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PREFACE 

Cancer is a complex disease that is initiated by genetic perturbations in normal cells leading to 

uncontrollable cellular division. The ensuing tumor mass, at both primary and distant metastatic 

sites, hinders the normal functioning of essential organs and causes death. With the advent of 

modern multi-omics technologies, we have generated comprehensive molecular portraits of human 

cancers; however, the biological mechanisms that underlie the common genetic alterations in 

cancer remain largely uncharacterized and understudied. This has markedly impeded the clinical 

translation of extensive genomic information acquired from human malignancies. 

As a young scientist, a feature of cancer genomic profiles that intrigues me the most is that somatic 

alterations across cancer types show a tissue-specific pattern of recurrence and distribution. This 

implies that the originating/precursor cell lineage gene programs persist in cancer cells (albeit 

aberrantly) and dictate the set of oncogenes that are competent to drive transformation and/or 

progression. As articulated in detail in this following thesis, systematic interrogation of driver 

lineage-oncogene associations can uncover novel molecular dependencies that can be co-targeted 

to inhibit cancer cell growth and survival—a concept herein termed as “targeting the cancer cell 

identity.” These lineage-targeted therapies are most likely to be synergistic with existing therapies 

that target oncogene-addiction, potentially leading to more durable therapeutic benefits in patients 

with advanced incurable cancers. 
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Given the remarkable technological advances that allow us to read, write, and edit the chemical 

letters that make up our DNA, and our ability to acquire single-cell or even single-molecule level 

information, I believe we are stepping into another golden age for molecular biology. Particularly, 

the view of cancer genomes as natural CRISPR screens can help elucidate not only the pathogenic 

roles of driver proteins, but also specific functions of key constituent residues and regulatory 

protein domains in normal physiology. I eagerly anticipate and look forward to the discoveries in 

this research discipline in the years to come. 
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ABSTRACT 

Lineage-restricted somatic alterations are a prominent feature of human cancers. This strongly 

implies that the originating cell lineage programs persist in the transformed state and determine 

which oncogenes can drive hyper-proliferation and/or disease progression. This concept is 

exemplified by sex hormone receptors, namely androgen receptor (AR) and estrogen receptor 

(ER), which themselves are not mutated/amplified in the primary prostate or breast tumors, 

respectively; however, inhibition of their lineage-specific programs results in significant 

therapeutic benefit. This raises some pertinent questions: 1) how do somatically altered oncogenes 

interact with and repurpose the originating cell lineage pathway to enable carcinogenesis? and 2) 

do the aberrant lineage–oncogene networks engender specific molecular dependencies in cancer 

cells that can be therapeutically targeted? These questions lie at the center of my doctoral thesis, 

wherein we molecularly characterize the AR and FOXA1 lineage–oncogene interaction as well as 

evaluate the targetability of a shared chromatin dependency (i.e., the SWI/SNF complex) to derive 

therapeutic benefit in lineage-addicted subtypes of prostate cancer. 

Mounting evidence suggests an instructive role for pioneer transcription factor activity at enhancer 

sites in defining cellular identity. Pioneer factors independently bind to and de-compact chromatin 

at enhancer elements, thereby priming them for transcriptional activation. In prostate epithelia, 
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FOXA1 pioneers the binding sites for AR and enables its lineage-specific proliferative gene 

program. Intriguingly, FOXA1 is frequently altered in prostate tumors and in the primary study 

published on my thesis we showed that FOXA1 alterations—present in over 35% of metastatic 

prostate cancer—recur into three structural classes that diverge in clinical incidence. While 

missense and in-frame indel mutations in the FOXA1 coding region clustered within the C-

terminal edge of the DNA-binding domain (class 1), frameshift mutations accumulated in the C-

terminal half of the protein (class 2). As an entirely novel discovery, we also found structural 

rearrangements within the highly-syntenic FOXA1 locus in 20-30% of metastatic prostate cancer 

(class 3). Notably, FOXA1 alterations show class-specific gain-of-function: the initiating class 1 

mutants gain nuclear mobility to strongly activate the luminal AR program of prostate 

tumorigenesis; the acquired class 2 mutants gain cistromic-dominance due to increased DNA 

affinity and de-repress the WNT program of cancer metastasis; and the stage-wise enriched class 

3 rearrangements duplicate or reposition a conserved enhancer element—which we annotated as 

FOXA1 mastermind (FOXMIND)—to drive overexpression of FOXA1 or other oncogenes. 

Relative to the normal prostate tissue, in prostate cancer both AR and FOXA1 cistromes are 

markedly expanded to commission novel cis-regulatory elements. A proteomics-based search 

uncovered some of the core SWI/SNF—a nucleosome remodeling complex—components as 

shared chromatin interactors of AR and FOXA1 at enhancer elements in cancer cells. Thus, we 

developed a novel proteolysis targeting chimera (PROTAC) degrader against ATPase subunits of 

the SWI/SNF complex—SMARCA2 and SMARCA4—and assessed its anti-tumor efficacy. In a 

panel of over 65 cell lines, the SWI/SNF ATPase degrader showed preferential cytotoxicity in 

AR/FOXA1-positive prostate cancer relative to benign prostate, as well as other cancer cell lines. 

Mechanistically, SMARCA2/4 degradation led to rapid nucleosomal compaction and chemical 
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decommissioning of the core AR/FOXA1-enhancer circuitry, dislodging both AR and FOXA1 

from the chromatin, and attenuating their collaborative gene program that drives proliferation. 

Furthermore, SWI/SNF inactivation also disrupted DNA-looping interactions between super-

enhancers and gene promoters, thereby tempering hyper-expression of the AR, FOXA1, 

TMPRSS2-ERG, and MYC genes themselves in cancer cells. The SMARCA2/4 degrader showed 

remarkable synergism with AR antagonists, inducing disease remission in all animals receiving 

the combinatorial regimen. This work has been recently submitted for peer-review and received 

major funding for clinical evaluation of our SWI/SNF compound in early-phase human trials.  

In summary, targeting lineage addiction in cancer cells is a novel concept and is likely to synergize 

with existing oncogene-targeted therapies. This doctoral thesis establishes FOXA1 as a principal 

oncogene and uncovers SWI/SNF complex as a novel lineage-associated dependency in AR-

addicted prostate cancer. This work offers the first classification scheme of the highly recurrent 

FOXA1 alterations in human cancers and is the first preclinical demonstration that impeding 

physical chromatin accessibility can be a potent therapeutic strategy in enhancer-addicted 

malignancies. 
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Chapter 1 

Lineage Addiction in Human Cancer and Prostate Carcinogenesis 

The originating lineage conditions somatic alterations in cancer 

In the post-genomics era, we have gone onto sequence thousands of cancer genomes identifying 

recurrent somatic alterations in all common human malignancies. These comprehensive genomic 

catalogs of cancer have revealed that somatic driver alterations recur in a lineage-restricted fashion 

[1–3]. For instance, activating KRAS mutations (e.g. G12C/D) that are very common in pancreatic 

ductal (>95% of the cases [4]) and colorectal adenocarcinomas (>50% of the cases [5]), are rarely 

found in cancers originating from the prostate or breast epithelia [6–8]. Similarly, the genetic 

fusion between the BCR and ABL1 genes resulting in a hybrid oncoprotein is an abnormality found 

in leukemia cells, particularly chronic myeloid leukemia [9,10], and is rarely detected in solid 

malignancies. This strongly suggests that the originating cell lineage influences carcinogenesis by 

dictating which genes—when somatically mutated or rearranged—can competently drive 

transformation and/or metastatic progression. In other words, only select genes have the ability to 

activate tumorigenic pathways within the confines of a given cellular lineage. This raises some 

pertinent biological questions: 1) What molecular features of the originating lineage persist in 

cancer cells? 2) Do driver oncogenes rely on and repurpose the lineage-instructing transcriptional 

machinery to activate neoplastic gene programs? 3) Can we target the chromatin and 
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transcriptional determinants of lineage 

identity to derive therapeutic benefit in 

human cancers? These questions lie at the 

center of the research presented in this 

doctoral thesis, wherein I posit the 

emergence of tumor cells from their 

normal precursors to involve a complex 

interplay of genetics, epigenetics, and, 

most importantly, the cell lineage (Figure 1-1). The study of lineage-specifying pathways in the 

tumor cell-of-origin and associated cancer cells will provide new insights into tumor biology and 

uncover a distinct class of lineage-associated cancer dependencies that can be therapeutically co-

targeted to extort more potent and durable disease remissions—a concept herein termed as 

“targeting the cancer cell identity”.  

Prostate cancer statistics and clinical management 

Prostate cancer is the most commonly diagnosed cancer and the second-leading cause of cancer-

related death in North American men, accounting for more than 33,300 lives in 2020 alone [11]. 

It is estimated that 248,530 new cases of prostate cancer will be diagnosed in 2021 (accounting for 

28% of all cancers diagnosed in men in the same year [11,12]), resulting in more than 34,000 

deaths in the United States. However, prostate cancer mortality has declined by more than 50% 

from 1993 to 2017 [13,14]. This is mainly due to the advent of better diagnostic tools that detect 

the disease in early stages [15] and the development of effective therapies. 

 

 
Figure 1-1: Lineage-addiction in cancer. Lineage-addiction of 

cancer: The originating cell lineage condition somatic alterations 

in human cancers. This model proposes hijacking of the lineage 

machinery by classical oncogenes to drive the malignant 

phenotype.   
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In the early 1940s, a clinical study showed the ablation of testicular androgen (through either 

bilateral orchiectomy or androgenic neutralization by estrogen administration) in men with 

prostate cancer triggered marked atrophy of the prostate epithelia [16,17]. Ever since, androgen 

deprivation therapy (ADT) has been the mainstay therapy for prostate cancer patients [18], and 

was also recognized with the Nobel Prize in Medicine in 1966 [19]. Much later, in the early 1980s, 

androgen receptor (AR)—a nuclear transcription factor—was identified as the primary effector of 

androgenic male hormones, i.e. testosterone [20]. This led to the development of direct AR 

antagonistic drugs as second-generation therapeutics [21]. Thus, clinical management of prostate 

cancer involves generic local therapies (e.g., surgery or radiation) as well as specific systemic 

therapies involving blockade of the AR/androgen signaling axis that fuels cancer growth, as 

depicted in Figure 1-2 and described below.  

In current times, about 85% of prostate cancer cases are diagnosed when the disease is organ-

confined [22–24]. The recent incorporation of multi-parametric magnetic resonance imaging in 

prostate cancer screening will further enhance our ability to detect clinically relevant primary 

disease earlier, and the recent FDA approval of PSMA-based imaging tests will facilitate early 

detection of local invasion or metastasis [25,26]. The primary disease at the time of diagnosis is 

histologically graded using multiple biopsies. If the primary tumor is deemed histologically 

aggressive as per the Gleason score/Grade Group method [27] (where a score of 7—Grade Group 

2—generally demarcates an aggressive tumor [27,28]), it is treated by prostatectomy (i.e. surgical 

resection of the prostate gland) or radiation (through either external beam or internal brachytherapy 

[29]) [30]. The patients with Gleason score 6/Grade Group 1 disease are generally put on active 

surveillance or watchful waiting [31]. The last decade has particularly witnessed many 

concentrated efforts to stratify the indolent from the aggressive (likely to metastasize or be resistant 
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to therapy) subtype of the primary disease using minimally invasive approaches [32]. These 

include detection of tumor-specific prognostication markers (including both genomic alterations 

or aberrantly expressed transcripts) in cell-free DNA from patient plasma or urine or in DNA from 

circulating tumor cells [33–36]. To this end, usage of lineage-specific long non-coding RNAs [37–

39] and RNase-resistant circular RNAs [40–42] have emerged as meaningful biological analytes. 

The primary intent behind these diagnostic technologies is to avoid unnecessary overtreatment of 

indolent disease [31,43], which may never progress to affect patients’ overall survival or quality 

of life.        

 

Figure 1-2: Clinical workflow for AR-driven prostate cancer treatment. Patients with histologically aggressive 

disease are initially treated with local therapies like surgery or radiation. Relapsed patients receive systemic therapies 

like pharmacologic that target the androgen/AR signaling axis or various taxane-based chemotherapeutics. Double-

headed arrows indicate possible early combination of therapies. PSA, prostate specific antigen; Cx, Castration; ADT, 

androgen deprivation therapy; Doce, docetaxel; Cabazi, Cabazitaxel; AR, androgen receptor. This figure has been 

adapted from Drake CG. Prostate cancer as a model for tumour immunotherapy. Nat Rev Immunol. 2010;10: 580–

593. 

