered out (the difference in mean expression between 

castrated luminal and basal was <1 log2TPM). 

  

Single-cell ATAC-seq: The ATAC-seq data of the multiome libraries from the Class 2 case and 

control animals were pooled and analyzed together. To filter low-quality cells, only cell barcodes 

associated with more than 1000 fragments in peaks were kept. If not specified otherwise, all 

downstream analyses were performed with Signac (v1.5.0)(77) and Seurat (v4.1)(70). To integrate 

different libraries, a common set of peak regions was first created by merging peak regions of all 

libraries; fragments in the consensus peak set were then re-counted using the raw fragments data 

for each library. The resultant peak cell matrices from all libraries were pooled and subjected to 

term frequency-inverse document frequency (TF-IDF) normalization. Subsequently, linear 

dimension reduction data was performed based on the top 50% abundant peaks using singular 

value decomposition (SVD). The top 30 latent semantic indexing (LSI) components, except the 

first component, were used to perform nonlinear dimension reduction using UMAP and construct 

a shared nearest neighbor graph before clustering with the SLM algorithm. To find differentially 

accessible regions (DARs) between cell groups, the findMarker function was utilized with the LR 

(logistic regression) test method and the total number of fragments as a latent variable. Motif 

enrichment in the top 2000 DARs was calculated using a hypergeometric test. Motif activity score 

at the cell level was calculated by running chromVAR (78) with JASPAR2020 motifs (79). 

biomaRT was used to map the mouse homolog genes of the human signature (80). 

 

Cohorts, datasets, and resources 

Pie charts for FOXA1 mutations were made from previous studies (2, 3, 5, 6, 8, 81). 

For the TCGA prostate adenocarcinoma RNA-seq analysis, the TPM matrix was downloaded from 

UCSC Xena browser (https://xena.ucsc.edu/)(82). FOXA1 class 1 cases were identified using an 

in-house pipeline (83). PI3K altered cases include cases with driver mutations in AKT1, PIK3CA, 

PTEN or BRAF and cases with PTEN homozygous deletion; cases with ETS fusions were 

excluded. Cases that are not grouped into the major molecular subtypes (ETS, SPOP, FOXA1 and 

IDH1) were selected for comparison (the “Other” group). As we noticed substantial heterogeneity 
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within the “Other” group, we conducted k-means clustering based on single sample gene set 

enrichment scores (GSVA(84)) of hallmark pathways (85),  and divided it into two groups. One 

group seemed to have fewer CNV events than the other and was used as a pure “wild-type” 

reference group in differential analysis. Differential analysis between molecular subtypes of 

interest (example: FOXA1 Class 1 and PI3K altered) and the wild-type group was performed with 

Limma after filtering out lowly expressed genes and log-transformation of the TPM matrix. The 

human FOXA1 Class 1 tumor signature was defined as top 300 up-regulated genes (ranked by p-

value) compared to the pure wild-type tumors. The mouse FOXA1 Class 1 tumor signature was 

derived from differential analysis of pseudo-bulk profiles of the tumor cell cluster of FOXA1 

Class1 versus luminal cells of the wild-type (single cell RNA-seq data); genes with higher 

expression in basal cells (by 2-fold) than in luminal cells were excluded; top 300 genes ranked by 

p-value were then selected as the respective human and mouse signatures. 

For SU2C RNA-seq analysis, transcriptomic data from an extended SU2C cohort (n=757) were 

downloaded in the form of RPKM data. FOXA1 class 1 cases were identified by an in-house 

pipeline (83)(86). PI3K pathway alteration was defined by pathogenic mutations in AKT1, 

PIK3CA, PIK3CB, or PTEN losses. The wild-type control group was defined as samples lacking 

alterations in ETS, SPOP, FOXA1, IDH1, and PI3K pathway genes. Differential expression 

analysis was performed using limma-trend with empirical Bayes moderation. The top 200 

significantly ranked genes underwent Gene Ontology enrichment analysis via clusterProfiler 

v4.10.1 using default parameters (87). All statistical analyses were conducted in R v4.3.3. Data 

visualization employed ggplot2 v3.5.1 and ggpubr v0.6.0, with boxplots displaying median ± 

interquartile range. 

Similar transcriptomic analysis from Asian primary PCa was performed in the CPGEA cohort. 

FOXA1 Class 1 cases were identified using a published pipeline (8). PI3K-altered cases include 

cases with PTEN mono and biallaelic losses, AKT mutations or PIK3CA amplifications and 

hotspot mutations.  Cases that are not grouped into the major molecular subtypes (SPOP, 

MAP3K7, BRAF) were selected for comparison as the “Other” group. Next, DEG methodology 

was used to compare transcriptomes between FOXA1 Class 1 and PTEN/AKT-altered primary 

PCa. Briefly, we first identified DEGs in the PI3K-mutant vs common “Other” tumor sub-group 

(i.e., cases without FOXA1 Class 1 or PI3K alterations omitting MAP3K7 deletions, BRAF 
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mutations and SPOP mutant cases). DEGs were also identified for FOXA1-Class 1 mutant vs the 

same “Other” tumor subtype and statistical significance was assessed using the prop.test. Next, to 

generate the transcriptomic concordance plot shown below, we plotted the fold-change of all DEGs 

(using the following threshold -1.5>log2FC>1.5) to assess transcriptomic concordance between 

FOXA1 Class1 and PI3K-altered cases. For GSEA analysis, we ranked genes based on their 

log₂FC values from the Class 1 (n=56) vs. Wildtype (n=62, omitting PI3K-altered cases, MAP3K7 

deletions, BRAF mutations and SPOP mutant cases) comparison and performed GSEA analysis 

for hallmark AR signaling pathway. 

TCGA PRAD protein analysis: Normalized RPPA value was downloaded from cBioportal 

(https://www.cbioportal.org/)(88). Boxplots of selected proteins in different molecular subtypes 

were generated with ggplot (89) and ggpubr (90); the non-parametric Wilcoxon signed-rank test 

was used for two-group comparison. 

 

Asian primary PCa protein analysis: The phosphoproteomic data were obtained from the Figshare 

repository (DOI: 10.6084/m9.figshare.25706982)(31)(91). FOXA1 class 1 cases were identified 

by an in-house established pipeline (86). Cases with canonical alterations in ETS fusion genes, 

SPOP mutations, FOXA1 mutations outside Class 1, and IDH1 mutations were excluded. 

Remaining samples constituted the "Other" comparison group. Differential phosphorylation 

between FOXA1 Class 1 and Other groups was assessed using two-tailed Student's t-tests. 

Boxplots of selected proteins in different molecular subtypes were generated with ggplot(89) and 

ggpubr (90) 

Signature activity scores of KLF5 and Club signatures were calculated using the Single Sample 

Gene Set Enrichment Analysis (ssGSEA) method using the GSVA package in R. FOXA1 Class 2 

clinical cases were stratified into Klf5 high and low groups based on a bimodal distribution of the 

CRPC_KLF5 signature. Here, we selected all samples with the Class 2 mutation and ssgsea 

activity of above 0.45 as KLF-high, and any Class 2 samples with ssgsea lower than 0.45 as KLF5-

low. 

Tissue and organoid histology 

Prostate tissue was fixed in 10% neutral buffered formalin overnight, dehydrated with ethanol, 

paraffin embedded, and serial sectioned at 4 μm thickness. Organoids were seeded at a density of 
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20,000 cells per 40 μL Matrigel dome and incubated in complete mouse prostate culture media for 

5 to 7 days. Subsequently, organoid samples were harvested, embedded in Histogel, and fixed in 

4% paraformaldehyde (PFA) for 1 hour, followed by dehydration with ethanol, paraffin 

embedding, and serial sectioning at five μm thickness.  

 

Histological analysis 

Two genitourinary pathologists examined H&E-stains from formalin-fixed paraffin-embedded 

(FFPE) tissue sections in a blinded manner. Histological grading was conducted following a pre-

approved schema at the beginning of the study (49). Each biopsy was assessed based on five broad 

histological categories through microscopic evaluation. These categories were as follows: 

Category 0 - indicating unremarkable prostate histology; Category 1 - indicating hyperplasia; 

Category 2 - indicating low and high-grade prostatic intraepithelial neoplasia (PIN); Category 3 - 

indicating florid high-grade PIN/atypical intraductal proliferation (AIP)/intraductal carcinoma-

like; and category 4 - indicating invasive adenocarcinoma prostate (fig. S1H). Each prostate 

sample was scored by assigning a percentage prevalence to the five subcategories. The total score 

was then assigned to each biopsy and calculated as the sum of the percentage of cells in different 

subcategories (PC) with a score of 0 to 4. The total score (out of a possible 400) was calculated 

using the formula: Total Score = (PC Category 0 * 0 + PC Category 1 * 1 + PC Category 2 * 2 + 

PC Category 3 * 3 + PC Category 4 * 4). 

 

Immunohistochemistry 

Immunohistochemistry was performed manually or using the Ventana automated staining system 

(Roche Tissue Diagnostics). Antibodies used for immunohistochemistry are as follows: Ki67 (BD 

Pharmingen™: 550609); V5 tag (Thermo Fisher Scientific: R960-25); AR (Millipore: 06-680); 

FOXA1 (Thermo Fisher Scientific: PA5-27157); TROP2 (Bio-Techne R&D Systems: BAF1122); 

SMA (Roche-Ventana Medical Systems, 760-2833); p53 (Leica: P53-CM5P-L). 

Manual: Stained slides were deparaffinized and incubated with a Citrate-based Antigen 

Unmasking Solution (Vector Laboratories, H-3300-250). 3% hydrogen peroxide (Sigma) was used 

to inactivate endogenous peroxidases. Primary antibodies were diluted in either normal horse 

serum (Vector Laboratories, S-2012-50) or 10% normal goat serum (Vector Laboratories, S-1000-

20) and incubated overnight. Antibodies were detected with DAB Peroxidase Substrate kit (Vector 
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Labs). The slides were counterstained with hematoxylin and cover-slipped with EcoMount 

(BioCare Medical). 

Ventana: Ventana staining was carried out using a previously described protocol (10). Briefly, 

singleplex IHC was carried out on the Ventana ULTRA automated slide staining system (Roche-

Ventana Medical Systems) using the OmniView Universal Diaminobenzidine Detection Kit 

(catalog number 760-500, Roche-Ventana) and Hematoxylin II (catalog number 790-2208, Roche-

Ventana) for counterstain. Staining was evaluated under 10x and 20x magnification using a bright-

field microscope. 