Prostate cancer patients on active surveillance are periodically monitored by imaging tests, prostate 

biopsies, and measurement of serum concentration of prostate-specific antigen (PSA)—a bona fide 

AR up-regulated gene [44]—which is used as a surrogate marker for disease burden [45]. Among 

https://paperpile.com/c/G3qlQC/62aA
https://paperpile.com/c/G3qlQC/v9n0+Endm+95CC+UdAw
https://paperpile.com/c/G3qlQC/0cuw+jw1r+dkae
https://paperpile.com/c/G3qlQC/0cuw+jw1r+dkae
https://paperpile.com/c/G3qlQC/65OD+WGoc+oXQj
https://paperpile.com/c/G3qlQC/xy1C+XwxZ
https://paperpile.com/c/G3qlQC/YsIF
https://paperpile.com/c/G3qlQC/sriT


5 

 

men treated with prostatectomy or radiation therapy (i.e. local therapies), about 20-30% present 

with androgen-dependent biochemical recurrence of the tumor with a sudden elevation of serum 

PSA levels. In patients treated with radical prostatectomy, biochemical recurrence often correlates 

with metastatic spread of the disease to secondary sites [18,46]. At this point, the patients undergo 

either surgical or medical castration to block androgen production from the testes as the first-line 

of ADT [18,46,47]. Medical castration is a mechanism-informed approach to androgen ablation, 

wherein pharmacologic agonists or antagonists of the luteinizing hormone-releasing hormone 

(LHRH)-receptor are administered to inhibit the pituitary production of luteinizing hormone (LH) 

that signals the testes to produce androgen [48,49].  

Castration, however, triggers only a transient remission of the tumor and almost all patients 

eventually progress to develop an androgen-independent disease—clinically referred to as 

castration-resistant prostate cancer (CRPC). The relapsed disease is treated with direct AR 

antagonists, namely enzalutamide [50–52] or apalutamide [53,54], that out-compete DHT by 

blocking its binding pocket, or drugs that inhibit the production of residual testosterone from the 

adrenal gland, namely abiraterone [55,56]. Many of the patients are inherently resistant to the 

second line of ADTs, or it induces only a transient disease remission due to the acquisition of drug 

resistance. These advanced patients are treated with chemotherapy (using drugs such as docetaxel 

[57,58] and cabazitaxel [59]) as the last resort for therapy. In modern practice, first-line ADT is 

often upfront combined with AR antagonists or chemotherapeutics as several clinical studies report 

higher over survival rates for the combinatorial regimens. The taxane chemotherapeutics have been 

shown to inhibit AR signaling by drug‐induced microtubule stabilization that suppresses nuclear 

translocation of AR [60]. The median overall survival of CRPC patients being treated with taxanes 
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is 16-18 months [18,46,61], highlighting the clinical subtype of prostate cancer that is in dire need 

of new and effective treatment options.  

In recent years, the wider clinical use of potent direct AR inhibitors more frequently forces an 

adaptive evolution of CRPC into an AR-independent state, where tumor cells trans-differentiates 

into the small cell or neuroendocrine lineage. Therapy-emergent neuroendocrine or the recently-

defined “double-negative” (negative for both AR and neuroendocrine markers) prostate cancer 

cases are increasing in frequency (comprising more than 30% of advanced CRPC patients by some 

estimates [62–64]) and pose a major clinical challenge moving forward. Accordingly, many recent 

studies have genomically and transcriptomically profiled these tumors in search of new therapeutic 

targets. The work presented in this thesis primarily focuses on the molecular and mechanistic 

characterization of AR-dependent prostate carcinogenesis and/or metastatic progression, and 

highlights novel molecular dependencies in this disease subtype that can be therapeutically 

exploited.        

Somatic alterations in the prostate cancer genome 

Cancer is a genetic disease—that is, it is caused by alterations in genes encoding proteins that 

govern important cellular functions such as survival, DNA replication, and cell division [65]. Loss 

of the NKX3.1 gene on chromosome 8p21 was amongst the first and the most common genetic 

events associated with primary prostate cancer [66–68]. Subsequent studies revealed a high 

recurrence of PTEN [69,70] and rarer TP53 [71,72] deletions in primary prostate cancer, both of 

which were also detected in other solid malignancies. Several studies also reported the recurrent 

copy-amplification of the MYC oncogene coded at chromosome 8q24 [68,73–75]. However, the 

most impactful discovery pre-dating the genomics era was chromosomal rearrangements that fuse 

https://paperpile.com/c/G3qlQC/sH7A+ahfd+D7Hl
https://paperpile.com/c/G3qlQC/We07+dv1a+vzLL
https://paperpile.com/c/G3qlQC/5ej8
https://paperpile.com/c/G3qlQC/oqnQ+12qU+0zEH
https://paperpile.com/c/G3qlQC/Yl47+GjR8
https://paperpile.com/c/G3qlQC/xUcm+iYWY
https://paperpile.com/c/G3qlQC/0zEH+ADDs+4KiT+tU6E


7 

 

an androgen-responsive promoter (the 5’ partner) to an ETS-domain family gene (the 3’ partner) 

in over 50% of primary prostate cancer [76,77]. This made ETS gene rearrangements the most 

common, prostate cancer-specific aberrations and the first report of gene fusions driving 

transformation in solid human malignancies driving the majority of cancer morbidity and mortality 

[78,79]. 

In the genomic era, these gene loci-focused studies were followed by genome-wide profiling of 

prostate cancer with the use of high-throughput sequencing technologies. These studies yielded 

unprecedented insights into the genetic and molecular makeup of human cancers. They uncovered 

recurrent structural and mutational alterations—both germline and somatic—that likely causally 

contribute to prostate tumorigenesis (Figure 1-3). The first whole-genome and exome sequencing 

studies revealed a higher recurrence of structural variations and chromosomal rearrangements as 

opposed to somatic base mutations in prostate cancer genomes [68,80–83]. Notably, the 

breakpoints of recurrent structural rearrangements (such as translocations or duplications) 

clustered in close proximity to AR binding sites, with some reports even suggesting a driver role 

for AR in the genesis of the TMPRSS2-ERG gene fusion [81,84]. One of these seminal studies also 

reported a novel category of rearrangements involving multiple loci to be commonly found in 

prostate cancer genomes—which they termed “chromoplexy” [85,86]. Altogether, these studies 

confirmed and provided accurate frequencies of copy-number loss and/or deleterious mutations in 

tumor suppressor genes such as NKX3.1, PTEN (predominantly monoallelic), CHD1, TP53, and 

RB1, and copy-number amplification of the MYC, CCND1, and PIK3CA oncogenes in primary 

prostate cancer. They also confirmed the recurrence of ETS-fusion in over half of the primary 

cases, while uncovering novel somatic mutations in genes such as SPOP, FOXA1, NCOA2, 

NCOR2, and MED12.  
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Figure 1-3: Evolutionary trajectory of the prostate cancer genome. Prostate cancer genomes are dominated by 

structural rearrangements over single nucleotide variations in the initial stages. Major germline and somatic genomic 

drivers of the disease are identified as per their clonal detection in distinct clinical and molecular subtypes of prostate 

cancer. AR+, androgen receptor positive; NE+, neuroendocrine positive.   

The Cancer Genome Atlas (TCGA) program—a joint effort between the National Cancer Institute 

and the National Human Genome Research Institute—released the first comprehensive blueprint 

of the primary prostate cancer genome constructed from 333 patient specimens in 2015 [87]. This 

study identified the mutually exclusive genomic subtypes of primary prostate cancer that are 

characterized either by activating fusion in the ETS genes (namely, in order of frequency, ERG, 

ETV1, ETV4, and FLI1) or mutations in the SPOP, FOXA1, or IDH1 genes. But, these categories 

accounted for only 74% of the primary tumors. The remaining 26% of the cases harbored no known 

subtype-defining single gene driver alterations, suggesting these to be driven by yet-to-be-

uncovered molecular mechanisms [87]. A recent study explained about 2-3% of these primary 

cases to be independently initiated by biallelic inactivation of the CDK12 gene [88], which is a 

key regulator of transcriptional elongation [89–91]. Notably, these tumors harbored a very distinct 

genomic signature characterized by the genome-wide accumulation of focal tandem duplications 

[88], which were earlier also reported in the CDK12-deficient ovarian cancers [92]. The remaining 

unclassified tumors showed low single-digit recurrence of alterations in epigenetic modifier genes 

(such as KMT2C/MLL3, KMT2D/MLL2, etc.), components of the DNA damage response 
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machinery (such as ATM, BRCA2, etc.), or outlier SPINK1 expression—all of which still remain 

mechanistically under investigation [93,94]. These efforts were recently supplemented by genomic 

profiling of non-indolent primary prostate cancer, where the aggressive tumors distinctively 

showed a higher recurrence of structural variations within non-coding genomic regions [95–97]. 

These included large-scale genomic rearrangements and inversions that results in transcriptional 

attenuation of the cis-neighborhood [96].  

It is possible that some of the unclassified tumors may stem from germline events that predispose 

to prostate carcinogenesis—some of which may still be unknown. Like in other cancers, BRCA2 

inactivating alterations are associated with hereditary prostate cancer [98–100]. Also, the TCGA 

genomic profiles do not report the presence of prostate cancer-predisposing polymorphisms, such 

as the HOXB13 G84E population variant [101]. The G84E polymorphism in the HOXB13 gene 

has been shown to result in an earlier onset of the disease [102,103]. Notably, 5-10% of prostate 

cancer diagnoses are associated with a familial history of the disease and familial cases comprise 

up to 30-40% of the early-onset disease [104]. Close relatives of prostate cancer patients are also 

twice as likely to develop the disease in their lifetime [104,105]. Thus, hereditary prostate cancer 

could be associated with a distinct set of genomic drivers that likely remain unclassified. 

The most surprising finding from localized, primary prostate cancer genomes in my opinion was 

the stark absence of recurrent alterations in the AR gene itself or its genomic loci. As detailed 

above, owing to a serendipitous clinical observation in the early 1940s, the androgen/AR signaling 

axis has been at the center of all targeted therapies in prostate cancer following surgical resection 

or radiational shrinkage of the primary disease. Although the tumor initially responds to AR-

targeted therapeutics, there is an inevitable onset of resistance to these therapies [18,61]. Genomic 

profiles of these resistant tumors further reinforced the idea of AR-addiction in prostate cancer 
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survival and maintenance [2,3,6,106]. Upwards of 70-80% of the CRPC cases harbor copy-

amplification of the AR gene, amplification of AR super-enhancers, activating AR coding mutations 

(e.g., T878A, H875Y, F877L, etc.) that render AR antagonists to instead serve as agonists, AR 

coding mutations that enable promiscuous activation by non-canonical steroids, expression of 

ligand-independent AR splice-variants (e.g. AR-V7), and/or AR compensation by aberrant 

expression of other nuclear receptors (e.g. glucocorticoid receptor) [18,61,106–113]. Altogether, 

coding and non-coding alterations in the AR gene itself or AR cofactor genes (namely FOXA1, 

NCOR1/2, NCOA, ZBTB16, etc.) are by far the most common acquired alterations in hormone-

refractory prostate cancers [6,106].  

The metastatic castration-resistant disease also shows a considerable increase in the recurrence of 

biallelic TP53,  RB1, CDK12, and PTEN deletions [114], enrichment for FOXA1 and KMT2D 

alterations, and acquisition of novel genomic mutations in GNAS, PIK3CA/B, PIK3R1, and 

ancillary cancer pathways such as WNT (e.g. CTNNB1 activating mutations, APC deletion, etc.) 

and DNA damage response (ATM inactivating mutations, and BRCA1/2 deletions) [6]. Notably, 

both WNT and DNA repair response pathway genes are altered in more than 20% of the CRPC 

cases [6,114], which is remarkably higher than their recurrence in the primary disease. These 

alterations are most likely associated with disease aggressiveness and metastatic propensity. 

CDK12 loss-of-function alterations (including copy deletions, frameshifting mutations, missense 

mutations within the kinase domain) are considerably increased in CRPC cases with a parallel 

increase in the accumulation of focal tandem duplications across the genome [88,115]—the 

mechanistic basis of which still remains unknown and is profoundly intriguing to study. The 

CDK12-deficient tumors are predicted to have a higher neo-antigen burden and thus are more 

responsive to immune checkpoint blockade [88,116]. In this respect, CDK12-aberrant tumors are 
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similar to the tumors that harbor mismatch repair deficiencies: While the average mutation rate for 

CRPC is 4.4 mutations/Mb, cases that harbor alterations in mismatch repair genes, such as MLH1, 

MSH2, or MSH6, showed a mutation rate of nearly 50 per Mb [2,6]. This results in microsatellite 

instability (MSI) in these tumors that in turn imparts higher immunogenicity. Interestingly, of all 

initiating alterations, SPOP coding mutations are the only events that are depleted in the CRPC 

tumors [114], suggesting a better prognosis for this genomic subtype of prostate cancer upon 

treatment with the first line of ADTs.   

The subsequent use of second-generation, potent AR antagonists in advanced prostate cancer 

coerces an adaptive evolution of the tumor genome, wherein tumor cells can completely lose 

detectable expression of AR and its cofactors (such as FOXA1, HOXB13, etc.), and 

transdifferentiate into the small cell or neuroendocrine lineage. The umbrella term “lineage 

plasticity” is often used to capture this concept in the cancer biology field [117,118]. 

Neuroendocrine prostate cancer is clinically identified via distinct histopathologic features and 

expression of neuroendocrine lineage markers, such as synaptophysin (SYP) and chromogranin A 

(CHGA) [62,63,119,120]. These tumors are genetically very similar to CRPC and are primarily 

thought to evolve through epigenetic mechanisms (Figure 1-4). In comparison to CRPC, 

neuroendocrine prostate cancers show only an increased frequency of RB1 and TP53 co-deletions 

[62,121,122], and low recurrence of the basal-phenotype promoting FOXA1 R219H mutations 

[123]. However, the expression of the FOXA1 transcript or protein (wild-type or mutant) in the 

neuroendocrine disease is yet to be compellingly demonstrated. The neuroendocrine disease is 

primarily thought to involve a dramatic reprogramming of the epigenetic landscape and 

transcriptional gene networks, with outlier expression of SOX2, MYCN, AURKA, EZH2, and 

SPDEF oncogenes [120,122,124–126]. The molecular mechanism of the trans-differentiation of 
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prostate adenocarcinoma into a neuroendocrine/small cell disease is very much a subject of active 

research, which will hopefully uncover novel targets to impede this lethal progression of the 

disease.  

Despite the sudden burst in genomic information from prostate cancer genomes from all its clinical 

subtypes, outside of BRCA2 

and MSI status, these findings 

are yet to be meaningfully 

translated into the clinic. This 

is largely due to the lack of 

mechanistic insights and/or 

identification of druggable 

dependencies that distinct 

genomic alterations engender 

in tumor cells. Thus, functional 

and mechanistic annotations of 

genomic drivers in human cancers should be the primary focus of experimental/molecular 

biologists in the years to follow.   

The centrality of AR signaling in prostate cancer pathobiology 

As described above, AR is the principal mediator of prostate tumorigenesis and progression. Upon 

pharmacologic inhibition of AR activity, prostate cancer cells evolve resistant mechanisms that 

aberrantly reinstate the transcriptional competence of AR through convergent genetic alterations. 

AR is a type I nuclear receptor that in absence of its steroid hormone ligand (i.e., testosterone or 

 

Figure 1-4: Major routes of prostate cancer progression. Upon sustained 

inhibition of lineage-specific AR activity, advanced prostate cancer 

progresses to acquire resistance either via genetic alterations to reinforce the 

lineage transcriptional network or epigenetic reprogramming to escape the 

prostatic lineage along with the acquisition of novel oncogenic drivers. 



13 

 

its active cytosolic variant, called dihydrotestosterone) remains in the cytosol in a transcriptionally 

inactive conformation [127]. Androgens bind to the C‐terminal ligand-binding domain which is 

connected via a nuclear translocation sequence-containing hinge region to the DNA-binding and 

transactional domains [128,129]. Upon ligand binding, AR dissociates from cytosolic heat shock 

proteins, self-dimerizes, and instantly translocates into the nucleus, where it binds to genomic sites 

that harbor the 15-bp palindromic androgen-responsive element (consensus sequence: 5’ 

AGAACAnnnTGTTCT 3’) [130]. The genome-wide profile of AR chromatin binding (aka the AR 

cistrome) shows the majority of AR sites to lie within intergenic or non-coding genomic regions 

that are enriched for enhancer elements [131]. Modern proteomics assays have revealed the AR 

transcriptional complex to comprise hundreds of epigenetic and chromatin remodeling co-factors 

that work in concert to activate the expression of genes that instruct the prostatic lineage identity 

and normal cellular function [132–134].  

Experimental studies over the years have revealed the primary drivers of prostate cancer to rely on 

and/or repurpose AR signaling to drive oncogenesis. This was firmly corroborated by the first 

profiles of the AR cistrome from primary prostate tumors and matched normal prostate tissues, 

which showed an augmentation and extensive redistribution of AR chromatin occupancy in tumor 

cells vs the normal prostate tissue [131,135]. Notably, consensus motifs of FOXA1 and HOXB13 

were enriched at cancer-specific binding sites of AR, and ectopic overexpression of these lineage-

specific AR cofactors in the normal prostate cells confirmed their causal role in neoplastic 

reprogramming of the AR cistrome [131]. FOXA1 is over-expressed and recurrently mutated in 

primary and metastatic prostate cancer [2,82,87], while HOXB13 harbors predisposing, high-

penetrance polymorphisms that are associated with the early onset of prostate cancer [101,102]. 

The highly-recurrent TMPRSS2-ERG gene fusion in prostate cancer directly relies on AR activity 
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for its expression [76]. Some studies implicate AR-signaling in the genesis of these gene fusions, 

where liganded AR facilitates a bridging event between the TMPRSS2 and ETS-gene loci to enable 

DNA recombination [84,136]. Furthermore, the ERG oncoprotein functions as a transcription 

factor and recruits AR to a distinct subset of binding sites to activate oncogenic gene programs 

[137,138]. ERG also co-opts FOXA1 and HOXB13 for activation of new cis-regulatory elements 

and aberrant gene transcription [139]. Thus, the ERG oncoprotein works in close collaboration 

with AR and its transcriptional cofactors to drive the malignant phenotype.  

Recurrent point mutations in SPOP (at residues Y87, F102, Y123, W131, and F133) define a 

distinct molecular subclass of prostate cancer. SPOP is an E3 ubiquitin ligase adaptor that mediates 

the ubiquitination of target proteins, leading to their proteasomal degradation [140]. All missense 

mutations recur within the MATH domain of the SPOP protein, which disrupts its recognition of 

AR [141,142] and other essential AR co-activators (like BET proteins [143,144], TRIM24/28 

[145,146], etc.) as substrates. This prevents the ubiquitin-mediated proteasomal degradation of 

these proteins and thus increases their activity in cancer cells. The recurrent inactivation of CHD1, 

a chromatin remodeler, alters chromatin accessibility and redistributes AR on the chromatin to 

occupy cancer-specific enhancer elements [147]. This activates a distinct AR gene program that 

drives the transformation of prostate epithelial cells [147]. CHD1 is a prostate cancer-specific 

tumor suppressor gene and is often co-altered along with the SPOP gene [147,148], thus the two 

oncogenes collaboratively work to reprogram AR activity during transformation. Loss of the 

prostate lineage-specific cofactor NKX3.1 disables its AR-repressive functions, in addition to 

having other oncogenic effects, to drive prostate carcinogenesis [67,149]. That said, the functional 

effect of NKX3.1 deletion and/or mutations in prostate cancer still remains to be fully understood. 

In a good fraction of the primary tumors, only one allele of the NKX3.1 gene is deleted, there are 
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recurrent base substitutions within the DNA-binding homeodomain (e.g. Y177C), and copy-

neutral loss of heterozygosity—all of which remain mechanistically uncharacterized (personal 

knowledge).  

In summary, prostate carcinogenesis is molecularly constructed around the lineage-specific AR 

transcriptional complex, often involving genomic alterations in key AR cofactors, thus explaining 

the acute addiction of malignant cells to robust and sustained AR activity. Adding to this 

knowledge base, this thesis offers a novel scheme for structural classification of the highly-

recurrent FOXA1 alterations, mechanistically delineates their class-specific pathobiology in 

prostate carcinogenesis and metastatic progression, and identifies the chromatin-remodeling 

SWI/SNF complex as a novel, targetable dependency in AR/FOXA1-driven prostate cancers.  

Pioneer factors instruct lineage identity by demarcating physical chromatin accessibility at 

cis-regulatory elements 

Years of research focused on animal embryogenesis and organogenesis has revealed a pivotal role 

for chromatin structure in cellular differentiation (i.e. stepwise specification of a pluripotent stem 

cell into more specialized cell types) and terminal cell identity [150,151]. In mammalian cells, the 

nucleosome is a basic structural unit of the chromatin and comprises DNA (147 bp long) wrapped 

around a histone octamer [152–155]. It is the physical positioning as well as the chemical 

modification on histone tails of nucleosomes that determine the functional competence of specific 

DNA sequences [156–160]. Nascent chromatin is inaccessible to transcription factors and this is 

transcriptionally silent [161,162]. Thus chromatin accessibility has emerged as a primary hallmark 

of functionally-competent DNA, particularly within the non-coding genomic regions [163–165]. 

In this context, profiling of the accessible chromatin landscape across tissue types and the 
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identification of its primary regulators has become a central focus to fully understand the lineage-

specificity of gene transcription. 

An emerging class of chromatin regulators, known as the pioneer transcription factors, can 

independently bind to their DNA targets within compacted chromatin and subsequently displace 

nucleosomes and linker histones (e.g. H1) to make the DNA more accessible [166–168]. As per 

the current transcriptional model, pioneer factors first bind to specific regions in the chromatin and 

facilitate the binding of prototypical, non-pioneer transcription factors [168]. A bona fide pioneer 

transcription factor must: 1) engage its target sites in closed, inactive chromatin prior to gene 

activity, and 2) increase accessibility of a target site upon binding, thereby recruiting other 

regulatory proteins (e.g., transcription factors, chromatin remodelers, chromatin modifiers, histone 

variants, and repressors) to that site [169]. Thus, pioneer factors play a major role in cell 

programming and cell fate determination [169–171], and, not surprisingly, known pioneer factor 

genes show a very lineage-specific expression pattern (e.g., FOXA1, GATA3, etc.). Pioneer factors 

are able to access and recognize their target sites on nucleosomal DNA as they harbor specialized 

DNA-binding domains. This includes the “winged” helix-turn-helix (found in the FOX [172,173] 

and NF-Y [174,175] pioneer factor families) and zinc-finger (found in the Groucho/TLE [176] and 

GATA [177] pioneer factors) DNA-binding domains. In the normal prostate epithelia, the pioneer 

factor FOXA1 de-compacts chromatin at cis-regulatory elements and allows AR to bind to and 

activate the expression of prostatic genes  [178–182]. Intriguingly, FOXA1 is recurrently mutated 

in 12-13% of metastatic CRPC patients, showing 2-3 fold enrichment over the primary disease [6]. 

At the time I started my Ph.D., the functional implication of FOXA1 mutations remained heavily 

contested with contradictory evidence projecting FOXA1 as an oncogene as well as a tumor 

suppressor. This thesis summarizes the hypermorphic or neomorphic functions of distinct classes 
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of FOXA1 alterations in advanced prostate cancer—unambiguously establishing FOXA1 as a 

principal oncogene in all stages of AR-dependent disease.    

ATP-dependent chromatin remodelers mediate dynamic regulation of chromatin 

accessibility 

While pioneer factors passively change chromatin accessibility, multimeric chromatin remodelers 

actively utilize energy from ATP-hydrolysis to make the DNA more accessible [183]. These 

enzymes share the highly-conserved ATPase catalytic domain but harbor distinct sets of epigenetic 

reader domains in the flanking regions. Based on the presence of reader domains, chromatin 

remodeling complexes are split into four families, namely SWI/SNF (also known as BRG1/BRM-

associated factor complexes (BAF)), CHD, ISWI, and INO80 [184–187]. These chromatin 

remodelers are responsible for modulating nucleosomal positioning at specific regions in the 

genome and work in concert with the core transcriptional machinery to dynamically regulate gene 

expression [188,189].  

Of these, the SWI/SNF family complexes have come to the forefront of mechanistic interrogations 

as its constituent subunits are altered in about 20-25% of human cancers (e.g. PBRM1, ARID1A, 

or SMARCA4) [190–192]. The SWI/SNF remodelers are defined by the presence of two 

functional domains, 1) an N-terminally located helicase-SANT (HSA) domain that is known to 

recruit actin and actin-related proteins, and 2) a C-terminally located bromodomain that is known 

to bind to the acetylated-lysines on histone tails [193,194]. In mammalian cells, SWI/SNF 

complexes are 1-1.5-MDa in size and sequentially assemble from 29 subunits that comprise the 

core, secondary, or ATPase modules [195–197]. Primarily dictated by the composition of the 

secondary module, the SWI/SNF complexes exist in three non-redundant final form assemblies: 
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the canonical SWI/SNF (exclusively comprises ARID1A/B and DPF1/2/3), the polybromo-

associated SWI/SNF (exclusively comprises ARID2, BRD7, and PBRM1), and the non-canonical 

SWI/SNF (exclusively comprises GLTSCR1/1L and BRD9) [195,198,199]. Many of the 

SWI/SNF subunits have multiple paralogs in human cells that lead to extensive compositional 

diversity of end complexes—each speculated to mediate distinct cellular functions [200]. There 

are two paralogs of the SWI/SNF ATPase subunit, SMARCA2 (also known as BRM) and 

SMARCA4 (also known as BRG1)—only one of which assembles into each of the SWI/SNF 

complexes [201]. These ATPases can functionally compensate for each other and the ATPase 

activity is absolutely essential for the chromatin remodeling ability of SWI/SNF complexes [197].  