 

Multiplex Immunofluorescence (IF) 

Multiplex IF was performed following a protocol described previously (10). The consecutive IF 

detection system was developed using the Discovery FITC Kit (catalog number 760-232, Roche-

Ventana), Discovery Red 610 (catalog number 760-245), and the Discovery Cy5 Kit (catalog 

number 760-238, Roche-Ventana) with DAPI (Prolong Gold anti-fade, catalog number P36931, 

Invitrogen/Fisher-Scientific). Imaging of multiplex staining was performed using the EVOS 7000 

system. Antibodies used for immunofluorescence were as follows: CK8 (Abcam: ab53280); AR 

(Ventana: 760-4605); V5 tag (Thermo Fisher Scientific: R960-25); TROP2 (Bio-Techne R&D 

Systems: BAF1122); NSD2 (Abcam: ab75359); NKX3.1 (Athena Enzyme Systems/Athena 

Environmental Sciences 0317). Fluorescent imaging were performed at 10x and 20x 

magnification. 
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Chapter 4 

Discussion 

 

AR activity is reprogrammed to enable malignant phenotypes during prostate 

tumorigenesis  

At 10 weeks of gestation in humans or 17.5 days post coitum in mice, budding of the prostate 

gland is triggered by a surge in testosterone in the urogenital sinus [1]. The expression of AR in 

the stromal and epithelial compartments, as well as paracrine signaling between these 

compartments, is crucial in determining the fate of prostate cells. This positions AR as a master 

regulator of the prostatic lineage. Notably, AR has context-dependent roles where it promotes 

proliferation during development but drives terminal differentiation and inhibits proliferation in 

the adult gland. Why then do we see such significant therapeutic benefit from inhibiting AR in 

prostate cancer patients? The answer lies in how AR function is altered in cancer. Through 

development and adult glandular homeostasis, AR activity proceeds largely unchallenged. 

However, during clonal evolution of prostate cancer, genetic events that facilitate the survival and 

proliferative components of AR activity in luminal epithelial cells are selectively favored. In this 

thesis, we elucidate the mechanisms underlying the cancer-specific reprogramming of AR and 

provide evidence from both human and murine models that support this salient feature.   

Previous studies have shown that upon transformation, AR’s cistrome undergoes a 2-3 fold 

expansion. While pioneer factors like FOXA1 and HOXB13 have been identified as key mediators 

of this reprogramming, both of these proteins are also expressed in normal prostate cells [2,3]. 

This suggests that additional cancer-specific cofactors cooperate with lineage-specifying factors 
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to reprogram AR and activate its proliferative gene program. Through a CRISPR screening 

approach, we identified NSD2, an H3K36 dimethyltransferase, as a cancer-specific subunit of 

AR[4]. Unlike FOXA1 and HOXB13, NSD2 is exclusively expressed in cancer cells. Here, NSD2, 

in collaboration with FOXA1, redirects AR away from its canonical binding sites to its cancer-

specific sites observed in patient tumors. Notably, this phenomenon was reproduced in our 

genetically engineered mouse models, where overexpression of FOXA1 Class 1 mutant 

reprograms AR to bind its cancer-specific cistrome through aberrantly gained NSD2. Thus, 

reprogramming of AR is a defining feature of human and mouse prostate tumorigenesis, and the 

work highlighted in this thesis provides the first functional evidence of a cancer-specific cofactor 

of AR.  

In light of these findings, it is interesting to note that cancer-specific reprogramming of AR doesn’t 

imply amplified AR signaling. In fact, AR, unlike classical oncogenes, is rarely altered in the 

primary disease [5], and AR signaling is never amplified in the primary disease. However, two 

independent genomic subtypes that deviate from this norm are FOXA1 Class 1 and SPOP 

mutations, both of which are primary, truncal alterations. Transcriptomic data from our genetically 

engineered mouse models, tissue-derived 3D organoids, and human samples revealed that the 

overexpression of FOXA1 Class 1 mutants amplified AR signaling [6,7]. However, in addition to 

AR activation, we found that Class 1 mutants also upregulated the PI3K/mTORC1 pathway, 

independent of mutations in the PI3K pathway. This phenomenon of AR and PI3K co-activation 

is also observed in SPOP mutant tumors [8]. Prior studies have reported an antagonistic 

relationship between AR and PI3K signaling [9,10], which likely explains the lack of genomic 

alterations in the PI3K pathway through PTEN loss or AKT mutations in the primary disease, 

where AR activity is central to the survival of prostate cells [5,11]. Hence, we believe that 

activation of AR signaling in these two distinct genomic subtypes in primary PCa likely functions 

to offset the antagonistic properties of PI3K activation. Together, these findings suggest that 

FOXA1 Class 1 and SPOP mutants possess the ability to precisely regulate both AR and 

PI3K/mTORC1 signaling, enabling optimal growth while maintaining the necessary balance in 
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these pathways.  

Targeting cancer-specific epigenetic cofactors to disrupt oncogenic lineage programs 

Every cell in the human body has the same underlying genetic sequence encoded in the DNA, and 

yet, there are about 200 different cell types. Hence, the human body’s cellular diversity arises not 

from differences in DNA sequence but from the differential accessibility of genomic regions, 

which define which proteins are expressed in each cell type. This accessibility is orchestrated 

through epigenetic regulation: pioneer transcription factors and associated epigenetic proteins 

collaborate to mark lineage-specific regulatory elements, remodel chromatin, and deposit chemical 

modifications, ultimately establishing unique gene expression programs for each lineage. 

In the prostate, AR is the nodal master transcription factor (TF) that establishes cellular identity. 

AR’s ability to bind DNA depends on FOXA1, a pioneer factor that opens chromatin at prostate-

specific enhancers, enabling AR recruitment [12–14]. This functional dependency is mirrored in 

breast tissue, where the estrogen receptor (ER) similarly relies on FOXA1 for DNA binding and 

transcriptional activation [15,16]. Functional activation of these lineage-defining enhancers 

involves the coordinated action of histone methyltransferases (e.g., EZH2, NSD2, KMT2D, 

ASH1L), acetyltransferases (e.g., p300/CBP), and acetyl reader proteins (e.g., BRD4), which lay 

down the chromatin marks necessary for robust transcription, highlighting the critical interplay 

between lineage TFs and their epigenetic co-factors. 

In cancer, this interplay offers substantial therapeutic promise. However, aside from AR, which is 

druggable due to its ligand-binding pocket, most co-factors or oncogenic TFs, including FOXA1, 

ERG, and MYC, lack such accessible druggable domains [17], making direct targeting 

challenging. Therapeutic targeting of AR has improved patient outcomes in PCa, but invariable 

resistance to anti-androgens mediated by alterations in AR or lineage plasticity—such as 

transdifferentiation to NEPC—remains a major incurable clinical challenge today [2,18,19]. 

Epigenetic co-regulators, such as EZH2, BRD4, SWI/SNF, and p300/CBP [10–13], offer novel 
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drug targets as they harbor domains (SET, HAT, HMG, and bromodomain) accessible to small-

molecule inhibition. However, many of these proteins are essential for normal cell survival, and 

systemic inhibition often leads to unwanted toxicity due to loss of specificity for cancer cells. This 

clinical experience underscores the need to identify and target epigenetic proteins that are 

specifically expressed in cancer cells or that function uniquely in collaboration with lineage-

defining TFs. This concept is best explored in Chapter 2, where we identified NSD2 as a novel 

cancer-specific co-factor of AR. In normal prostate cells, H3K36me2 methylation is primarily 

deposited by NSD1. However, in PCa, NSD2 is aberrantly expressed where it collaborates with 

FOXA1 to deposit H3K36me2 at oncogenic AR-bound enhancers, driving a cancer-specific gene 

program. Although NSD1 and NSD2 are functionally similar in their enzymatic capabilities in PCa 

cells, only NSD2 is able to physically interact with AR through its specialized HMG domain. This 

molecular specificity suggests that even in the presence of redundant epigenetic machinery, 

paralogs may not fully compensate in pathological settings if they lack critical interaction domains. 

Thus, in prostate cancer, targeting NSD2’s interaction with AR could selectively disrupt oncogenic 

programs without compromising normal prostate cell function maintained by NSD1.  

With this in mind, a valuable strategy for identifying novel epigenetic drug targets could lie in a 

functional domain-based CRISPR screening approach [20]. Here, a two-step approach can be used 

where genes are first prioritized based on their cancer-specific expression. Next, the CRISPR 

screen can be designed to target functional protein domains rather than the typical 5’ coding exons. 

Systematic identification of cancer-specific epigenetic proteins with specialized domains that 

mediate direct binding to lineage TFS, like AR or ER, and/or their co-factors will enable the 

development of more precise epigenetic therapies that overcome systemic toxicities associated 

with prior epigenetic drugs like the BRD family of proteins.  

Paralog co-targeting as a novel approach for cancer therapy 

Through human evolution, new genes evolved primarily through the process of gene duplication. 

This process gave rise to paralogs, which are genes with identical or nearly identical sequences 
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[21–23]. While most paralogs are functionally redundant, some paralog pairs have acquired 

foreign genomic sequences through retrotransposition, allowing for divergence in function. 

Recently, in cancer biology, paralogs have gained significant interest owing to the limited 

therapeutic benefit derived from targeting singular proteins with functionally redundant partners. 

To address this, recent studies have conducted CRISPR screens to identify paralogs, thereby 

developing drugs that target both gene partners or common domains. For example, a recent study 

found that co-targeting paralog pairs, specifically DUSP4 and DUSP6, in BRAF- and NRAS-

mutant melanomas markedly inhibited growth and prevented resistance to MAPK inhibitors [24].  

In PCa, we uncovered a similar paralog co-dependency between two H3K36 methyltransferases, 

NSD1 and NSD2. We found that while NSD2 loss alone disrupts the cancer hallmark features of 

migration and invasion, and reverses the cancer-specific reprogramming of AR, it is unable to 

induce cytotoxicity on its own. Additionally, the loss of NSD2 alone did not result in a global 

decrease in H3K36me2 levels, suggesting the presence of possible compensatory mechanisms. 

Here, we uncovered that while NSD1 lacks the AR-interacting HMG domain, its catalytic SET-

domain function deposits the dominant majority of the H3K36me2 epigenetic mark. Hence, dual 

loss of NSD1/2 had the most profound impact on global H3K36me2 levels and induced 

preferential cytotoxicity in AR-positive and AR-dependent prostate cancer cells. These findings 

also raise an interesting question about the evolutionary relationship between NSD1 and NSD2. 