Although yet to be mechanistically explained, different SWI/SNF complexes are recruited to 

specific genomic sites where they help displace or eject nucleosomes to make the underlying DNA 

functionally accessible [202]. In SWI/SNF-aberrant tumors, the residual complex is thought to 

reshape the chromatin structure and enable oncogenic gene programs [203,204]. In synovial 

sarcomas, the SWI/SNF subunit SS18 is fused to the SSX gene resulting in a neomorphic hybrid 

protein that alters the chromatin recruitment of the SWI/SNF complex [205,206]. Other recurrent 

alterations in SWI/SNF subunits in human cancers, such as SMARCA4 and PBRM1 deletions, are 

largely thought to reconfigure the composition of the SWI/SNF complexes that alters their 

interaction with transcription and other chromatin regulators [191,195]. Thus, there is mounting 

interest in exploring therapeutic targetability of SWI/SNF activity in human cancers; however, 

these efforts have been thwarted by the lack of potent pharmacologic agents. In this thesis, we 

share a novel proteolysis targeting chimera (PROTAC) of the SWI/SNF ATPases, SMARCA2 and 

SMARCA2, that show exquisite and preferential cytotoxicity in enhancer-binding transcription 

factor-driven prostate and plasma cell tumors. 
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Chapter 2 

Distinct Structural Classes of Activating FOXA1 Alterations in Advanced Prostate Cancer1 

Abstract 

Forkhead box A1 (FOXA1) is a pioneer transcription factor that is essential for the normal 

development of several endoderm-derived organs, including the prostate gland. FOXA1 is 

frequently mutated in hormone-receptor driven prostate, breast, bladder, and salivary gland 

tumors. However, it is unclear how FOXA1 alterations affect the development of cancer, and 

FOXA1 has previously been ascribed both tumor-suppressive and oncogenic roles. Here we 

assemble an aggregate cohort of 1,546 prostate cancers and show that FOXA1 alterations fall into 

three structural classes that diverge in clinical incidence and genetic co-alteration profiles, with a 

collective prevalence of 35%. Class-1 activating mutations originate in early prostate cancer 

without alterations in drivers such as ETS-factors or SPOP, selectively recur within the wing-2 

region of the DNA-binding forkhead domain, enable enhanced chromatin mobility and binding 

frequency, and strongly transactivate a luminal androgen-receptor program of prostate 

oncogenesis. By contrast, class-2 activating mutations are acquired in metastatic prostate cancers, 

                                                 
1 Contents of this chapter were previously published as part of the following manuscript: Parolia A, Cieslik M, et al. 

Distinct structural classes of activating FOXA1 alterations in advanced prostate cancer. Nature. 2019;571: 413–418. 

Specific author contributions are included in chapter acknowledgements. 
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truncate the C-terminal domain of FOXA1, enable dominant chromatin binding by increasing 

DNA affinity, and strongly activate the WNT program of prostate cancer metastasis. Finally, class-

3 genomic rearrangements are enriched in metastatic prostate cancers, consist of duplications and 

translocations within the FOXA1 locus, and structurally reposition a conserved regulatory 

element—herein denoted FOXA1 mastermind (FOXMIND)—to drive overexpression of FOXA1 

or other oncogenes. Our study reaffirms the central role of FOXA1 in mediating AR-driven 

oncogenesis and provides mechanistic insights into how different classes of FOXA1 alterations 

uniquely promote prostate cancer initiation and/or metastatic progression. Furthermore, these 

results have direct implications in understanding the biology of other hormone-receptor driven 

cancers and rationalize therapeutic co-targeting of FOXA1 activity. 

Introduction 

FOXA proteins are endodermal development factors that show restricted expression in organs that 

originate from the endoderm, including the bladder, pancreas, and prostate glands [1,2]. Breast 

tissue is an exception to this rule and is the only non-endodermal organ that shows high expression 

of the FOXA1 gene [3]. Genomic sequencing studies of human cancers has revealed a high-

recurrence of FOXA1 mutations in nuclear hormone-driven prostate, breast and salivary gland 

cancers [4–7]. FOXA1 is an essential modulator of the hormone receptor-signaling complex, 

including AR [8,9]. FOXA1 functions as a pioneer factor by independently binding to and de-

compacting condensed chromatin to reveal the underlying binding sites of partnering transcription 

factors (TFs) [10,11]. The “winged helix” DNA-binding domain of FOXA1 structurally resembles 

the linker histone H1 [12], the latter of which functions as a molecular glue to compactly package 

the nucleosomes [13,14]. FOXA1 binding to the chromatin has been shown to displace these linker 

histones thereby making the DNA functionally accessible [15,16]. Thus, FOXA1 and other pioneer  
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Figure 2-1: Distinct structural classes of FOXA1 aberrations. (A) Landscape of FOXA1 mutations relative to other 

key alterations in mCRPC. Mutations in AR, WNT, PI3K were aggregated at the pathway level, ETS represents ETS 

gene fusions, DRD represents DNA repair defects and included alterations in BRCA1/2, ATM and CDK12, MMRD 

represents mismatch repair deficiency. Overall alteration prevalence is tallied in the right panel. (B) Locus-level 

(1.5Mb sliding windows) recurrence of structural variations (SVs) based on RNA-seq. (C) Frequency of bi-allelic 

inactivation, and (D) frequency of copy-number changes, across the mCRPC cohort. (E) Tumor-content adjusted 

expression of FOXA1 in metastatic relative to primary prostate tumors. (F) Structural classification of FOXA1 

mutations. TAD, transactivation domain; Forkhead, Forkhead DNA-binding domain; RD, regulatory domain (G) 

Structural classification of FOXA1 locus rearrangements. Dups, Tandem duplications; Tlocs, translocations; Invs, 

inversions; Dels, deletions.  (H) Mutation frequency of FOXA1 by stage and class (Fisher’s exact test). (I) Variant 

allele frequency by stage and class (t-test). (J) Locus-level recurrence of SVs based on RNA-seq by stage (Fisher’s 

exact test). (K) Mutual exclusivity or co-occurrence of FOXA1 mutations (categories same as in A, Fisher’s exact 

test). 

 

factors function as primary instructors of the non-coding cis-regulome, which in turn establishes 

the cellular identity.  

In prostate luminal epithelial cells, FOXA1 delimits a tissue-specific enhancer landscape that is 

transcriptionally activated by AR to drive the expression of prostatic genes [8,9,17]. FOXA1 also 

plays a central role in the extensive redistribution of AR on the chromatin to bind cancer-specific 

sites in the transformed prostate epithelia [18,19]. Accordingly, FOXA1 and AR are co-expressed 

in prostate cancer cells (Supplementary Figure A1-1A,B), wherein, akin to AR, FOXA1 activity 

is indispensable for survival and proliferation [9,19] (Supplementary Figure A1-1C-E). Elevated 

protein expression of FOXA1, at the time of prostatectomy, also correlates with poorer 

clinicopathological features and shorter time to biochemical recurrence [20–22]. Furthermore, 

overexpression of WT FOXA1 has been experimentally shown to promote aggressive phenotypes 

in prostate cancer and AR-driven apocrine breast cancer cells [20,23,24].  

In this context, it is intriguing that FOXA1 is the third most-highly mutated gene [4,5], and, as 

shown here for the first time, among the most-highly rearranged genomic loci in AR-dependent 

metastatic prostate cancer. These insights raise a pertinent biological question: What are the 

https://paperpile.com/c/KRuLGM/U4ub+Qlqu+DFGN
https://paperpile.com/c/KRuLGM/KY7J+DxFb
https://paperpile.com/c/KRuLGM/Qlqu+DxFb
https://paperpile.com/c/KRuLGM/Lqdb+LJDz+iPYL
https://paperpile.com/c/KRuLGM/3PDc+cFkY+Lqdb
https://paperpile.com/c/KRuLGM/QILA+eNAV


35 

 

functional consequences of FOXA1 alterations and how do they affect disease biology? 

Counterintuitively, recent studies have suggested these alterations to be inactivating [25,26] and 

have described FOXA1 to be a tumor suppressor in AR-driven metastatic prostate cancer [27,28]. 

However, there has been no systematic effort to experimentally characterize FOXA1 alterations in 

cancer. In this study, we describe genomic characteristics and mechanistic roles of FOXA1 

mutations in prostate cancer. We demonstrate that FOXA1 mutations are activating and that they 

fall into three structural classes that have distinct clinical incidence, genetic co-alterations profiles, 

and gain-of-function that uniquely promote prostate cancer initiation and/or metastatic 

progression. 

Results 

FOXA1 alterations recur into three structural classes 

For a comprehensive genomic characterization of FOXA1 aberrations, we first curated an 

aggregate prostate cancer cohort comprising of 888 localized and 658 metastatic prostate cancer 

samples from major clinical sequencing studies [4,5,29,30], 498, and 357 cases of which had 

matched RNA-seq data, respectively. The metastatic cases in our cohort were castration-resistant, 

predominantly AR-positive, and comprised of very few neuroendocrine (NE) tumors. FOXA1 

mutations recurred at an overall frequency of 8% in the primary localized disease that increased to 

13% in metastatic castration-resistant prostate cancer (mCRPC; Figure 2-1A and Supplementary 

Figure A1-2A). Intriguingly, RNA-seq based calls of structural variants revealed a high 

prevalence (Figure 2-1B) and density (Supplementary Figure A1-2B) of variants within the 

FOXA1 locus, akin to previously reported MYC locus rearrangements [31,32]. 
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To validate these calls, we carried out whole-genome sequencing (WGS) of four index cases and 

identified a matched genomic breakpoint in all of them (Supplementary Figure A1-2C). We also 

called copy-number breakpoints based on whole-exome sequencing (WES) across 370 metastatic 

samples, and copy-number variant (CNV) analysis. Bearing in mind that only a subset of genomic 

rearrangements results in CNVs or fusions, we detected a highly significant overlap between the 

two readouts (odds-ratio=6.81, p=4.3e-09; Supplementary Figure A1-2D). WGS of three 

additional cases with copy-number breakpoints again confirmed a precise genomic breakpoint 

(Supplementary Figure A1-2C). Overall, we estimate the recurrence of FOXA1 locus 

rearrangements at 20%-30% in mCRPC (Supplementary Figure A1-2E). For FOXA1 mutations, 

all the cases were heterozygous (Figure 2-1C), and the gene itself showed copy-number gains in 

over 50% of the cases without a single event of homozygous deletion (Figure 2-1D). Next, we 

assessed the expression of FOXA1 in different clinical stages of prostate cancer. We found a stage-

wise increasing trend in the mRNA expression of FOXA1 (Figure 2-1E). This is consistent with 

a parallel protein-level increase described in multiple immunohistochemical studies [20–22]. 

Together, this genomic alteration profile strongly suggests that FOXA1 functions as an oncogene 

in AR-dependent prostate cancer.  

Next, on mapping individual mutations onto the functional domains of FOXA1, we found two 

structural patterns to their distribution: 1) missense and in-frame indel mutations were clustered at 

the C-terminal end of the FKHD, while 2) truncating frameshift mutations were restricted to the 

C-terminal half of the protein (Figure 2-1F). FOXA1 structural variations predominantly 

consisted of tandem-duplications and translocations, which clustered in close proximity to the gene 

(Figure 2-1G and Supplementary Figure A1-2B). Notably, these alterations did not disrupt the 

FOXA1 coding sequence and rarely involved translocations with other oncogenes such as ETV1 
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or MYC. Thus, we categorized FOXA1 aberrations into three structural classes: class1 comprising 

all the mutations within the FKHD, class2 comprising mutations in the C-terminal end following 

the FKHD (Figure 2-1F and Supplementary Figure 2-3A), and class3 comprising structural 

variations impacting FOXA1 regulatory regions (Figure 2-1G). Notably, in breast cancer cases, 

where FOXA1 is also recurrently mutated [6], distribution of the FOXA1 alterations largely 

followed the structural patterns defined above (Supplementary Figure A1-3B,C).  

Most remarkably, we found that the majority of FOXA1 mutations in primary prostate cancer 

belonged to class1, which showed no enrichment in metastatic disease (Figure 2-1H). Conversely, 

class2 mutations were significantly enriched (p=0.01) in metastatic prostate cancer (Figure 2-1H). 

In the rare primary cases with class2 mutations, the mutant allele was detected at significantly 

(p=0.0041) lower sub-clonal variant allele frequencies as opposed to clonal levels in metastatic 

prostate cancer (Figure 2-1I and Supplementary Figure A1-4A). Class3 aberrations were also 

significantly (odds ratio=3.46, p=7.9e-10) enriched in metastatic tumors (Figure 2-1J). 

Assessment of concurrent alterations further revealed that class1 mutations were significantly 

mutually exclusive with other primary events such as ETS fusions (odds ratio=0.078, p=9.6e-08), 

while class2 mutant cases were enriched for RB1 loss in metastatic prostate cancer (odds-

ratio=4.17, p=0.034) (Figure 2-1K and Supplementary Figure A1-4B). Both mutational classes 

were further enriched for alterations in DNA repair (DRD), mismatch repair (MMRD) and WNT 

signaling pathways (Figure 2-1K and Supplementary Figure A1-4F). Additionally, both mutant 

classes had statistically higher mRNA expression of FOXA1 relative to WT cases in primary and 

metastatic prostate cancer (Supplementary Figure A1-4G). Taken together, these data reveal 

distinct structural patterns, clinical incidence, and genetic associations of FOXA1 aberrations; and 

demonstrate that class1 mutations are early driver alterations that emerge in localized prostate 

https://paperpile.com/c/KRuLGM/hQaX


38 

 

cancer, while class2 mutations and class3 structural variations are acquired or enriched, 

respectively, in the course of metastatic progression. 
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Figure 2-2: Functional characterization of Class1 mutations of FOXA1. (A) Distribution of class1 mutations on 

the protein map of FOXA1 functional domains and FKHD secondary structures. (B) Crystal structure of the FKHD 

(from FOXA3) with visualization of all recurrent mutations outside of Wing2 (247-269aa). 3D-hotspot mutations are 

shown in shades of red. (C) FRAP recovery kinetic plots (left) and representative time-lapse images from pre-

bleaching (‘Pre’) to equilibrated state (red timestamps). (D) Quantified FRAP data depicting time taken to recover to 

50% fluorescence post-bleaching (6 nuclei/group; ANOVA and Tukey’s test). (E) AR dual-luciferase reporter assays 

with transient overexpression of labeled FOXA1 variants in HEK293-AR cells with or without DHT stimulation (6 

replicates/group; ANOVA and Tukey’s test). (F) Averaged peak profiles (top) and read density heatmaps (bottom) 

from ChIP-Seq data shown at genomic loci bound by WT and class1 mutants in HEK293 cells. (G) BART prediction 

of specific TFs mediating observed transcriptional changes. The most likely (significance) and strong (Z-score) 

mediators of transcriptional responses mediated by TFs in class1 tumors are highlighted. (H) Growth curves (IncuCyte 

assay) of 22RV1 cells with stable, dox-inducible overexpression of FOXA1 mutants or WT FOXA1 in androgen-

depleted medium (6 replicates/group; ANOVA and Tukey’s test).  (I) Expression of luminal and basal markers in 

class1 tumors vs WT and class2 tumors (ANOVA). 

 

Class 1 mutants are stronger AR co-activators and promote prostate oncogenesis 

The FOX gene family is defined by the highly-conserved, winged-helix DNA-binding domain (aka 

FKHD) [33]. In our aggregate cohort, we found class1 mutations to be particularly clustered at the 

C-terminal edge of the FKHD, prompting us to further map them on the constituent secondary 

structures. The majority of the class1 mutations were located within the Wing2 region, extending 

from amino acid 247 to 269 (Figure 2-2A and Supplementary Figure 2-5A). Rare mutations 

outside of the wing were part of a 3D-hotspot that spatially oriented in close proximity to Wing2 

[34] (Figure 2-2B and Supplementary Figure A1-5B). Notably, class1 mutations did not alter 

key residues within Helix 3 (H3) and Wing1, which make direct DNA base-specific interactions 

identified from DNA-bound FOXA crystal structures [12,35] (purple dots; Figure 2-2A and 

Supplementary Figure A1-5C). Notably, Wing2 is not strongly conserved amongst FOX family 

genes [33,35]. In FOXA proteins, Wing2 residues stabilize chromatin-binding by making base-

independent (i.e., non-specific) contacts with the sugar-phosphate backbone31, and these 

interactions have been shown to impede nuclear mobility [36]. These data strongly suggest that 

class1 mutations selectively disrupt Wing2 of the FKHD, are unlikely to abolish the DNA-binding 

ability or sequence-specificity of FOXA1 but may affect its nuclear mobility. 

https://paperpile.com/c/KRuLGM/nGFw
https://paperpile.com/c/KRuLGM/7wBx
https://paperpile.com/c/KRuLGM/Mq5B+cOId
https://paperpile.com/c/KRuLGM/nGFw+cOId
https://paperpile.com/c/KRuLGM/MfGo


41 

 

WT FOXA1 is a relatively sluggish TF that takes over 10 mins to fully recover in the fluorescence 

recovery after photobleaching (FRAP) assay [36] (top, Figure 2-2C). This is markedly slower than 

MYC, which takes 1 min to recover [36]. Thus, we hypothesized that Wing2-disrupted class1 

mutants would display faster mobility through the chromatin. We cloned three representative 

class1 mutants I176M (3D-hotspot mutation), R261G (missense), and R265-71del (in-frame 

deletion), and fused them to GFP for FRAP assays (Supplementary Figure A1-6A). Like WT 

FOXA1, all mutants showed predominant nuclear localization and had equal expression 

(Supplementary Figure A1-6B). Remarkably, we found that class1 mutants had 5-6 times faster 

nuclear mobility than WT FOXA1, irrespective of the mutation-type that disrupted Wing2 (Figure 

2-2C). Class1 mutants took roughly 30 seconds to reach 50% recovery post-bleaching, while the 

WT protein took 3 minutes for the same (Figure 2-2D). Notably, class2 mutants with intact Wing2 

were still sluggish in their nuclear movement, taking over 2.5mins for 50% recovery (Figure 2-

2D and Supplementary Figure A1-6C,D).  

Given the marked increase in nuclear mobility, we next assessed the effect of class1 mutants on 

the transactivation of AR-signaling. Notably, like WT FOXA1, both class1 and class2 mutants 

continued to interact with the AR-signaling complex (Supplementary Figure A1-7A-C). 

Strikingly, in reporter assays, at comparable expression, class1 mutants enabled a 3-6 fold increase 

in AR-activity relative to WT FOXA1 (Figure 2-2E and Supplementary Figure A1-7D). This 

increase was evident even under castrate levels of androgen (0.1nM and 1nM; Figure 2-2E). 

Accordingly, class1 mutants markedly rescued the inhibitory effect of enzalutamide on AR-

activity (Supplementary Figure A1-7E). In parallel assays, class2 mutants had no significant 

differences relative to WT FOXA1 (Figure 2-2E and Supplementary Figure A1-7E). Next, we 

performed chromatin-immunoprecipitation (ChIP) assays in an isogenic system to profile the 

https://paperpile.com/c/KRuLGM/MfGo
https://paperpile.com/c/KRuLGM/MfGo
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cistromes of class1 mutants. At comparable levels of expression, the mutants showed larger 

cistromes and stronger binding at common or mutant-specific sites relative to WT FOXA1 (Figure 

2-2F and Supplementary Figure A1-8A,B), and retained comparable binding at FOXA1 WT sites 

(Supplementary Figure A1-8C). This strongly suggests that faster nuclear mobility dramatically 

enhances the ability of class1 mutants to interact with target DNA and transactivate the AR-

signaling complex. 

To identify corroborating evidence in patient samples, we identified genes differentially expressed 

in tumors with class1 mutations relative to a WT group of patients. The class1-specific gene 

signature revealed marked activation of hyper-proliferative and pro-tumorigenesis pathways 

(Supplementary Figure A1-9A,B), and enrichment of primary (luminal) prostate cancer gene 

expression program (Supplementary Figure A1-9C). Next, we used a computational approach, 

BART [37], to predict likely transcriptional regulators of genes that were differentially expressed 

in tumors with class1 mutations. Here, AR was predicted to be the most significant TF for the up-

regulated genes (Figure 2-2G). We experimentally confirmed WNT7B and CASP2, which were 

amongst the most significantly up-regulated and down-regulated genes respectively, to be direct 

AR/FOXA1 targets in prostate cancer cells (Supplementary Figure A1-9D-F). Interestingly, 

WNT7B and CASP2 have well-described oncogenic [38,39] or tumor suppressive [40,41] roles, 

respectively. To further validate this approach, we carried out BART analysis for genes that were 

differentially expressed upon FOXA1 knockdown in LNCaP cells. As expected, FOXA1 and AR 

were predicted as top TFs (Supplementary Figure A1-10A), verifying FOXA1 as an essential 

cofactor of oncogenic AR-activity. Concordantly, isogenic 22RV1 cells with overexpression of 

class1 mutants showed significantly higher growth in the androgen-depleted medium (Figure 2-

2H), but not in androgen-supplemented complete medium (Supplementary Figure A1-10B). 

https://paperpile.com/c/KRuLGM/y65u
https://paperpile.com/c/KRuLGM/Inid+0unc
https://paperpile.com/c/KRuLGM/DSFc+hcSh
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Interestingly, in the BART analyses, TP63 and SOX2 were predicted to be among the top 

transcriptional regulators for genes down-regulated in class1 tumors (Figure 2-2G). Notably, 

expression of TP63 and SOX2 itself was significantly down-regulated in class1 mutant cases 

versus both class2 mutant and WT cases (Supplementary Figure A1-10C). Since these TFs are 

implicated in driving a basal prostatic gene program [42,43], we looked at the expression of 

canonical basal and luminal markers in class1 tumors. Basal markers such as KRT5 and KRT14 

were significantly downregulated, while luminal markers such as KRT8 and KRT18 were 

significantly upregulated in class1 mutant tumors (Figure 2-2I and Supplementary Figure A1-

10D). Class1 tumors also had a significantly higher AR-score with a parallel reduction in the NE-

score relative to WT tumors (Supplementary Figure A1-10E). Together, these data demonstrate 

that class1 mutants have faster nuclear mobility and interact more efficiently with their genomic 

targets, which confer the mutants higher competence to enhance the luminal oncogenic program 

of AR. 

Class 2 mutants are cistromically-dominant and promote metastasis  

Class2 mutations comprise frameshifting alterations that introduce a premature stop codon and 

truncate the C-terminal regulatory domain of FOXA1 (Figure 2-3A). Thus, we used N-terminal 

and C-terminal antibodies to characterize the cistromes of class2 mutants. We validated both 

antibodies using recombinant proteins where the N-terminal antibody recognized both the full-

length and truncated FOXA1 variants, while the C-terminal antibody recognized only the full-

length WT protein (Supplementary Figure A1-11).  

Amongst CRPC-derived AR-dependent prostate cancer cells, LAPC4 endogenously harbors a 

heterozygous class2 mutation in FOXA1 (i.e. P358fs; Supplementary Figure A1-12A). In these  

https://paperpile.com/c/KRuLGM/IANj+MIOE
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Figure 2-3: Functional characterization of Class2 mutations of FOXA1. (A) Distribution of class2 mutations on 

the protein map of FOXA1. FOXA1 N-terminal and C-terminal antibodies with their proposed epitope sites are shown. 

(B) Co-immunoprecipitation and immunoblotting of FOXA1 using a N-terminal (N-term) and C-terminal (C-term) 

antibodies from LAPC4 nuclei. Species-matched IgG was used as control. (C) FOXA1 N-term and C-term ChIP-Seq 

normalized signal tracks from FOXA1 WT or class2 mutant PCa cells at canonical AR targets KLK3 and ZBTB10. 

(D and E) Overlaps between N-term and C-term FOXA1 cistromes in PCa cells at endogenous expression levels or 

(E) with exogenous overexpression of different FOXA1 variants. (F) EMSA with recombinant WT or P358fs mutant 

and KLK-enhancer element containing the FOXA1 consensus motif. (G) FOXA1 N-term and C-term ChIP-Seq read-

density heatmaps in 22RV1 CRISPR clones with distinct class2 mutations. (H) Overlap between union N-term 

FOXA1 cistromes from WT (n=3) and class2-mutant (n=4) 22RV1 clones. (I) Growth curves of class2-mutant 22RV1 

clones treated with non-targeting (siNC), AR or FOXA1 targeting siRNAs (n=6; ANOVA and Tukey’s test). (J) 

Frequency of metastasis in zebrafish embryos injected with HEK293 (negative control), WT or class2-mutant 22RV1 

clones (n>=30/group) (K) Representative embryo images and, (L) disseminated foci counts (ANOVA; Tukey’s test) 

depicting the extent of metastases. 

 

cells, both the WT and mutant FOXA1 proteins were robustly expressed, and, as expected, their 

expression diminished upon treatment with FOXA1-targeting siRNAs (Supplementary Figure 

A1-12B,C). Next, in a nuclear co-immunoprecipitation experiment, we confirmed that the N-

terminal FOXA1 antibody precipitated both WT and truncated FOXA1 proteins, while the C-

terminal antibody precipitated exclusively the WT protein (Figure 2-3B). Upon DHT stimulation, 

we also found that both FOXA1 variants interacted with the AR-signaling complex 

(Supplementary Figure A1-12D). However, most remarkably, in ChIP-Seq experiments in 

LAPC4 cells, we found that only the N-terminal antibody detected FOXA1 binding to DNA 

(Figure 2-3C). Even DHT-stimulated LAPC4 cells displayed similar results (Supplementary 

Figure A1-13A). In contrast, and as expected, in the WT FOXA1 LNCaP and C42B cells, the N-

terminal and C-terminal FOXA1 cistromes considerably overlapped (Figure 2-3D and 

Supplementary Figure A1-13B,C). Thus, in LAPC4 cells, in presence of the P358fs (class2) 

mutant, WT FOXA1 does not interact with the chromatin. 