During gene duplication, which paralog appeared first? While the NSD family of proteins contains 

the core methyltransferase SET domain, the PWWP domain, and the PHD zinc finger domains, 

NSD2 is distinct due to its HMG domain. This domain confers NSD2 with a unique ability to 

interact with additional proteins, such as AR, enabling certain cancer-specific functions not found 

in NSD1. Hence, if one were to speculate, it is likely that both NSD1 and NSD2 evolved from a 

common ancestor through gene duplication, after which NSD2 acquired the novel HMG domain 

that distinguishes it from other NSD family members, such as NSD1 or NSD3. In summary, 

paralog co-targeting represents a novel paradigm in cancer therapeutics, particularly for epigenetic 

proteins, where overlapping functions result from shared structural domains.  
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Distinct classes of FOXA1 mutations activate divergent oncogenic programs 

A central theme emerging from this study is the concept of divergent oncogenic programs driven 

by distinct classes of FOXA1 mutations. While it is relatively uncommon to find “divergent” 

oncogenic programs in the same gene — GATA3 being a likely exception — “contrasting” 

phenotypic outcomes arising from gene alterations are more frequently observed. For example, 

wild-type TP53 has tumor-suppressive functions, whereas mutations that alter its contact or 

structural DNA-binding properties confer the protein with dominant-negative oncogenic 

properties [25]. However, in our study, we report two distinct classes of gain-of-function FOXA1 

mutations that diverge in both clinical incidence and functional disease phenotypes. Using 

genetically engineered mice, we model FOXA1 Class 1 mutants, which are drivers of the primary 

disease, and Class 2 mutations, which are acquired in the advanced, metastatic disease. We find 

that while Class 1 mutations drive the development of high-grade AR-positive adenocarcinoma, 

Class 2 mutations are unable to initiate disease formation. This is consistent with their genomic 

acquisition in the later stages of the disease. However, class 2 mutants reprogram terminally 

differentiated AR-positive cells to acquire a stem-like progenitor state that is resistant to androgen 

deprivation. This makes class 2 mutant-expressing tissues less susceptible to castration-mediated 

cellular atrophy, and likely suggests that rather than initiating disease, class 2 mutants contribute 

to driving therapy resistance. Our findings provide the first functional, causal evidence linking 

FOXA1 mutations to the development of AR-dependent PCa and progression. Additionally, the 

mouse models developed in this study serve as a valuable bioresource for studying the 

pathobiology of breast, salivary gland, and bladder tumors harboring oncogenic FOXA1 

alterations. 

Future work 

A significant limitation in the field is the paucity of relevant AR-dependent PCa cell lines. 

Additionally, models that recapitulate reliance on androgen signaling in the primary disease have 

been challenging to generate. For example, the most widely used PTEN inactivation-driven PCa 

mouse models typically drive high-grade, invasive prostate cancers that exhibit castration-resistant 
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phenotypes [26], thus representing a more advanced disease. Given that FOXA1-Class 1 tumors 

are castration-sensitive in vivo, we have established syngeneic 3D organoids and 2D cell lines 

derived from these tumors. Similar to the primary model, these cell lines exhibit key features of 

the human disease, such as NKX3.1 loss, AR expression, and dependence, making them suitable 

for studying AR biology and testing novel therapeutics in a syngeneic context [6].  

 

Metastatic cancers reactivate features of their embryonic past 

Proliferation, invasion, and migration are key hallmarks of cancer that mirror essential processes 

in embryonic development and organogenesis [27]. For example, during gastrulation, cells 

undergo an epithelial-to-mesenchymal transition to form the endoderm, mesoderm, and ectoderm 

germ layers [28]. Later in cancer, the same process, EMT, forms the basis of metastasis, where 

epithelial cells lose their polarity and migrate, often marking incurable stages of the disease. Recent 

studies linking developmental stages to human tumors have classified cancers into three broad 

groups [29,30]. Aggressive and poorly differentiated tumors, such as lung and colon cancer, tend 

to align with early developmental (Group 1) signatures, while slower-growing tumors like prostate 

and ovarian cancer show similarities to neonatal or late-stage developmental programs (Group 3).  

A notable feature of embryonic development is aberrant proliferation, which is later restricted as 

differentiation and organ specification occur. In the prostate gland, AR demonstrates a biphasic 

effect. Early in development, stromal AR is necessary for the proliferation of the urogenital 

epithelium [31–33]. However, in the adult prostate, AR acts primarily as a driver of terminal 

differentiation, promoting anti-proliferative effects. This dichotomy raises a critical question: How 

do prostate cancers reinstate a proliferative state in such a differentiated context? Lineage tracing 

and tumor evolution studies in genetically engineered mouse models have revealed that AR+ 

luminal prostate cancers can dedifferentiate to adopt more basal and stem-like, proliferative gene 

programs, which confer aggressive properties, including therapy resistance [34,35]. The 

mechanisms governing this plasticity are not fully understood, but cancer may reactivate 

developmental proteins to initiate these processes. For instance, although aberrant NSD2 
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expression in tumors drives AR reprogramming at chimeric AR:FOXA1 sites and contributes to 

metastasis, it remains unclear whether NSD2 similarly regulates AR in the developing prostate, 

where AR drives proliferation. Thus, it is worth re-examining tumorigenesis as a process in which 

tumors do not simply activate foreign gene signatures, but rather re-engage developmental 

programs inherent to their lineage. 

Cellular plasticity is recognized as a common feature in diverse cancers. In prostate cancer, 

plasticity can manifest as transdifferentiation into a different cell fate (or lineage plasticity, 

exemplified by the emergence of NEPC), or as dedifferentiation into a more precursor cell state 

within the luminal lineage, a phenomenon we refer to as “intra-luminal plasticity” [6,19,36]. While 

lineage plasticity into NEPC often enables escape from targeted therapies, intra-luminal plasticity 

provides another axis for therapy resistance. This phenomenon is best demonstrated in mouse 

prostate models expressing FOXA1 Class 2 mutations, which are clinically found in metastatic 

disease [7]. Expression of the Class 2 mutant in normal prostate tissue does not drive 

tumorigenesis; rather, it reprograms differentiated AR+ cells into a more stem-like progenitor 

state. These cells activate transcriptional programs governed by stemness-associated factors such 

as KLF5 and SOX9.  Importantly, these progenitor-like cells retain AR positivity but exhibit 

increased resistance to androgen deprivation. This enables the survival of Class 2 mutant-

expressing cells even in the absence of androgen. While the process of de-differentiation is critical 

in highly differentiated tumor types, it is worth questioning whether these selective pressures 

similarly shape cancers that are, by nature, poorly differentiated from the outset. An intriguing 

idea mirroring this theme was proposed by Lloyd J. Old. He described cancer as a “somatic cell 

pregnancy”, owing to activation of gametogenic programs in cancer cells [37]. Therapeutically, 

uncovering conserved features of this “rebirth” may offer new avenues for intervention across 

various cancer types. 

In summary, this thesis focuses on uncovering the functional consequences of FOXA1 mutations 

in prostate cancer and identifying cancer-specific epigenetic regulators that collaborate with 

FOXA1 to drive oncogenic transcriptional programs. In Chapter 2, we characterize NSD2, a 
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histone methyltransferase aberrantly expressed in prostate cancer, as a novel cancer-specific 

cofactor of AR. We demonstrate that NSD2 collaborates with FOXA1 to reprogram AR at 

chimeric AR:FOXA1 sites, thereby activating its oncogenic transcriptional program. Given the 

high incidence and diversity of FOXA1 mutations in prostate cancer, Chapter 3 presents the 

development of the first genetically engineered mouse models harboring class-specific FOXA1 

mutations. Using these models, we provide direct causal evidence linking distinct FOXA1 

mutations to driving prostate tumorigenesis or therapy resistance. 

Collectively, this work reveals how mutations in key pioneer transcription factors collaborate with 

epigenetic cofactors to drive disease. By dissecting the molecular interplay between FOXA1 and 

cancer-specific chromatin regulators, such as NSD2, we establish a framework for understanding 

lineage-constrained tumor evolution and identifying new therapeutic vulnerabilities that may 

ultimately extend beyond prostate cancer. 
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Supplementary Figure A2-1: Generation and characterization of the endogenous mCherry-PSA AR 

reporter cell lines. A) Schematic representation of the workflow of LNCaP-mCherry-PSA AR reporter 

cell line generation. B) DNA gel electrophoresis image showing the exogenously inserted mCherry 

amplicon in the LNCaP-mCherry-PSA lines. Clones 1 and 2 were used for the functional CRISPR screen. 

C) Sanger sequencing chromatograms of the PCR amplicon from reporter cells in panel (b) showing the 

KLK3/PSA gene promoter and exon 1 start codon junctions.  D) Representative brightfield and mCherry 

immunofluorescence images of the LNCaP-mCherry-PSA clone 1 treated with (top) AR-targeting siRNA 

or antisense oligonucleotides (ASOs) (siAR and ASO AR respectively) or enzalutamide (bottom left). 

Reporter cells were also serum starved for 48h and stimulated with DHT (10nM for 12h) to showcase gain 

in signal (bottom right). All treatments were repeated at least twice. Scale bar: 500µm. E) Immunoblots of 

noted proteins in LNCaP reporter cells as in panel (d). F) Expression (qPCR) of noted genes in reporter 

monoclones treated as in panel (d) to manipulate AR signaling (n = 3 biological replicates). Mean +/- SEM 

is shown. G) Immunoblots of noted proteins, including the exogenously introduced mCherry protein, in 

LNCaP reporter cells treated with AR-targeting epigenetic drugs. Total H3 is used as a loading control. H) 

Next-generation sequencing-based abundance of sgRNAs in the epigenetic-focused library used in the 

CRISPR screen highlighting some of the known epigenetic regulators of AR. I) Individual NSD1, NSD2, 

or EZH2-targeting sgRNA ratios in mCherry-LOW to mCherry-HIGH cells in the CRISPR screen. 
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Supplementary Figure A2-2: NSD2 transcript and protein expression in primary patient specimens. 

A) Immunoblot of labeled proteins in a collection of AR-positive and AR-negative prostate cell lines. 

GAPDH and H3 are used as a loading control. B) Left: Correlation plots showing the NSD2 transcript 

expression and gene signature-based “NSD2 activity score” in primary prostate cancers from the TCGA 

cohort (n=502 tumors). Right: Correlation plots showing NSD2 activity score and the widely-used hallmark 

AR activity score in primary PCa tumors. (Pearson's linear correlation coefficient, permutation test). Line, 

mean; shaded region, SEM. C) Relative expression (qPCR or RNAseq) of AR and KLK3 transcripts in 

CRISPR-edited NSD2-KO or NSD2-L-KO LNCaP cells (left; n = 2 biological replicates) or NSD2 

CRISPR-edited cells stimulated with R1881 for 12 or 24 hours (right; n = 3 biological replicates). HPRT1 

is used as a loading control. Mean +/- SEM is shown. D) Immunoblot of labeled proteins in LNCaP NSD2 

WT and KO cells stimulated with DHT for 30 hours. E) UMAP plots from patient-matched normal and 

primary prostate cancer single-cell RNA-seq data. F) NSD2 and PCA3 transcript expression in patient-

matched normal and primary prostate cancer luminal epithelial cells (pseudo-bulk analyses from single cell 

data; n=15 biological replicates, two-sided Wilcoxon test). Box plot center, median; box, quartiles 1-3; 

whiskers, quartiles 1-3 ± 1.5 × interquartile range; dot are outliers. G) Boxplot showing RNA expression 

of labeled genes in primary prostate cancer specimens (TCGA cohort) stratified by the Gleason score 

(normal = 52; Gleason 6 = 46; Gleason 7 = 249, Gleason 8 = 65; Gleason 9 = 138, Gleason 10 = 4 tumor 

specimens. One-way ANOVA and Kruskal-Wallis test). Box plot center, median; box, quartiles 1-3; 

whiskers, quartiles 1-3 ± 1.5 × interquartile range; dot, outliers. 
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Supplementary Figure A2-3: NSD2 and H3K36me2 expression in patient tumors and prostate cancer 

cell lines. A) Representative immunofluorescence (IF) images of NSD2 in benign prostate, primary prostate 

cancer (PCa), and metastatic CRPC tissue microarray.Scale bar:50µm. B) Representative multiplex IF 

images of NSD2 and CK-8 in adjacent benign and primary prostate cancer lesions in patient prostatectomies 

(n=5 biological replicates, Scale bar:50µm). C) Integrated optical density quantification of NSD2 IF 

staining in benign (n=10), primary PCa (n=10), and mCRPC (n=5) tissues. Box plot center, median; box, 

quartiles 1-3; whiskers, min and max values. D) Boxplots of normalized ChIP-seq reads of distinct 

activating and repressive histone modifications at NSD2-dependent and NSD2-independent AR sites in 

VCaP cells (n = top 2000 sites, two-sided t-test). Box plot center, median; box, quartiles 1-3; whiskers, 

quartiles 1-3 ± 1.5 × interquartile range; dot, outliers. E) Boxplots of normalized ChIP-seq reads of NSD2-

catalyzed H3K36me2 and EZH2/PRC2-catalyzed H3K27me3 histone marks at NSD2-dependent and 

NSD2-independent AR sites in LNCaP cells (n = top 2000 sites, two-sided t-test). Box plot center, median; 

box, quartiles 1-3; whiskers, quartiles 1-3 ± 1.5 × interquartile range; dot, outliers. F) ChIP-seq read-density 

tracks of histone modification within a Chr10 locus in VCaP cells. NSD2-dependent and independent AR 

sites are marked in the tracks below with representative enhancers highlighted. G) ChIP-seq read density 

boxplots showing H3K36m2 (top) and H3K27me3 (bottom) signals at AR sites in NSD2 KO or WT LNCaP 

cells (n = top 2000 sites, two-sided t-test). Box plot center, median; box, quartiles 1-3; whiskers, quartiles 

1-3 ± 1.5 × interquartile range; dot, outliers. H) ChIP-seq read-density tracks of H3K36me2 and H3K27ac 

within a Chr10 locus in NSD2 WT and KO LNCaP cell lines. NSD2-dependent and independent AR sites 

are marked and highlighted. 
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Supplementary Figure A2-4: Motif characterization of the NSD2-enabled AR neo-cistrome in 

prostate cancer cells. A) Left: Schematic representation of the half-motif enrichment analysis. Right: Motif 

enrichment plot of AR-half motifs with neighboring motifs of other transcription factors at NSD2-

dependent and independent AR sites in LNCaP cells. B) Venn diagram showing overlaps between AR 

ChIP-seq sites in LHSAR cells with LacZ (control), FOXA1, HOXB13, FOXA1+HOXB13 

overexpression. C) Venn diagram showing overlap of AR cistromes (ChIP-seq) in normal prostate, primary 

prostate cancer, and castration-resistant prostate cancer specimens. (Pomerantz et. al. 2015 & 2020) D) 

Motif fold-change heatmap in normal, primary cancer, and castration-resistant prostate cancer specimens. 

E) Fold change and significance of HOMER motifs enriched within mCRPC cancer-specific AR sites over 

normal tissue-specific AR elements (data from Pomerantz, 2015 and 2020). F) Barplot showing percentage 

of shared sites between the NSD2-dependent AR sites and AR cistromes from the normal prostate, primary 

PCa (T-ARBS), or metastatic CRPC (met-ARBS) patient tumors. G) Boxplot showing H3K27ac ChIP-seq 

read density at sites containing the ARE or the FOXA1:AR motif in normal and tumor patient samples 

(normal prostate, n=7; primary prostate cancer, n=13; castration-resistant prostate cancer - CRPC, n=15; 

one-way ANOVA and Tukey’s test). Box plot center, median; box, quartiles 1-3; whiskers, quartiles 1-3 ± 

1.5 × interquartile range; dot, outliers. H) ChIP-seq read density tracks of AR and H3K27ac within the 

SLC45A3 and TMPRSS2 loci in NSD2 WT and NSD2 KO LNCaP cells. Super-enhancer clusters are 

highlighted in a gray box. 
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Supplementary Figure A2-5: Molecular characterization of the NSD2-rescued prostate cancer cells. 

A) Top: Immunoblots of noted proteins upon long-term treatment with control (siNC) or NSD2-targeting 

siRNA (siNSD2). Bottom: Immunoblot of NSD2 in LNCaP and 22RV1 cells treated with a control sgRNA 

or sgRNA targeting NSD2. GAPDH and H3 are used as loading controls. B) Top: Immunoblots of NSD2 

and H3 from stable shNSD2-expressing LNCaP cells +/- doxycycline (1ug/ml for 72h). Bottom: Growth 

curves (CTG) of control shRNA or shNSD2-expressing LNCaP cells +/- doxycycline (n = 4 biological 

replicates, two-sided t-test). Mean +/- SEM are shown. C) Left: Representative images of colonies of control 

or NSD2-null LNCaP cells. Right: Quantification of stained colonies from left panel (n = 3 biological 

replicates, two-sided t-test). Mean +/- SEM are shown. Scale bar:1 cm. D) Left: Tumor volumes of 22RV1 

parental or NSD2-KO+HA-tagged NSD2-L xenografts in mice. Right: Immunoblot of noted proteins from 

the 22RV1 xenograft tumors. (parental, n = 8; NSD2 KO, n=7). Mean +/- SEM are shown. E) Left: 

Immunoblots showing expression of the KLK3 (aka PSA) protein in the eGFP or NSD2 overexpressing 

LNCaP cells. Right: Representative images from the Boyden chamber assay in the LNCaP NSD2 WT and 

KO or NSD2-L rescued lines. Fluorescence signal from invaded cells is shown (n = 3 biological replicates; 

one-way ANOVA and Tukey’s test, Scale bar:500µm). F) Immunoblot of listed proteins in wildtype or 

NSD2 KO LNCaP cells with stable exogenous overexpression of NSD2-L and/or NSD2-S isoforms. eGFP 

is used as control. G) Immunoblots of noted proteins in the NSD2 wildtype or NSD2-KO LNCaP cells 

rescued with exogenous WT or SET domain-deleted mutants. H) Immunoblots of noted proteins in LNCaP 

cells with hyper-catalytic NSD2 SET domain E1099K mutant. I) Immunoblots of noted proteins in the 

22RV1 NSD2-FKBP12-F36V engineered cell lines +/- dTAG-13 treatment. J) Left: Tumor weights of 

22RV1+NSD2-FKBP12-F36V xenografts at endpoint (day 18) +/- dTAGv-1 (n = 10 biological replicates; 

two-sided t-test). Right: Tumor images at the endpoint from the animal growth studies. Box plot center, 

median; box, quartiles 1-3; whiskers, min and max values. K) Expression of AR target genes in the 22RV1 

NSD2-KO + NSD2-FKBP12-F36V cell line +/- dTAG-13 treatment for 12h or 24h. 
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Supplementary Figure A2-6: GREAT neighboring genes and pathway enrichment analyses. A) Gene 

set enrichment analyses (GSEA) of GREAT nominated genes associated with the NSD2-dependent 

chimeric AR sites in NSD2 KO vs WT LNCaP cells (n = 2 biological replicates; GSEA enrichment test). 

B) GREAT and Enrichr analyses of putative chimeric AR gene targets in molecular signature and biology 

pathway databases (Fisher’s exact test). C) GREAT and Enrichr analyses of putative gene targets of gained 

AR sites in the NSD2 KO LNCaP cells in pathway collections and databases (Fisher’s exact test). 
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Supplementary Figure A2-7: Fragment-based NSD2–AR co-immunoprecipitation and 

characterization of the NSD paralog knockout prostate cancer cells. A) Immunoblots of noted proteins 

in size-exclusion chromatography fractions of nuclear lysate extracted from wild-type LNCaP cells. 

Fractions containing the AR protein are marked. B) Immunoblots of indicated proteins upon co-

immunoprecipitation of AR in prostate cancer cells. C) Immunoblots of indicated proteins upon 

immunoprecipitation of exogenously expressed Halo-tagged full-length AR protein in HEK293FT cells 

that express HA-tagged NSD2 fragments. Both input (left) and immunoprecipitation (right) blots are shown.  

D) Left: Immunoblots of HA-tag-based immunoprecipitation of full length NSD2 in HEK293FT cells that 

express the Halo-tagged AR protein fragments. Right: Immunoblots of Halo-tag-based 

immunoprecipitation of the DNA-binding domain (DBD) of AR in HEK293FT cells that overexpress 

different HA-tagged NSD2 fragments. For both experiments, input and immunoprecipitation blots are 

shown. E) Heatmap of AR upregulated genes (z-score) in NSD1 or NSD3 knockout (KO) LNCaP cells. F) 

GSEA plots for AR-regulated genes using the fold change rank-ordered genes from LNCaP NSD3 knock-

out (NSD3 KO) vs control cell lines. DEGS, differentially expressed genes (n = 2 biological replicates; 

GSEA enrichment test). G) Immunoblot of indicated proteins in NSD1 or NSD3-deficient LNCaP cells. H) 

GSEA net enrichment score (NES) plot of downregulated hallmark pathways in LNCaP NSD1 knocked 

out (KO) vs wild-type control cells. I) Immunoblot of indicated proteins upon treatment with NSD1 and 

NSD2-targeting siRNAs (labeled as siNSD1 and siNSD2) independently or in combination in VCaP cells. 

J) Dependency map (DepMap) plots showing the dependency scores for NSD1, NSD2, NSD3, and POLD2 

(positive control; pan-essential gene) across cell lines from distinct originating tissues. The red dotted line 

indicates pan-essentiality z-score cutoff. Box plot center, median; box, quartiles 1-3; whiskers, quartiles 1-

3 ± 1.5 × interquartile range; dot, outliers. 
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Supplementary Figure A2-8: Mechanistic characterization of the NSD1/2 PROTAC degrader 

LLC0150. A) Immunoblots of indicated proteins in VCaP and LNCaP cells pre-treated with bortezomib, 

thalidomide, or VL-285 followed by treatment with LLC0150 at noted concentrations. B) Heatmap of 

relative abundance of several PWWP-domain-containing and known neo-substrate proteins detected via 

Tandem Mass Tag (TMT) based quantitative MS upon 12h treatment with LLC0150 in VCaP cells. C) 

Genome-wide changes in FOXA1 ChIP-seq peaks in LNCaP cells treated with LLC0150 (2uM for 48h). 