To control for possible differences in expression, we repeated the ChIP-Seq experiments with viral 

overexpression of WT FOXA1 in LAPC4. Even with 13-fold overexpression of exogenous WT 

FOXA1, the endogenous class2 mutant retained its dominance in binding chromatin (Figure 2-3E 
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and Supplementary Figure A1-13D). Conversely, overexpression of the P358fs mutant in 

LNCaP cells markedly attenuated the WT FOXA1 cistrome (Figure 2-3E and Supplementary 

Figure A1-13E). Next, we asked if cistromic dominance of the P358fs mutant could be due to a 

higher affinity for the FOXA1 DNA element. Thus, we performed electrophoretic mobility shift 

assays (EMSA) using the biotin-labeled KLK3 enhancer containing the consensus FOXA1 

recognition motif 5’-GTAAACAA-3’ (Supplementary Figure A1-13F). The recombinant mutant 

protein showed markedly stronger binding with DNA relative to WT FOXA1 (Figure 2-3F and 

Supplementary Figure A1-14A). The presence of super-shifted bands with the V5-tag antibody 

confirmed that the recombinant FOXA1 proteins bound to the shifted DNA (Supplementary 

Figure A1-14B). Similarly, an increase in binding affinity was noted for additional class2 mutants 

(Supplementary Figure A1-14C). 

To explore class2 biology in isogenic models, using the CRISPR-Cas9 technology, we introduced 

frameshifting mutations in endogenous FOXA1 alleles in 22RV1 cells. We generated multiple 

heterozygous or homozygous mutant clones, some of which harbored class2 mutations seen in 

patients (e.g. P359fs, I360*, etc.; Supplementary Figure A1-15A,B). ChIP-seq experiments in 

these models further confirmed the cistromic dominance of distinct class2 mutants (Figure 2-3G). 

Further comparison of the union N-terminal cistromes from 3 WT and 4 class2 mutant clones 

revealed that class2 mutations induced a 2-fold expansion of the FOXA1 cistrome (Figure 2-3H). 

Notably, this was accompanied by a marked redistribution of AR on the chromatin 

(Supplementary Figure A1-15C). More importantly, knockdown of mutant FOXA1 or AR in 

these clones significantly attenuated proliferation (Figure 2-3I). This strongly suggests that class2 

mutants activate a distinct transcriptional program that continues to be essential for the 

maintenance of advanced AR-dependent prostate cancer. LNCaP CRISPR clones that harbored a 
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distinct set of mutations causing truncation closer to the forkhead domain also confirmed the 

functional essentiality of class2 mutations (Supplementary Figure A1-15D). 

Next, we performed RNA-seq to identify transcriptional changes caused by class2 mutants. Here, 

we identified 129 up-regulated and 107 down-regulated genes (fold change>3, FDR<0.05) in 

mutant vs WT clones (Supplementary Figure A1-16A). Interestingly, the upregulated genes were 

significantly enriched for putative LEF1/TCF targets (Supplementary Figure A1-16B). 

LEF1/TCF protein complex is the primary transcriptional mediator of WNT-signaling [44]. This 

complex remains in an inactive state until bound by nuclear ß-Catenin [39,44]. Thus, we profiled 

the ß-Catenin expression in a larger panel of class2-mutant clones. Here, we found marked 

stabilization and accumulation of ß-Catenin in 12 distinct mutant vs 4 WT clones (Supplementary 

Figure A1-16C). Mutant clones also had higher expression of the mesenchymal marker vimentin. 

This strongly suggests that class2 mutants enable a distinct transcriptional program in 

collaboration with TFs of the WNT/ß-Catenin pathway.  

WNT-signaling is implicated in promoting metastasis and therapy resistance in multiple cancers 

[39], including prostate cancer [5,45]. Thus, activation of WNT-signaling by class2 mutants is 

concordant with their acquisition in metastatic prostate cancer. Hence, we assessed the metastatic 

propensity of the mutant clones. In Boyden chamber assays, three distinct class2 clones showed 

2- to 3-fold higher invasiveness compared to WT clones (Supplementary Figure A1-16D). More 

strikingly, in the in vivo zebrafish model [46], we detected metastasis more frequently in fish 

embryos injected with the mutant clones relative to WT clones, with cells physically invading 

through the yolk sac, intravasating into systemic vasculature and disseminating into different parts 

of the body (Figure 2-3J,K). Fish injected with the normal HEK293 cells showed a negligible 

incidence of metastasis (negative control; Figure 2-3J). Furthermore, fish injected with mutant 

https://paperpile.com/c/KRuLGM/ie12
https://paperpile.com/c/KRuLGM/0unc+ie12
https://paperpile.com/c/KRuLGM/0unc
https://paperpile.com/c/KRuLGM/QILA+dQ6E
https://paperpile.com/c/KRuLGM/3gSu
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clones had more aggressive metastasis with a significantly greater number of disseminated foci 

per fish (Figure 2-3K,L). Together, these functional data demonstrate that class2 mutants displace 

WT FOXA1 from the chromatin to activate a WNT/ß-Catenin-mediated transcriptional program 

that promotes metastasis. 

Class 3 rearrangements drive FOXA1 overexpression 

To understand the structural and functional consequences of FOXA1 rearrangements, we mapped 

them onto chromatin domains and cis-regulatory elements. First, we noted that the FOXA1 locus 

is highly syntenic (top panel, Figure 2-4A), with a linear structure preserved across the 

deuterostome superphylum [47]. In humans, the PAX9/FOXA1 syntenic block comprises two 

topologically associating domains (TAD) organizing PAX9 and FOXA1 into separate chromatin 

interacting units (Supplementary Figure A1-17). Genes within these TADs had tissue-specific 

expression patterns, with FOXA1 TAD robustly activated in the prostate (Supplementary Figure 

A1-18A). In prostate cancer, almost all breakpoints in the FOXA1 locus clustered within the 

FOXA1 TAD (Figure 2-4A). Most strikingly, among the FOXA1 TAD-encompassing genes, the 

non-coding transcript RP11-356O9.1 was expressed exclusively in the prostate (Supplementary 

Figure A1-18A).  Upon closer inspection, we found that RP11-356O9.1 was the spliced product 

of bi-directional transcription from ultra-highly conserved elements (UCEs), which were marked 

by active enhancer histone marks (Figure 2-4B) [47]. Expression of the dominant unspliced RP11-

356O9.1 (Methods) also most strongly correlated with FOXA1 (rho=0.44, p=6.1e-08) and TTC6 

expression levels (rho=0.68, p=4.4e-15) in patient samples (Supplementary Figure A1-18B). 

FOXA1 and the transcribed UCEs were further circumscribed by CTCF binding-sites, indicative 

of a regulatory chromatin loop. Overall, these data implicate UCEs as a transcriptional topological 

https://paperpile.com/c/KRuLGM/LZZM
https://paperpile.com/c/KRuLGM/LZZM
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anchor point for the FOXA1 TAD [48], which we hereafter refer to as FOXMIND (FOXA1 

Mastermind; Figure 2-4B). 

This refined topological insight prompted us to examine the recurrent structural variation in terms 

of preservation/disruption of the putative FOXA1 regulatory domain. Strikingly, we found that 

breakpoints from translocations were largely confined within a precise (50 kb) region between 

FOXA1 and the 3’ UTR of MIPOL1, while breakpoint junctions from duplications had a broader 

distribution across the TAD (middle panel, Figure 2-4A). For translocations involving established 

cancer genes, we delineated two mechanistic patterns: 1) hijacking of the FOXMIND enhancer and 

2) inserting upstream of the bi-directional FOXA1 promoter (Figure 2-4C). The first pattern 

subsumes previously reported ETV1 [49] and SKIL [50] fusions, a novel ASXL1 fusion, and 

recurrent translocations with the MYC locus. The second pattern inserts an oncogene, such as 

CCNA1, WNT1, or HOXA1, upstream of the FOXA1 promoter. Both mechanisms frequently result 

in the outlier expression of the translocated gene (Supplementary Figure A1-19). Next, we 

interrogated duplications from CNVs and RNA fusions to delineate consensus positioning of the 

focal rearrangements (Methods). We found the minimally amplified region to coincide with the 

FOXMIND regulatory domain, with a sharp boundary at the bi-directional FOXA1 promoter 

(Figure 2-4D).  

 

https://paperpile.com/c/KRuLGM/5ZIa
https://paperpile.com/c/KRuLGM/Wn3F
https://paperpile.com/c/KRuLGM/qhJ8
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Figure 2-4: Genomic characterization of Class3 rearrangements of the FOXA1 locus. (A) Distribution of 

breakends (chimeric junctions or copy-number segment boundaries) in relation to the syntenic, topological, and 

regulatory domains of FOXA1. (B) Functional genomic characterization of the FOXA1 locus. Cons. - phastCons base-

level conservation; ATAC - DNA accessibility signal; H3K27ac / H3K4me1 / CTCF - ChIP-seq normalized signal in 

prostate cell lines. Representative mCRPC RNA-seq coverage on the “+” and “-” strand. (C) Structural patterns of 

translocations. Hijack translocations occur between FOXMIND and FOXA1, swap translocations occur upstream of 

the FOXA1 promoter. (D) Inferred duplications within the FOXA1 locus based on RNA-seq (tandem breakends) and 

WES (copy-gains). (E) Transcriptional changes in protein-coding genes within the FOXA1 TAD (t-test). 

 

FOXA1 is haploinsufficient in prostate development [1] and functionally essential in prostate 

cancer (Supplementary Figure A1-1), which prompted us to examine how copy-number in 

general, and focal duplications in particular, impact its expression. Strikingly, we found FOXA1 

levels to be poorly correlated with copy-number (Supplementary Figure A1-20A), but highly 

sensitive to focal structural variation (Figure 2-4E). Tandem duplications, ascertained at the RNA 

(Figure 2-4E) and DNA levels (Supplementary Figure A1-20B), significantly increased FOXA1 

and MIPOL1, but not TTC6 expression. Surprisingly, translocations resulted in a decrease in 

FOXA1 levels (Supplementary Figure A1-20B), despite a significant co-occurrence (odds-

ratio=3.89, p=2.8e-6) with tandem-duplications (Supplementary Figure A1-20C). To explore 

this further, we carried out haplotype-resolved linked-read sequencing of MDA-prostate cancer-

2B, a prostate cancer cell line with the FOXMIND-ETV1 fusion. The oncogenic translocation was 

accompanied by focal tandem duplication of the non-translocated allele (Supplementary Figure 

A1-21A). Intriguingly, the translocated FOXA1 allele was shut down resulting in monoallelic 

FOXA1 transcription (Supplementary Figure A1-21B), without net-loss of FOXA1 expression 

(266 FPKM, 95th percentile compared to mCRPC). This suggests that translocations result in a 

loss of FOXA1 expression from the adjacent allele, which is overall “rescued” by activating 

tandem-duplications in the other allele. Based on these data, we propose a coalescent model 

wherein class3 structural variants re-position FOXMIND to drive the expression of FOXA1 or other 

putative oncogenes.  

https://paperpile.com/c/KRuLGM/EhNW
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Discussion  

The FAST, FURIOUS, and LOUD aberrations of FOXA1 

By leveraging an aggregate prostate cancer cohort of over 1500 cases, we were able to identify 

three previously undescribed structural classes of FOXA1 aberrations that diverged in genetic 

associations and oncogenic functions. Hence, we establish FOXA1 as a potent oncogene that is 

altered by gain-of-function genetic aberrations in AR-dependent prostate cancer. Overall, FOXA1 

aberrations are observed in 34.6% of mCRPC (Figure 2-5A). Class1 mutants, recurrent at 

approximately 9%, originate in primary prostate cancer that lack other primary driver alterations5. 

Contrarily, class2 mutants recur at 4% and are detected at clonal levels only in metastatic prostate 

cancer. Finally, class3 genomic rearrangements are significantly enriched in metastatic disease 

and, within the limitations of RNA-seq and WES, are observed in 20-30% of cases. Notably, class3 

tandem-duplications frequently co-occur with class2 mutations (odds-ratio=3.95, p=0.014). 