D) Immunoblots of noted proteins in whole-cell or chromatin lysates from VCaP and LNCaP cells treated 

with LLC0150 (2uM) for 24h. E) Heatmap of z-score normalized expression (qRT-PCR) of AR target genes 

in LNCaP and VCaP cells treated with LLC0150 followed by DHT stimulation (10nM for 24h). Treatment 

with DHT alone is used as a control. F) Read density ChIP-seq tracks of AR, FOXA1, and H3K27ac within 

the TMPRSS2 super-enhancer in LNCaP cells treated with LLC0150 (2uM for 24h). Super-enhancer cluster 

is highlighted in a gray box. 
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Supplementary Figure A2-9: Transcriptomic effect and drug synergism of LLC0150 in prostate 

cancer cells. A) GSEA plots for E2F, G2M, and apoptosis pathway genes using the fold change rank-

ordered genes from the LLC0150 vs DMSO treated LNCaP (left) or VCaP (right) cell lines. DEGS, 

differentially expressed genes (n = 2 biological replicates; GSEA enrichment test). B) Immunoblot of noted 

proteins in LNCaP cells treated with LLC0150 (2uM for 72h), dead-analog (LLC0150-dead), or the 

warhead alone (UNC6934). LLC0149 is an independent NSD1/2 PROTAC. C) Dose-response curves of 

LLC0150 in normal prostate, AR-positive, or AR-negative prostate cancer cell lines at the indicated 

concentrations for five days. (PrECs, n = 3 biological replicates; others, n = 6 biological replicates). Mean 

+/- SEM are shown. D) Dose-response curves of LLC0150 and its inactive epimer control (LLC0150-dead) 

in LAPC4 and VCaP cell lines (n = 6 biological replicates). Mean +/- SEM are shown. E) Percent growth 

inhibition (Cell-titer Glo) of VCaP cells upon co-treatment with varying concentrations of LLC0150 and 

enzalutamide for 5 days. F) 3D synergy plots of LLC0150 and enzalutamide co-treated LNCaP and VCaP 

cells. Red peaks in the 3D plots denote synergy with the average synergy scores noted above. G) Dose-

response curves of LLC0150 in LNCaP parental and enzalutamide-resistant cell lines at varying 

concentrations for five days. Half maximal inhibitory concentrations (IC50) are noted (n = 5 biological 

replicates). Mean +/- SEM are shown. 
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Supplementary Figure A2-10: Efficacy assessment of LLC0150 in prostate cancer organoids and 

xenografts.   A) Representative images of NSD2 IHC in a panel of patient-derived xenografts (PDXs). 

Scale bar:50µm B) Immunoblot of NSD2, AR targets, and histone marks in the LuCaP 23.1 PDX-derived 

organoid line treated with LLC0150, the NSD1/2 degrader. Total H3 is the loading control. C) Barplots 

showing relative viability of the PDX-derived organoid lines treated with two doses of LLC0150. In all 

lines, degradation of NSD1/2 reduces cell viability (n = 6 biological replicates; one-way ANOVA and 

Tukey’s test). Mean +/- SEM are shown. D) Growth curves (Cell-titer Glo) of two representative 

AR/NSD2-positive PDX-derived organoid lines treated with DMSO or LLC0150 (n = 6 biological 

replicates; one-way ANOVA and Tukey’s test). Mean +/- SEM are shown. E) Schematic overview of the 

LLC0150 intratumoral injection study in a VCaP xenograft model. F) Top: Representative NSD2 and KI67 

IHC images in the vehicle and LLC0150 treated tumors. Loss of NSD2 correlates with a reduction in 

proliferating KI67-positive cells. Bottom: TUNEL assay in the vehicle and LLC0150 treated tumors reveal 

a high number of apoptotic (TUNEL-positive) cells in the drug-treated tumors.Vehicle, n = 3 tumors; 

LLC0150, n = 4 tumors. Scale bar: 50µm. G) Immunoblot of noted proteins in matched tumor lysates from 

f. Total H3 is used as a loading control. 
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Supplementary Figure A3-1: Generation and characterization of FOXA1 Class 1 mutant transgenic 

mice. A) Top: Schematic of the FOXA1 knock-in construct at the ROSA26 locus with genotyping primers 

highlighted in red. Bottom: Representative genotyping agarose gel distinguishing transgenic mice that are 

wild-type (-/-), heterozygous (+/-), or homozygous (+/+). GTL and GTR bands indicate the presence of the 

transgene, while the absence of a span band indicates a homozygous mutant animal. B) Representative 

H&E-stained cross-sections of FOXA1 R261G+/- Cre+ case prostate lobes from 12-week-old mice. Scale 

=100µm. C) Representative H&E and Ki67 stained cross-sections of FOXA1 R265-71del+/+ control and 

case prostate tissues (anterior lobe) from 60-week-old mice. Scale =100µm. D) Histopathological grading 

of tissues from panel C. E) Percentage of Ki67-positive cells from 60 and 100-week-old tissues from 

FOXA1 R265-71del+/+ control-case prostate tissues (two-sided t-test). Box plot: center line, median; box, 

interquartile range (Q1–Q3); whiskers, minimum to maximum values; all individual data points shown. F) 

Co-recurrence of TP53 or PTEN alterations in CRPC tumors harboring mutually exclusive ETS fusions, 

SPOP mutations, or FOXA1 Class 1 mutations (n=371). G) Representative p53 IHC stained cross-sections 

of FOXA1 R265-71del+/+;Trp53f/f control and case animals. Scale =50µm. H) Representative H&E and 

alpha-SMA stained cross sections in the FOXA1 R265-71del+/+;Trp53f/f tissues representing the distinct 

grades used in this study. SMA staining is retained and highlighted as continuous brown expression at the 

parabasal regions in Grade 1:Hyperplasia, Grade 2: Low/high-grade prostate intraepithelial neoplasia 

(PINs), Grade 3: Florid high-grade PIN, Atypical intraductal proliferation and Intraductal carcinoma, but 

absent in Grade 4: Invasive adenocarcinoma. I) Percentage of Ki67-positive cells from 60, 80, and 100 

week-old tissues from FOXA1 R265-71del+/+;Trp53f/f control-case prostate tissues (two-sided t-test). Box 

plot: center line, median; box, interquartile range (Q1–Q3); whiskers, minimum to maximum values; all 

individual data points shown. J) Representative images of the urogenital tract (prostate gland and seminal 

vesicles) in three distinct FOXA1 R265-71del+/+;Trp53f/f animals. K) Representative H&E-stained cross-

sections of FOXA1 R265-71del+/+;Trp53f/f control-case prostate tissues (anterior lobe) from 80 week-old 

mice. Scale =1000um. Zoomed insets show normal and tumor lesions. Scale =100um. 
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Supplementary Figure A3-2: High-grade invasive carcinoma in FOXA1 R265-71del+/+;Trp53f/f 

animals. A) Representative alpha-SMA IHC in FOXA1 R265-71del+/+;Trp53f/f 90-week-old control and 

case tissues. Scale =100µm. Zoomed insets of selected regions (highlighted in a black, dotted box) are 

shown below. B) Representative alpha-SMA and V5 IHC and multiplex- IF of CK8 and AR in FOXA1 

R265-71del+/+;Trp53f/f 100-week-old case tissues. Zoomed insets of delaminated/invasive regions 

(highlighted in a black, dotted box and red, dotted circles) are shown below. Scale =100µm. C) Image of a 

tumor mass in a 100-week-old FOXA1 R265-71del+/+;Trp53f/f case animal. D) Representative H&E, V5, 

and FOXA1 stained cross sections from the tumor cavity mass shown in panel C. Scale =100µm. 
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Supplementary Figure A3-3: Single-cell transcriptomic characterization of FOXA1 R265-

71del+/+;Trp53f/f tumor tissues. A) UMAP plots of the distinct cell types present in the 100-week-old 

FOXA1 R265-71del+/+;Trp53f/f case and control animals (10x single-cell RNA-sequencing). B) UMAP 

plots of the distinct cell types from panel (A) with case or control tissue-derived cells colored across 

clusters. Epithelial cells used for further analyses are marked with a solid black line. C) Violin plots showing 

expression of select genes in the epithelial cells from control or case FOXA1 R265-71del+/+;Trp53f/f 

animals. D) Cell cycle plot (using the Tricycle R package) shows distribution of case or control cells across 

the distinct cell cycle phases as denoted by the theta values. E) Representative H&E and multiplex-IF of 

V5 and NKX3.1 in FOXA1 R265-71del+/+;Trp53f/f case tissues. Normal and tumor regions are annotated 

along with zoomed insets. F) Dot plot of the prostate cancer signature genes (defined in this study, see 

methods) between FOXA1 R265-71del+/+;Trp53f/f case and control cells. G) Gene set enrichment analysis 

(GSEA) plots for human Class 1 PCa activated signature from the rank-ordered genes from mouse Class 1 

mutant tumor tissues. DEGS, differentially expressed genes (GSEA enrichment test). H) Gene set 

enrichment analysis (GSEA) plots for mouse Class 1 PCa activated signature from the rank-ordered genes 

of human Class 1 mutant tumor tissues. DEGS, differentially expressed genes (GSEA enrichment test). I) 

Hallmark gene set net enrichment score (NES) between mouse and human Class 1 ranked gene lists. Each 

point denotes a hallmark gene set, and the size of the points corresponds to the false discovery rate (FDR). 

J) UMAP plot of distinct clusters in the 100-week-old FOXA1 R265-71del+/+;Trp53f/f single-cell RNA-

seq data (Top, basal cells removed) and pseudotime trajectory analyses (Bottom, Slingshot, see methods). 

The solid black arrow denotes the trajectory from normal (cluster 4,5) to tumor populations (cluster 2,3). 
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Supplementary Figure A3-4: FOXA1 Class 1 tumors are enriched for hyper-proliferative and 

oncogenic signatures. A) Heatmap of significantly enriched hallmark pathways from single-cell RNA-seq 

of FOXA1 R265-71del+/+;Trp53f/f tissues. Enriched pathways are clubbed by distinct cancer-relevant 

themes. B) Correlation plot of differentially expressed genes between the PI3K and FOXA1 class 1 mutant 

tumors from the TCGA primary PCa clinical cohort (n=503, pearson correlation test). C) Gene set 

enrichment analysis (GSEA) plots for PI3K and FOXA1 Class 1 activated genes from FOXA1 Class 1 or 

PI3K mutant human primary PCa samples (TCGA, n=503). DEGS, differentially expressed genes (GSEA 

enrichment test). D) Correlation plot of differentially expressed genes between the PI3K and FOXA1 class 

1 mutant tumors from the SU2C CRPC PCa clinical cohort (n=657, pearson correlation test). E) GSEA 

plots of AR up-regulated genes using the fold change from Asian Class 1 mutant patient tumor tissues. 

DEGS, differentially expressed genes (n=206, GSEA enrichment test). F) Correlation plot of differentially 

expressed genes between the PI3K and FOXA1 class 1 mutant tumors from the CPGEA primary PCa 

clinical cohort (n=206, pearson correlation test). G) Gene set enrichment analysis (GSEA) plots for PI3K 

and FOXA1 Class 1 activated genes from FOXA1 Class 1 or PI3K mutant CPGEA patient tumor tissues. 

DEGS, differentially expressed genes (n=206, GSEA enrichment test). H) Left: Schematic of the in vitro 

generation of isogenic mouse prostate organoids. Control organoids denoted as Cre- do not express the 

FOXA1 mutants, while Cre+ organoids express the distinct mutations. Right: Immunoblots of noted 

proteins in bigenic (R265-71del+/+;Trp53f/f) cancer organoids. I) Heatmap of the net enrichment scores 

(NES) for noted hallmark pathways in the Cre+ vs Cre- R265-71del+/+;Trp53f/f prostate cancer organoids. 

J) Heatmap of NES scores showing concordance of noted cancer-relevant pathways between the FOXA1 

R265-71del+/+;Trp53f/f tumor tissues (single-cell RNA seq) and tumor organoids. 
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Supplementary Figure A3-5: FOXA1 Class 1 mutants reprogram AR and activate mTORC1 

signaling. A) Overlap of the wild-type and Class 1 mutant FOXA1 cistrome in the Class 1 Cre- and Cre+ 

mouse prostate organoids. B) Fold-change expression of GREAT-nominated genes in Class 1-mutant 

expressing normal mouse prostate or PCa organoids (RNA-seq, n = 2 biological replicates). C) Enrichr 

analyses of putative FOXA1 gene targets using biology pathways in the MSigDB database (Fisher’s exact 

test). D) Immunoblot of noted proteins in the monogenic Class 1 prostate organoids (R265-71del, R261G). 

E) GSEA plots of AR and mTORC1 up-regulated genes using the fold change from FOXA1 R261G (left) 

and R265-71del (right) Cre+ vs Cre- tumor organoids. DEGS, differentially expressed genes. (n=2 

biological replicates, GSEA enrichment test). F) Barplots of the NES scores for the labeled hallmark 

pathways from RNA-seq data of Trp53 KO or FOXA1 Class 1 R261G+/- mouse prostate organoids (GSEA 

enrichment test). G) Representative H&E images of the wild-type, Trp53 knock-out (KO), and FOXA1 

R261G+/-;Trp53 KO mouse prostate organoids. Scale=100µm; inset scale =50µm. H) Representative Ki67 

IHC images of the distinct R261G isogenic mouse prostate organoids. I) Semi-quantification using 

percentage positivity of nuclear Ki67 expression in the four sub-cohorts shown in panel H (unpaired t-test. 

Box plot: center line, median; box, interquartile range (Q1–Q3); whiskers, minimum to maximum values; 

all individual data points shown). J) Cell growth (Cell Titer Glow) plots of the control, R261G+/- or 

R261G+/-;Trp53 KO organoid lines in complete media (n= 4 biological replicates). K) Immunoblots of 

labeled proteins in Cre- and Cre+ Class 1 (R265-71del, left) and Class 3 (wild-type overexpression, right) 

mouse prostate organoids. L) Reverse phase protein array-based expression of phosphorylated RPS6 

(Serine 235 and 236) and total RPS6 in FOXA1 Class 1 mutant tumors from TCGA primary PCa samples 

(n=503, wilcoxon signed-rank test). M) Protein expression levels of phosphorylated RPS6 (Serine 235 and 

Serine 236) and total RPS6 in FOXA1 Class 1 and PI3K mutant tumors from Asian primary PCa samples 

(n=125, student t-test). 
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Supplementary Figure A3-6: NSD2 reprograms AR at chimeric AR half-sites. A) Left: ChIP-seq read-

density heatmaps of AR at the Class 1-specific, wild-type, or shared AR binding sites in the FOXA1 

R261G+/+ mouse prostate organoids. Right: Genomic location of the wild-type, Class 1-specific, and 

shared AR binding sites from the heatmap in the left panel. B) Top five HOMER known motifs (ranked by 

p-value) enriched within Cre- i.e., wild-type specific AR binding sites. (HOMER, hypergeometric test). C) 

ChIP-seq read-density tracks of AR binding within loci in chromosome 16 and 14 in Cre- and Cre+ FOXA1 

Class 1 R261G+/+ prostate organoids. HOMER motifs detected within AR peaks are shown below. D) 

Boxplot showing the percentage of CK8+ cells that are NSD2+ cells in 100-week-old FOXA1 R265-

71del+/+;Trp53f/f control and case tissues as quantified through multiplex-IF sections (two-sided t-test). 

Box plot: center line, median; box, interquartile range (Q1–Q3); whiskers, minimum to maximum values; 

all individual data points shown. E) Representative multiplex immunofluorescence of noted proteins in 

FOXA1 R265-71del+/+;Trp53f/f 100-week-old case tissues. Invasive edges and delaminated islands have 

elevated NSD2 expression. Scale =100µm. F) Immunoblot of noted proteins in NSD2 wild-type (WT) and 

NSD2 knock-out (KO) class 1 (R265-71del+/+;Trp53f/f;Cre+) tumor organoids. G) Representative 

multiplex immunofluorescence images of AR and NSD2 in the NSD2 WT and KO tumor organoids. H) 

Representative images from NSD2 and AR PLA assay in NSD2 WT and KO class 1 tumor organoids. AR-

NSD2 interaction is denoted by the pink dots. I) Area-based quantification of NSD2+/AR+ PLA foci from 

panel H (unpaired t-test). J) Growth curves (cell titer glow) of NSD2 WT and NSD2 KO Class 1 tumor 

organoids (n=6 biological replicates, two-sided t-test, mean with SD is shown). K) GSEA plots of AR up-

regulated genes using the fold change from NSD2 KO (sgNSD2) vs WT tumor organoids. DEGS, 

differentially expressed genes. (n=2 biological replicates, GSEA enrichment test). L) Overlap of AR 

cistrome in NSD2 WT and KO class 1 mutant tumor organoids. M) Genomic location of AR at NSD2-

dependent and independent sites defined from the overlap analysis in panel L. N) ChIP-seq read density 

heatmaps of AR at AR enhancers in NSD2 WT and KO class 1 tumor organoids. O) Top five known 

HOMER motifs present within NSD2-dependent and independent AR sites in class 1 mutant tumor 

organoids (HOMER, hypergeometric test). P) Box plots of normalized ChIP-seq reads of H3K36me2 at 

NSD2-dependent and NSD2-independent AR sites in class 1 mutant tumor organoids (n = top 1000 sites, 

two-sided t-test). Box plot center, median; box, quartiles 1-3; whiskers, quartiles 1-3 ± 1.5 × interquartile 

range; dot, outliers.  
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Supplementary Figure A3-7: FOXA1 Class 2 mutants cannot initiate pre-cancerous lesions. A) Left: 

Reverse Kaplan-Meier plot of subcutaneous organoid grafting of R265-71del+/+;Trp53f/f tumor organoids 

in NSG mice. Right: Tumor volumes of R265-71del+/+;Trp53f/f Cre- and Cre+ tumor organoids grafted in 

the subcutaneous flanks of NSG mice. B) Left: Representative H&E stained sections of control and case 

R265-71del+/+;Trp53f/f 55-week-old castrated prostate tissues. Scale =100µm.Right: Histopathological 

grading of tissues from the left panel. C) Left: Representative Ki67 IHC stained sections of control and case 

R265-71del+/+;Trp53f/f 55-week-old castrated prostate tissues. Red solid arrows highlight a few Ki67+ 

nuclei. Scale=50µm. Right: Percentage of Ki67+ cells in the R265-71del+/+;Trp53f/f 55-week-old intact 

and castrated case/control tissues (unpaired t-test). Box plot: center line, median; box, interquartile range 

(Q1–Q3); whiskers, minimum to maximum values; all individual data points shown. D) Schematic of 

FOXA1 Class 2 (P358fs) knock-in transgenic mouse model and mating strategies for monogenic (P358fs+/-

) mouse lines. Probasin-Cre (Pb-Cre) ensures prostate-specific expression of FOXA1. Control and case 

animals are denoted as Pb-Cre- and Pb-Cre+, respectively. E) Representative V5-epitope tag IHC in 

control (Pb-Cre-) and case (Pb-Cre+) Class 2 animals. Scale =50µm. F) Representative H&E-stained 

sections of 55-week-old FOXA1 P358fs+/- case and control tissues. Scale =100µm. G) Representative 

H&E-stained sections of 145-week-old FOXA1 P358fs+/- case and control tissues. Scale =100µm. H) 

Histopathological grading of 55, 75, and 145-week-old FOXA1 P358fs+/- case and control tissues. I) Left: 

Representative images of FOXA1 P358fs+/- Cre- and Cre+ mouse prostate organoids. Cre- (control) 

organoids lack expression of the Class 2 mutation, while Cre+ (case) organoids express the Class 2 

mutation. Right: Lumen size of the Cre- and Cre+ FOXA1 P358fs+/- organoids (unpaired t-test). J) 

Immunoblots of noted proteins in the Cre- and Cre+ FOXA1 P358fs+/- organoids. C-terminal truncated 

FOXA1 Class 2 protein can be detected with the V5-epitope tag antibody. K) Overlap of the wild-type 

FOXA1 cistrome in the Cre- and Cre+ Class 2 mutant mouse prostate organoids. L) ChIP-seq read-density 

heatmaps of FOXA1 wild-type at lost and retained sites in Class 2 P358fs+/- Cre- and Cre+ organoids. M) 

ChIP-seq read-density tracks of the wild-type and Class 2 mutant in Cre- and Cre+ FOXA1 P358fs+/- 

mouse prostate organoids. The black dotted box highlights regions of cistromic dominance. 
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Supplementary Figure A3-8: Cistromically dominant FOXA1 Class 2 mutants activate stemness gene 

programs. A) Split UMAP plots of the distinct cell types from 10x single-cell RNA-sequencing data of 

FOXA1 P358fs+/- case and control animals. B) Top: Venn diagram showing the overlap of genes across 

three studies representing Luminal-P (Crowley et al., 2020), Luminal-2 (Karthaus et al., 2020), and 

Luminal-C (Guo et al., 2020) stem-like clusters. The consensus stemness signature score is a 42-gene list. 