Class1 FOXA1 mutations disrupt the Wing2 secondary structure and increase the transactivational 

ability of FOXA1 towards oncogenic AR-signaling (Figure 2-5B). Notably, in line with mutual 

exclusivity at the genetic level, class1 mutations and PI3K alterations transcriptionally converge 

to induce similar gene expression changes. This is a novel association and it further emphasizes 

the significance of PI3K-AKT-mTOR signaling in prostate cancer biology. In contrast, class2 

aberrations truncate the C-terminus and impart cistromic dominance to potentiate WNT/ß-Catenin 

signaling that promotes metastasis in vivo (Figure 2-5C). This also attributes a unique role to the 

C-terminal domain of FOXA1 in hindering its interaction with chromatin. We demonstrate both 

class1 and class2 mutations to be neomorphic (i.e., result in a novel gain-of-function). Class3 

rearrangements fall into two structural patterns: translocations that place putative oncogenes in the 
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proximity of FOXMIND (i.e. the FOXA1 enhancer), and duplications that preserve and amplify 

the FOXMIND-FOXA1 regulatory domain (Figure 2-5D). Class3 rearrangements provide a 

mechanism to increase FOXA1 expression levels to supra-physiological levels (i.e. not observed 

in normal tissues). Given the unique traits, we propose to refer to these classes as ‘FAST’ (class1), 

‘FURIOUS’ (class2), and ‘LOUD’ (class3). 

 

Figure 2-5: Summary of FOXA1 alterations and proposed models of function in prostate cancer progression. 
(A) Integrated (RNA-seq and WES) recurrence of distinct classes of FOXA1 alterations in mCRPC. (B) Class1 model: 

Wing2-disrupted FOXA1 shows increased chromatin mobility, resulting in transcriptional activation of AR targets 

and multiple oncogenic programs. (C) Class2 model: Truncated FOXA1 shows increased chromatin binding, resulting 

in AR-cistrome redistribution and increased WNT signaling. (D) Class3 model: Tandem-duplications within the 

FOXA1 TAD reposition FOXMIND to drive FOXA1 expression to supra-physiological levels. 

 

Recent sequencing studies have uncovered activating alterations in FOXA1 regulatory regions in 

estrogen receptor (ER)-positive breast cancer, including hotspot mutations in the FOXA1 promoter 

[51] and cancer-predisposing SNPs at FOXA1 binding sites [52,53]. Here, we show that the 

FOXA1 locus is structurally rearranged in breast cancer as well. FOXA1 mutations are also 

https://paperpile.com/c/KRuLGM/iHGd
https://paperpile.com/c/KRuLGM/aSLH+JhXX
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observed in bladder cancer and AR-positive salivary gland tumors [7]. Thus, the three classes of 

FOXA1 alterations might be distinctly activating in other tumors with oncogenic AR or ER 

signaling.  

In summary, our study presents genetic, mechanistic, and phenotypic evidence supporting FOXA1 

mutations as activating driver alterations in AR-driven prostate cancer, and likely in other 

hormone-receptor related cancers. Notably, we propose a mechanism-based classification for 

FOXA1 alterations which includes increased FOXA1 mobility (Class1, ‘Fast’), enhanced 

chromatin binding (Class2, ‘Furious’), and rearrangement-mediated overexpression (Class3, 

‘Loud’).  For the first time, we describe structural variation as an important mechanism of FOXA1 

pathogenic function and delineate FOXMIND as a critical enhancer element recurrently altered in 

cancer. The high prevalence of FOXA1 alterations (upwards of 35%), further emphasizes that 

mCRPC is a disease of aberrant transcription factor activity, already exemplified by both ETS 

fusions and AR alterations present in over half of mCRPC4.  Considering the strong oncogenic 

effects of FOXA1 alterations demonstrated in this study, co-targeting FOXA1 is an attractive 

therapeutic approach for mCRPC as well as other FOXA1-driven cancers. 

Materials and methods 

Cell culture 

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

and were cultured as per the standard ATCC protocols. LNCaP-AR and LAPC4 cells were gifts 

from Dr. Charles Sawyers’ lab (Memorial Sloan-Kettering Cancer Center, New York, NY). Until 

otherwise stated, for all the experiments LNCaP, PNT2, LNCaP-AR, C42B, 22RV1, DU145, PC3 

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

https://paperpile.com/c/KRuLGM/kqrs
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(Gibco) medium supplemented with 10% Full Bovine Serum (FBS; Invitrogen). LAPC4 cells were 

grown in IMEM (Gibco) medium supplemented with 15%FBS and 1nM of R1881. Immortalized 

normal prostate cells: RWPE1 were grown in keratinocyte media with regular supplements 

(Lonza); PNT2 were grown in RPMI medium with 10%FBS. HEK293 cells were grown in DMEM 

(Gibco) medium with 10% FBS. All cells were grown in a humidified 5%CO2 incubator at 37C. 

All cell lines were biweekly tested to be free of mycoplasma contamination and genotyped every 

month at the University of Michigan Sequencing Core using Profiler Plus (Applied Biosystems) 

and compared with corresponding short tandem repeat (STR) profiles in the ATCC database to 

authenticate their identity in culture between passages and experiments. 

Antibodies 

For immunoblotting, the following antibodies were used: FOXA1_N-terminal (Cell Signaling 

Technologies: 58613S; Sigma-Aldrich: SAB2100835); FOXA1_C-terminal (ThermoFisher 

Scientific: PA5-27157; Abcam: ab23738); AR (Millipore: 06-680); LSD1 (Cell Signaling 

Technologies: 2139S); Vinculin (Sigma Aldrich: V9131); H3 (Cell Signaling Technologies: 

3638S); GAPDH (Cell Signaling Technologies: 3683); B-Actin (A5316); B-Catenin (8480S); 

Vimentin(5741S) and V5-tag (R960-25). 

For co-immunoprecipitation and ChIP-Seq experiments, the following antibodies were used: 

FOXA1_N-terminal (Cell Signaling Technologies: 58613S); FOXA1_C-terminal (ThermoFisher 

Scientific: PA5-27157); AR (Millipore: 06-680); V5-tag (R960-25). 

Immunoblotting and nuclear co-immunoprecipitation 
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Cell lysates were prepared using the RIPA lysis buffer (ThermoFisher Scientific) and denatured in 

the complete NuPage 1X LDS/reducing agent buffer (Invitrogen) with 10 minutes of heating at 

70C. 10-25ug of total protein was loaded per well, separated on 4–12% SDS polyacrylamide gels 

(Novex), and transferred onto a nitrocellulose membrane (Thermo Fisher Scientific) using a semi-

dry transfer system (BioRad) at 25V for 1h. The membrane was incubated for 1 hour in blocking 

buffer (Tris-buffered saline, 0.1% Tween (TBS-T), 5% nonfat dry milk) and incubated overnight 

at 4°C with primary antibodies. Host species-matched secondary antibodies conjugated to 

horseradish peroxidase (HRP; BioRad) were used at 1/20,000 dilution to detect primary antibodies 

and blots were developed using enhanced chemiluminescence (ECL Prime, Thermo Fisher 

Scientific) following the manufacturer’s protocol. 

For nuclear co-immunoprecipitation assays, 8-10 million cells were fractionated to isolated intact 

nuclei using the NE-PER kit reagents (Thermo Fisher Scientific) and lysed in the complete IP lysis 

buffer (Thermo Fisher Scientific). Nuclear lysates were incubated for 2 hours at 4C with 30ul of 

magnetic Protein-G Dynabeads (Thermo Fisher Scientific) for pre-clearing. A fraction of the 

cleared lysate was saved as input and the remainder was incubated overnight (12-16 hours) with 

10ug of target protein antibody at 4C with gentle mixing. The next day, 50ul of Dynabeads Protein-

G beads were added to the lysate-antibody mixture and incubated for 2h at 4C. Beads were washed 

3 times with IP buffer (150nM NaCl; Thermo Fisher Scientific) and directly boiled in 1X NuPage 

LDS/reducing agent buffer (ThermoFishner Scientific) to elute and denature the precipitated 

proteins. These samples were then immunoblotted as described above with the exception of using 

ProteinA-HRP secondary (GE HealthCare) antibody for detection.  

RNA extraction and quantitative polymerase chain reaction 
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Total RNA was extracted using the miRNeasy Mini Kit (Qiagen), with the inclusion of an on-

column genomic DNA digestion step using the RNase-free DNase kit (Qiagen), following the 

standard protocols. RNA was quantified 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) 

according to the manufacturer’s instructions. 20ng of cDNA was inputted per polymerase chain 

reaction (PCR) using the FAST SYBR Green Universal Master Mix (ThermoFisher Scientific) 

and every sample was quantified in triplicates. Gene expression was 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 listed below: 

GAPDH: F, TGCACCACCAACTGCTTAGC; R, GGCATGGACTGTGGTCATGAG; 

HPRT1: F, AGGCGAACCTCTCGGCTTTC; R, CTAATCACGACGCCAGGGCT; 

B-Actin: F, AGGATGCAGAAGGAGATCACTG; R, AGTACTTGCGCTCAGGAGGAG; 

AR: F, CAGTGGATGGGCTGAAAAAT; R, GGAGCTTGGTGAGCTGGTAG; 

FOXA1-3’: F, GAAGACTCCAGCCTCCTCAACTG; R, TGCCTTGAAGTCCAGCTTATGC; 

FOXA1-5’: F, CTACTACGCAGACACGCAGG; R, CCGCTCGTAGTCATGGTGTT.   

siRNA-mediated gene knockdown 
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Cells were seeded in a 6-well plate at the density of 100,000-250,000 cells per well. After 12 hours, 

cells were transfected with 25nM of gene-targeting ON-TARGETplus SMARTpool siRNAs or 

non-targeting pool siRNAs as a negative control (Dharmacon) using the RNAiMAX reagent 

(Invitrogen) for two consecutive days, following manufacturer's instructions. Both total RNA and 

protein were extracted on day 3 (total 72h) to confirm efficient (>80%) knockdown of the target 

genes. For crystal violet staining, at day9 growth medium was aspirated and cells were first fixed 

with 4% formaldehyde solution, followed by 30-minute incubation in 0.5% crystal violet solution 

in 20% methanol and scanned. Catalogue numbers of siRNA SMARTpools (Dharmacon) used 

are: Non-targeting control (D-001810-10-05); AR (L-003400-00-0005); FOXA1 (L-010319-00-

0005). 

 CRISPR sgRNA-mediated gene knockout 

Cells were seeded in a 6-well plate at the density of 200,000-300,000 cells per well and infected 

with viral particles with lentiCRISPR-V2 plasmids coding either non-targeting (sgNC) or sgRNAs 

targeting the Exon1 or the Forkhead domain of FOXA1 (both ensuing in FOXA1 inactivation). 

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). All sgRNAs were designed using the online Benchling tool 

(https://benchling.com/) and were synthesized as oligos from Integrated DNA Technologies. 

sgRNA sequences used in this study are: sgNC#1 5’-GTAGCGAACGTGTCCGGCGT-3’; 

sgNC#2; 5’-GACCGGAACGATCTCGCGTA-3’ sgFOXA1_Exon1:  5’-

GTAGTAGCTGTTCCAGTCGC-3’; sgFOXA1_Forkhead: 5’-GCCGTTCTCGAACATGTTGC-

3’. 
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Proliferation assays 

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

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

Day0 and Day1. Every treatment was carried out in six independent replicate wells. CellTiter-Glo 

reagent (Promega) was used to assess cell viability at multiple time points post-transfection 

following the manufacturer’s protocol. Data was normalized to siNC-Day1 readings 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 24-well plate at 20,000 cells/well density with 2 replicates per 

group. After 12 hours, plates were placed into the IncuCyte live-cell imaging machine (IncuCyte) 

set at the phase-contrast option to record cell confluence every 3 hours for up to 7-9 days. 

Similarly, for class1 growth assays (Figure 2-2h), stable doxycycline-inducible 22RV1 cells were 

grown in with 10% charcoal-stripped serum (CSS)-supplemented medium for 48 hours. Androgen 

starved cells were then seeded into 96-wells at 5000 cells/well density in 10%CSS medium with 

or without the addition of doxycycline (1ug/ml) to induce control or mutant protein expression (6 

replicates/group). Once adherent, treated cells were placed in the IncuCyte live-cell imaging 

incubator (IncuCyte), set at the phase-contrast option, to record cell confluence every 3 hours for 

up to 7-9 days. For all IncuCyte assays, confluence measurements from all time points were 

normalized to the measurement at 0 hours and plotted as relative confluence to generate growth 

curves. 

Cloning of representative FOXA1 mutants 
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WT FOXA1 coding sequence was purchased from Origene (Cat#: SC108256) and cloned into the 

pLenti6/V5 lentiviral vector (ThermoFisher Scientific) using the standard TOPO cloning protocol. 

Class1 missense mutations (I176M; H247Q and R261G) were engineered from the WT FOXA1 

vector using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Tech) as per the 

manufacturer’s instructions. All point mutations were confirmed using Sanger sequencing through 

the University of Michigan Sequencing Core Facility. Edited plasmids were further transfected in 

HEK293 cells to confirm the robust expression of the mutant protein. For truncated class2 variants, 

the WT coding sequence up to the amino acid before the intended mutation was cloned. All 

FOXA1 variants had the V5-tag fused on the C-terminus. Also, select mutants were cloned into a 

doxycycline-inducible vector (pCW57.1) to generate stable lines. For FRAP assays, the pCW57.1 

vector was edited to incorporate an in-frame GFP coding sequence at the C-terminal end. 