Bottom: Split UMAP plots with case or control tissue-derived cells colored by the consensus stemness score 

defined in the top panel. C) Violin plots of select stemness genes (single cell multiome gene expression, 

imputed) in the distinct Class 2 mutant case and control clusters. D) Representative TROP2 IHC in lateral 

and ventral prostatic lobes of FOXA1 P358fs+/- case and control tissue sections. Scale =100µm. E) 

Representative multiplex-IF of TROP2 and V5 in 6-week-old FOXA1 P358fs+/- case and control prostate 

lobes. Scale =100µm. F) Split UMAP plots of the case or control tissue-derived cells colored by the Lum2, 

LumP, and LumC scores. G) Violin plots of the LumP, LumC, and Lum2 scores in Class 2 mutant case and 

control luminal cells split by subpopulations annotated using three public datasets as reference (p-values 

obtained from Wilcoxon test). 
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Supplementary Figure A3-9: FOXA1 Class 2 mutants drive higher stemness potential. A) Multiplex 

IF images of AR and TROP2 in intact and castrated wild-type mouse prostate tissues. Scale =100µm. B) 

Split UMAP plots of the case or control tissue-derived cells colored by the castration signature (defined in-

house). C) Left: Overlap analysis of the AR cistrome with wild-type FOXA1 (top) and FOXA1 class 2 

mutant  (bottom) in Class 2 Cre- and Cre+ mouse prostate organoids. Right: ChIP-seq read-density tracks 

of AR and FOXA1 wild-type and Class 2 mutant proteins in FOXA1 P358fs+/- Cre- and Cre+ Class 2 

organoids. D) Percentage of shared AR/FOXA1 wild-type sites or shared AR/FOXA1 class-2 mutant 

binding sites defined from panel c, containing known motifs of the labelled FOXA1 or AR cofactors. E) 

Representative TROP2 IHC positivity noted in FOXA1 P358fs+/- Cre- and Cre+ mouse prostate organoids. 

F) GSEA plots of the Luminal 2 up-regulated genes using the fold change from FOXA1 P358fs+/- Cre+ vs 

Cre- organoids. DEGS, differentially expressed genes. (n=2 biological replicates, GSEA enrichment test). 

G) Representative manual brightfield images of FOXA1 P358fs+/- Cre+ and Cre- organoids cultured in a 

limited dilution assay. Cells seeded per well are denoted on the left. H) Representative IncuCyte brightfield 

images of FOXA1 P358fs+/- Cre+ and Cre- organoids cultured in a limited dilution assay. Cells seeded per 

well are denoted on the left. I) Top: Representative H&E and AR, FOXA1, and Ki67 IHC stained sections 

in subcutaneous FOXA1 P358fs+/- Cre+ organoid masses formed in CB17/SCID mice. Scale =50µm. 

Bottom: Mass volumes of Cre- and Cre+ organoids as measured at Day 40 (unpaired t-test). 
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Supplementary Figure A3-10: FOXA1 Class 2 mutants pioneer neo-enhancers co-bound by KLF5 

and AP-1 family proteins. A) Volcano plot showing differentially accessible (upregulated and 

downregulated) ATAC-peaks from 10x single-cell multiome ATAC seq of FOXA1 P358fs+/- control and 

case-specific clusters (logistic regression test). B) Violin plot of Klf5 expression in Class 2 mutant tissues 

(single-cell multiome gene expression, Wilcoxon test). C) Genomic location of wild-type-shared and Class 

2 mutant binding sites defined from the FOXA1 ChIP-seq in mouse prostate organoids. D) ChIP-seq read-

density tracks of the wild-type and Class 2 mutant in Cre- and Cre+ FOXA1 P358fs+/- mouse prostate 

organoids. The black dotted box highlights the Class 2 neo-sites, which are genomic regions bound 

explicitly by FOXA1 Class 2 mutant. E) Fold change and significance of HOMER motifs enriched within 

the wild-type shared sites and Class 2 neo-sites from FOXA1 ChIP-seq in mouse prostate organoids 

(HOMER, hypergeometric test). F) Fold-change heatmap of the Klf family of genes in two independent 

FOXA1 P358fs+/- Cre- and Cre+ mouse prostate organoid lines. G) ChIP-seq read-density tracks of the 

FOXA1 Class 2 mutant within the Klf5 locus in Cre+ Class 2 mouse prostate organoids (top) and the human 

LAPC4 PCa cell line (bottom). H) ChIP-seq read-density tracks of the FOXA1 Class 2 mutant and KLF5 

within noted genes in FOXA1 P358fs+/- Cre- and Cre+ Class 2 organoids. I) Barplots showing RNA-seq 

expression of AP-1 family genes in Class 2 Cre- and Cre+ mouse prostate organoids (RNA-sequencing, 

n=2 replicates). 
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Supplementary Figure A3-11: FOXA1 Class 2 mutants activate KLF5 in clinical datasets. A) Boxplots 

of prostate weights from FOXA1 P358fs+/- control (n=4) and case (n=5) castrated prostate tissues 

(unpaired t-test). B) Correlation plots of KLF5 transcript expression and two distinct KLF5 gene signatures 

(defined in Che et al.,2021) in FOXA1 Class 2 CRPC tissues (SU2C, n=371, pearson correlation test). C) 

Boxplots showing the KLF5 gene signature (defined in Che et al., 2021) in CRPC patient tissues (SU2C, 

n=371 patients) across distinct genomic driver groups (Wilcoxon rank-sum test). D) Correlation plots of 

KLF5 transcript expression and a “Club Prostate Cancer score” in FOXA1 Class 2 CRPC tissues from the 

SU2C cohort (n=371 patients, pearson correlation test). 
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Appendix C 

Supplementary notes for Chapter 3 
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Vector design of the FOXA1 transgenic mice 

Detailed protocol for the generation of FOXA1 transgenic mice is provided in the methods section 

of Chapter 3. However, I would like to provide additional technical details, including vector design 

and mosaic transgene expression, in this section. To engineer the FOXA1 mutant mice, we 

knocked in a plasmid containing a human FOXA1 construct into the ROSA26 locus, a genomic 

“safe harbor” that is widely used for targeted transgene integration in mice. This strategy does not 

perturb the endogenous Foxa1 locus, which is important given FOXA1’s essential role in normal 

prostate development. The detailed schematic of the construct used is shown in Appendix Figure 

C-1. The targeting vector contains a loxP-flanked STOP cassette upstream of the transgene that 

creates a translational block to prevent transgene expression prior to Cre recombination.  The 

FOXA1 coding sequence is tagged with a V5 epitope, which is used in our immunohistochemical 

staining to detect transgene expression. Additionally, the construct also has a puromycin resistance 

(PuroR) gene for efficient selection in 2D cultures. The puroR gene is poly-adenylated, allowing 

us to confirm recombination in assays such as single-cell RNA-sequencing, where puroR-negative 

cells correspond to those expressing the human FOXA1-transgene.  

 

Appendix Figure. C- 1: Schematic of the construct used to engineer the FOXA1 transgenic mouse lines.  
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Mosaic transgene expression 

In this model, V5-tagged FOXA1 mutant transgene expression is driven by the composite CAG 

promoter, which contains the CMV enhancer and the chicken Beta-actin promoter. This is a widely 

used promoter that is known to provide strong, ubiquitous transgene expression in vitro and in 

vivo. Prostate-specific expression of FOXA1 mutants was achieved by breeding these animals with 

a Probasin promoter-driven CRE recombinase line. Given that FOXA1 mutations found in patients 

are often heterozygous, we initially generated mice harboring a single mutant allele of the human 

FOXA1 mutation (denoted as +/-). However, immunohistochemical staining using the V5 

antibody revealed low and mosaic transgene expression in the prostate tissue. Hence, to enhance 

FOXA1 expression, we created mice with bi-allelic FOXA1 mutations (denoted as +/+). Although 

we were able to achieve increased overall expression, mosaic staining remained, likely suggesting 

incomplete or variable activation across the prostate epithelial cells. This pattern of mosaic 

expression has been previously reported for the CAG promoter, likely due to epigenetic silencing 

of the CAG promoter [1–4]. Such mosaicism presents a technical limitation that can delay or 

obscure phenotypes in transgenic animals and should be considered in future models. Alternative 

promoters such as EF-1 have been shown to have enhanced transgene expression, relative to CAG, 

and may need to be explored in the future. Nevertheless, despite the mosaicism, our FOXA1 

transgenic mice presented robust phenotypes, highlighting the biological relevance of the FOXA1 

mutations. Notably, in many instances, transformed regions were often adjacent to benign areas, 

https://paperpile.com/c/mjzS4y/yvQR+v0p0+YsIW+ClmG
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with strong FOXA1 expression seen only in the transformed regions and absent in the adjacent 

benign cells, highlighting the specificity of the phenotype.  
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Cell lines LLC0150 IC50 

(nM) 

Cell type Lineage NSD2 altered 

RS4;11 0.274 Cancer Lymphoid Yes 

MOLT3 0.4198 Cancer Lymphoid No 

RPMI-8402 0.43 Cancer Lymphoid Yes 

MM1.S 3.273 Cancer Lymphoid Yes 

H1048 4.053 Cancer Lung No 

MM1.R 13.39 Cancer Lymphoid Yes 

TC-205 18.45 Cancer Primitive Neuro-

Ectodermal 

Tumors (PNET) 

No 

H1836 24.21 Cancer Lung No 

TC32 28.27 Cancer Primitive Neuro-

Ectodermal 

Tumors (PNET) 

No 

MOLT4 32.95 Cancer Lymphoid No 

DoHH2 35.23 Cancer Lymphoid No 

CHLA-9 35.91 Cancer Primitive Neuro-

Ectodermal 

Tumors (PNET) 

No 
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CHLA-258 42.38 Cancer Primitive Neuro-

Ectodermal 

Tumors (PNET) 

No 

SUM185PE 44.68 Cancer Breast No 

NB-1643 53.03 Cancer Neuroblastoma No 

CB-AGPN 55.05 Cancer Primitive Neuro-

Ectodermal 

Tumors (PNET) 

No 

LASCPC-01 55.22 Cancer Prostate No 

CAMA-1 58.19 Cancer Breast No 

SEM 61.77 Cancer Lymphoid Yes 

R-CHACV 69.68 Cancer Lymphoid Yes 

T47D 78.05 Cancer Breast No 

VCaP 84.84 Cancer Prostate No 

MDA-PCa-2b 87.56 Cancer Prostate No 

KARPAS-25 105.9 Cancer Lymphoid No 

COG-N-561 116.1 Cancer Neuroblastoma No 

CHLA-218 139.5 Cancer Primitive Neuro-

Ectodermal 

Tumors (PNET) 

No 
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MDA-MB-330 191.8 Cancer Breast No 

H446 218.1 Cancer Lung No 

PA-1 232.9 Cancer Ovary No 

MFM-223 237.8 Cancer Breast No 

WA-72-PS 244.6 Cancer Breast No 

22RV1 244.655 Cancer Prostate No 

LNCaP 251.6 Cancer Prostate No 

MDA-MB-468 273.9 Cancer Breast No 

CWRR1 280.6 Cancer Prostate No 

MDA-MB-453 294.2 Cancer Breast No 

N87 304.4 Cancer Stomach No 

IMR90 411 Normal Lung No 

WA-72-As 443.5 Cancer Breast No 

COG-E-352 546.6 Cancer Primitive Neuro-

Ectodermal 

Tumors (PNET) 

No 

H524 549 Cancer Lung No 

NTERA-2 560.5 Cancer Testis No 
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LAPC4 631.2 Cancer Prostate  No 

ZR-75-1 673.1 Cancer Breast No 

CHLA-99 813.7 Cancer Ewing sarcoma No 

CHLA-25 907.5 Cancer Primitive Neuro-

Ectodermal 

Tumors (PNET) 

No 

Caov-3 966.4 Cancer Ovary No 

MEG-01 1425 Cancer Esophagus No 

BEAS-2B 1769 Normal Lung No 

COLO205 1776 Cancer Colon No 

MDA-MB-231 1856 Cancer Breast No 

MDA-MB-436 2136 Cancer Breast No 

5637 2168 Cancer Bladder No 

H211 2200 Cancer Lung No 

SAOS-2 2228 Cancer Bone No 

HCC1143 2600 Cancer Breast No 

HCC1146 3232 Cancer Breast No 

TC-106 3295 Cancer Ewing sarcoma No 
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TC-138 3397 Cancer Ewing sarcoma No 

SW626 3950 Cancer Stomach No 

HeLa 4336 Cancer Cervical No 

HCC1187 5183 Cancer Breast No 

MDA-MB-415 5697 Cancer Breast No 

957/hTERT 5942 Normal Prostate No 

COG-N-557 7156 Cancer Neuroblastoma No 

SNU1079 8446 Cancer Liver/Bile duct No 

SNU387 8537 Cancer Liver/Bile duct No 

BJ 8874 Normal Skin No 

HK2 9840 Normal Kidney No 

PC3 11680 Cancer Prostate No 

RPB1293 11913 Cancer Liver/Bile duct No 

H69 13753 Cancer Lung No 

RWPE1 13807 Normal Prostate No 

A673 21900 Cancer Ewing sarcoma No 

TE6 22072 Cancer Esophagus No 

SK-N-MC 24696 Cancer Ewing sarcoma No 
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HEK293FT 31102 Normal Kidney No 

SCaBER 33131 Cancer Bladder No 

UM-UC3 36186 Cancer Bladder No 

PrECs 37608 Normal Prostate No 

OC-8 38337 Cancer Ovary No 

HCC1428 38766 Cancer Breast No 

RPB1292 39080 Cancer Liver/Bile duct No 

SNU16 42702 Cancer Stomach No 

SNU423 47579 Cancer Liver/Bile duct No 

HEPG2 52168 Cancer Liver/Bile duct No 

PNT2 57996 Normal Prostate No 

KATO III 59571 Cancer Stomach No 

SK-OV-3 62327 Cancer Ovary No 

PLC/PRF/5 68569 Cancer Liver/Bile duct No 

COG-N-529 72257 Cancer Neuroblastoma No 

MCF7 77479 Cancer Breast No 

RPMI8226 83089.5 Cancer Lymphoid No 

K562 86631 Cancer Myeloid No 
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DU145 93345 Cancer Prostate No 

786-O 97532 Cancer Kidney No 

AGS 98345 Cancer Stomach No 

SNU840 104019 Cancer Ovary No 

MCF10A 107036 Normal Breast No 

RWPE2-W99 121661 Normal Prostate No 

HT115 134497 Cancer Colon No 

CADO-ES-1 144497 Cancer Ewing sarcoma No 

SNU-5 178969 Cancer Stomach No 

DAN-G 185156 Cancer Pancreas No 

SK-HEP-1 199830 Cancer Liver/Bile duct No 

LHSAR 201625 Normal Prostate No 

SK-MEL-5 219126 Cancer Melanoma No 

WPMY1 226137 Normal Prostate No 

ACHN 307547 Cancer Kidney No 

U2OS 375673 Cancer Bone No 

TC-71 400363 Cancer Ewing sarcoma No 

H716 558132 Cancer Colon No 
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LAMA87 Undetermined Cancer Myeloid No 

A549 Undetermined Cancer Lung No 

Supplementary Table 1: Antiproliferative half-maximal inhibitory concentration (IC50) of 

LLC0150 across human-derived normal and cancer cell lines.  

 

Primers Forward Reverse 

GAPDH TGCACCACCAACTGCTT

AGC 

GGCATGGACTGTGGTCA

TGAG 

FKBP5 TCTCATGTCTCCCCAGTT

CC 

TTCTGGCTTTCACGTCTG

TG 

TMPRSS2 CAGGAGTGTACGGGAAT

GTGATGGT 

GATTAGCCGTCTGCCCTC

ATTTGT 

AR CAGTGGATGGGCTGAAA

AAT 

GGAGCTTGGTGAGCTGG

TAG 

NKX3-1 ACGTCCTTCCTCATCCAG

GACA 

AGGGCGCCTGAAGTGTT

TTC 

SLC45A3 TCGTGGGCGAGGGGCTG

TA 

CATCCGAACGCCTTCATC

ATAGTGT 

ZBTB16 CAGTTTTCGAAGGAGGA

TGC 

CCCACACAGCAGACAGA

AGA 
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KLK3 ACGCTGACAGGGGGCAA

AAG 

GGGCAGGGCACATGGTT

CACT 

KLK2 GGCTCTGGACAGGTGGT

AAA 

GCCCCATGATGTGATAC

C TT 

Supplementary Table 2: Primer sequences used in the study from Chapter 2. 

 

sgNC#1:5'-GTAGCGAACGTGTCCGGCGT-3'; 

sgNC#2:5'-GACCGGAACGATCTCGCGTA-3';  

sgNSD2-SET:5’-CACCGAAAGTCCAGATCTACACAG-3’; 

sgNSD2-Long:5’-CACCGCCCCGTTGCCTATCACAGCG-3’; 

sgNSD2: 5’- ACAACGTTGGTGATTTGGTG-3’. 

sgNSD1#1:5’-CACCGAGTGGCGTAGACTTTTTCTT-3’; sgNSD1#2:5’-

CACCGCTATCGGCAGTACTACGTGG-3’; 

sgNSD1#3:5’-CACCGTATGTGAGTTACTAATGAG-3’; 

sgNSD1#4:5’-CACCGTAAGAGAGTTCCTTCAACT-3’;  

sgNSD3#1: 5’-CACCGGATACCCATTTGTGAGTGG-3’;  

sgNSD3#2: 5’-CACCGTTTGTGGTACCGAAGGAGG-3’ 

Supplementary Table 3: sgRNA sequences used in the study from Chapter 2. 
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Gene 5-3' sequence (Pool of 4 

siRNAs) 

Catalog # 

Non-targeting control UGGUUUACAUGUCGACU

AA,UGGUUUACAUGUUG

UGUGA,UGGUUUACAUG

UUUUCUGA,UGGUUUAC

AUGUUUUCCUA 

D-001810-10-05 

NSD1 GGACGAGAAUUCUUUGA

UU,GAACAGAAGUAGUA

CCAAU,GAUCAAAGCCU

UCAUCCAA,GCCGAGAG

CUGUUGAGAAA 

L-007048-00-0005 

NSD2 GGUCCAAAGUGUCGGGU

UA,UGUCAGUGGAGGAG

CGGAA,GGAGCAGGGCC

UUGUCGAA,CCGGGUGU

UUAAUGGAGAA 

L-006571-01-0005 

NSD3 GGUUGACACUGUAUCAG

AA, 

GAACGUGCUCAGUGGGA

UA, 

GCUUGAGGUUCAUACUA

AA, 

GUCCACUGGUGUUAAGU

UU 

L-012875-00-0005 
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Supplementary Table 4: siRNA sequences used in the study from Chapter 2. 

 

Adgrv1 

Adh6a 

Adh7 

Adrb1 

Aif1l 

Ak4 

Aldh1a7 

Ankrd35 

Anks1b 

Antxr2 

Arhgap26 

Arhgef38 

Aspa 

Atoh8 

Atp12a 

Atp6v0e2 

Bend5 

Bend7 

Best2 

Bst1 

C2cd4b 

Ces2e 

Chl1 

Clic5 
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Cmpk2 

Cxxc4 

Cyp2s1 

Cyp7b1 

Dab2 

Dach1 

Dagla 

Ddit4l 

Ddx60 

Dnah11 

Dock4 

Dpysl3 

Dtna 

Egln3 

Egr3 

Elobl 

Emilin2 

Enpp1 

Epha7 

Etv5 

Exph5 

Fbln1 

Fhit 

Flt1 

Fmo3 

Fn1 

Gas7 
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Gata2 

Gem 

Gfra4 

Glrp1 

Gm43552 

Gulp1 

Hcn1 

Hs3st1 

Ido1 

Ifi211 

Ifit1 

Ifit3b 

Igfbp5 

Igtp 

Il20rb 

Iqgap2 

Irs2 

Isg15 

Isg20 

Kcns3 

Kctd12 

Kif5c 

Klhl38 

Krt20 

Krt75 

Lars2 

Lrrc8c 
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Nckap5 

Ngfr 

Npnt 

Npr3 

Ntng1 

Nts 

Nup210 

Nxnl2 

Nxpe2 

Nxpe4 

Nxph3 

Oasl1 

Oasl2 

Olfr1314 

Otop1 

Pde1c 

Pkia 

Plscr4 

Plxdc2 

Pmaip1 

Ppp1r3b 

Pthlh 

Rab27a 

Rap1gap2 

Rasl11b 

Rbp1 

Sema3e 
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Sh3gl2 

Skint8 

Slc16a12 

Slc1a3 

Slc24a3 

Slc4a11 

Slc7a11 

Slc9a9 

Slco3a1 

Sntb1 

Sorbs1 

Sp100 

Sptssb 

Styk1 

Sulf2 

Synm 

Syt7 

Sytl3 

Tenm2 

Timp3 

Tnfrsf8 

Tnfsf4 

Trib2 

Ttn 

Ugt8a 

Vgll3 

Vldlr 
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Vwa2 

Wdr72 

Wfdc2 

Wif1 

Zfhx4 

Zfp365 

Zfp608 

Zfpm2 

Supplementary Table 5: Putative FOXA1 Class 1 mutant gene targets in mouse prostate 

organoids. 