Fluorescent recovery after photobleaching (FRAP) assay and data quantification 

PNT2 cells were seeded in a 6 well plate at 200,000 cells/well density and transfected with 2ug of 

doxycycline-inducible vectors coding different FOXA1 variants fused to GFP on the C-terminal 

end. After 24 hours, cells were plated in the glass-bottom microwell dishes (MatTek: #P35G-1.5-

14-C) in a phenol-free growth medium supplemented with doxycycline (1ug/ml). Cells were then 

incubated for 48 hours to allow for robust expression of the exogenous GFP-tagged protein and 

strong adherence to the glass surface. Microwell dishes were placed in a humidity control chamber 

set at 37C (Tokai-Hit) and mounted on the SP5 Inverted 2-Photon FLIM Confocal microscope 

(Leica). FRAP Wizard from the Leica Microsystems software suite was used to conduct and 

analyze FRAP experiments. Roughly half of the nucleus was photobleached using the Argon-laser 

at 488nm and 100% intensity for 20-30 iterative frames at 1.2 second intervals. Laser intensity was 

reduced to 1% for imaging post bleaching. Immediately after photobleaching, 2 consecutive 
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images were collected at 1.2 second intervals followed by images taken at 10 seconds intervals for 

60 frames (i.e. 10 minutes). 

For data analyses, recovery of signal in the bleached half and loss of signal in the unbleached half 

were measured as average fluorescence intensities in at least 80% of the respective areas, excluding 

the immediate regions flanking the separating border. All intensity curves were generated from 

background-subtracted images. The fluorescence signal measured in a region-of-interest (ROI) 

was normalized to the signal prior to bleaching using the following formula[54]: 

             R = (It –Ibg)/(Io-Ibg) 

Where ‘Io’ is the average intensity in the ROI before bleaching, ‘It’ is the average intensity in the 

ROI at any time-point post-bleaching, and ‘Ibg’ is the background fluorescence signal in a region 

outside of the cell nucleus. Raw recovery kinetic data from above were fitted with the best 

hyperbolic curves using the GraphPad Prism software and time to recover to 50% signal was 

calculated from the resulting best-fit equations. 

Dual-luciferase AR reporter assay 

HEK293 cells stably overexpressing the WT AR protein (i.e. HEK293-AR) were used for the AR 

reporter assays. HEK293-AR cells were seeded in a 12-well plate at 300,000 cell/well density and 

transfected with 2ug of the pLenti6/V5 vector coding different FOXA1 variants or GFP (control). 

After 8 hours, the medium was replaced with a 10%-CSS-supplemented phenol-free medium 

(androgen depleted) and cells were transfected with the AR-reporter Firefly luciferase or negative 

control constructs from the Cignal AR-Reporter(luc) kit (QIAGEN; Cat# CCS-1019L) as per the 

manufacturer’s instructions. Both constructs were premixed with constitutive Rinella luciferase 

https://paperpile.com/c/KRuLGM/NFMNR
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vector as control.  After 12 hours, cells were treated with different dosages of dihydrotestosterone 

(DHT) or enzalutamide (at 10uM dosage); and additional 24 hours later dual luciferase activity 

was recorded for every sample using the Dual-Glo Luciferase assay (Promega; E2980) and 

luminescence plate reader (Promega-GLOMAX-Multi Detection System). Each treatment 

condition had 4 independent replicates. Firefly luciferase signals were normalized with the 

matched Rinella luciferase signals to control for variable cell number and/or transfection 

efficiencies, and normalized signals were plotted relative to the negative control reporter 

constructs.  

Electrophoretic mobility shift assay (EMSA) 

HEK293 cells were plated in 10cm dishes at 1M/plate density and transfected with 10ug of the 

pLenti6/V5 vector coding GFP (control) or different FOXA1 variants. After 48 hours, cells were 

trypsinized and nuclear lysates were prepared using the NE-PER kit reagents (ThermoFisher 

Scientific). Immunoblots were run to confirm comparable expression of recombinant FOXA1 

variants in 2ul (i.e. equal volume) of final nuclear lysates. Next, FOXA1 and AR ChIP-Seq data 

was used to identify the KLK3 enhancer element. 60bp of the KLK3 enhancer, centered at the 

FOXA1 consensus motif 5’-GTAAACAA-3’, was synthesized as single stranded oligos (IDT) and 

biotin-labeled using the Biotin 3’-End DNA labeling kit (ThermoFisher Scientific) and then 

annealed to generate a labeled double-stranded DNA duplex. 

Binding reactions were carried out in 20ul volumes containing 2ul of the nuclear lysates, 50ng/uL 

poly(dI.dC), 1.25% glycerol, 0.025% Nonidet P-40 and 5mM MgCl2. 10fmol of biotin-labeled 

KLK3 enhancer probe was added at the very end with gentle mixing. Reactions were incubated 

for 1h at room temperature, size-separated on a 6% DNA retardation gels (100V for 1h; Invitrogen) 
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in 0.5X TBE buffer, and transferred on the Biodyne Nylon membrane (0.45um; ThermoFisher 

Scientific) using a semi-dry system (BioRad). Transferred DNA was cross-linked to the membrane 

using the UV-light at 120mJ/cm2 for 1 minute. Biotin-labeled free and protein-bound DNA was 

detected using HRP-conjugated streptavidin (ThermoFisher Scientific) and developed using 

chemiluminescence according to the manufacturer’s protocol. 

Generation of CRISPR clones and stable lines 

22RV1 or LNCaP cells were seeded in a 6-wells plate at 200,000 cells/well density and transiently 

transfected with 2.5ug of lentiCRISPR-V2 (Addgene: #52961) vector encoding the Cas9 protein 

and sgRNA cutting either at amino acid 271 (5’-GTCAAGTGCGAGAAGCAGCCG-3’) or 359 

(5’-GCCGGGCCCGGAGCTTATGGG-3’) in Exon2 of FOXA1. Cells were treated with a non-

targeting control sgRNA (5’-GACCGGAACGATCTCGCGTA-3’) vector to generate isogenic 

WT clones. Transfected cells were selected with puromycin (Gibco) for 3-4 days and FACS-sorted 

as single cells into 96-well plates. Cells were maintained in 96-wells for 4-6 weeks with the 

replacement of the growth medium every 7 days to allow for the expansion of clonal lines. Clones 

that successfully seeded, were further expanded and genotyped for FOXA1 using Sanger 

sequencing and immunoblotting with the N-terminal FOXA1 antibody. Sequence and expression 

validated 22RV1 and LNCaP clones with distinct class2 mutations were used for growth, invasion 

and metastasis assays as described. 

To generate stable cells, doxycycline-inducible vectors coding different FOXA1 variants or GFP 

(control) were packaged into viral particles through the University of Michigan Vector Core. 

prostate cancer cells were seeded in a 6-well plate at 100,000-250,000cells/well density and 
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infected with 0.5ml of 10X viral titers. This was followed by 3-4 days of puromycin (Gibco) 

selection to generate stable lines.  

Matrigel invasion assay 

22RV1 CRISPR clones were grown in a 10% CSS-supplemented medium for 48 hours for 

androgen starvation. Special matrigel-coated invasion chambers were used that were additionally 

coated with a light-tight polyethylene terephthalate membrane to allow for fluorescent 

quantification of the invaded cells (Biocoat: 24-well format, #354166). 50,000 starved cells were 

resuspended in a serum-free medium and were added to each invasion chamber. 20% FBS-

supplemented medium was added to the bottom wells to serve as a chemoattractant. After 12 hours, 

medium from the bottom well was aspirated and replaced with 2ug/ml Calcein-green AM dye 

(ThermoFisher Scientific; C3100MP) in 1X Hank's Balanced Salt Solution (Gibco) and incubated 

for 30 minutes at 37C. Invasion chambers were then placed in a fluorescent plate reader (Tecan-

Infinite M1000 PRO) and the fluorescent signal from the invaded cells at the bottom was averaged 

from 16 distinct regions per chamber to determine the extent of invasion. 

Chromatin immunoprecipitation (ChIP) with massively parallel DNA sequencing 

ChIP experiments were carried out using the HighCell# ChIP-Protein G kit (Diagenode) as per the 

manufacturer’s protocol. Chromatin from 5M cells was used per ChIP reaction with 6.5ug of the 

target protein antibody. Briefly, cells were trypsinized and washed twice with 1XPBS, 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 an 
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overnight incubation at 4C. 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 the T4 DNA polymerase, E. coli DNA polymerase I large fragment (Klenow 

polymerase), and T4 polynucleotide kinase (New England BioLabs (NEB)). A single A 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 2000 Sequencer (125-nucleotide read length). 

Zebrafish embryo metastasis experiment 

All zebrafish experiments were carried out in designated University of Michigan Animal Facilities 

following standard IACUC guidelines. Wildtype ABTL zebrafish were maintained in aquaria 

according to standard protocols2. Embryos were generated by natural pairwise mating and raised 

at 28.5°C on a 14h light/10h dark cycle in a 100 mm petri dish containing aquarium water with 

methylene blue to prevent fungal growth. Cell injections were carried out as described in this 

study[46]. Briefly, GFP-expressing normal (control) or cancer cells were resuspended in PBS at 

the concentration of 1x107 cells/ml. 48 hours post-fertilization, wild-type embryos were 

dechorionated and anesthetized with 0.04 mg/ml tricaine. Approximately 10 nl (approx. 100 cancer 

cells) were microinjected into the perivitelline space using a borosilliac micropipette tip with 

filament. Embryos were returned to aquarium water and washed twice to remove tricaine, then 

moved to a 96 well plate with one embryo per well and kept at 35°C for the duration of the 

https://paperpile.com/c/KRuLGM/3gSu
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experiment. All embryos were imaged at 24 hours intervals to follow metastatic dissemination of 

injection cells. Water was changed daily to fresh aquarium water. More than 30 fish were injected 

for each condition (WT#2, n=30; WT#5, n=50; #57, n=35; #84, n=57; #113, n=38) and metastasis 

was visually assessed daily up to 5 days after injection. Embryos were either imaged directly in 

the 96 well plates or placed onto a concave glass slide to capture representative images using a 

fluorescent microscope (Olympus-IX71). For quantification, evidently distinct cell foci in the 

embryo body were counted 72 hours after the injections.  

ChIP-seq data analysis 

Paired-end 125bp reads were trimmed and aligned to the GRCh38 human reference using the 

STAR (version 2.4.0g1) aligner with splicing disabled, the resulting reads were filtered using 

samtools “samtools view -@ 8 -S -1 -F 384”.  The resulting BAM file was sorted and duplicate 

marked using novosort and converted into bigwig files for visualization using “bedtools 

genomecov -bg -split -ibam” and “bedGraphToBigWig”. The coverage signal was normalized to 

total sequencing depth / 1e6 reads. Peak calling was performed using MACS2 with the following 

settings “macs2 callpeak --call-summits --verbose 3 -g hs -f BAM -n OUT --qvalue 0.05”. ChIP 

peak profile plots and read-density heatmaps were generated using deepTool2[55] and cistrome 

overlap analyses were carried out using the ChIPpeakAnno[56] package in R. 

Utilized cohorts, data sets, and resources 

This study leverages previously published public or restricted patient genetic data. Genetic calls 

for primary prostate cancer and breast cancer (BCa) were obtained from the Genomic Data 

Commons (GDC)[57] for the prostate cancer-PRAD[4] and BCa-BRCA[6,58] cohorts, 

respectively. Raw RNA-seq data (paired-end reads from unstranded polyA libraries) for those 

https://paperpile.com/c/KRuLGM/fMHgK
https://paperpile.com/c/KRuLGM/IDw6f
https://paperpile.com/c/KRuLGM/Ygd02
https://paperpile.com/c/KRuLGM/eNAV
https://paperpile.com/c/KRuLGM/hQaX+GEVLn
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samples were downloaded from the GDC and processed with our standard Clinical RNA-seq 

Pipeline CRISPR/CODAC (see below). For the TCGA PRAD and BRCA cohorts, we downloaded 

mutational calls from multiple sources (GDC, cBio Portal, UCSC Xena) and additionally used the 

BAM-slicing tool to download sequence alignments from whole-exome sequencing libraries to the 

FOXA1 locus. We then used our internal pipeline (see below) to call SNVs and indels within 

FOXA1. We also used the downloaded aligned data for the manual review of FOXA1 mutation 

calls. Mutation calls for advanced primary and metastatic cases were obtained from the MSK-

IMPACT cohort (downloaded from the cBio portal[59]). The main MCTP mCRPC cohort includes 

360 cases reported previously (the location of all raw BAM files is provided in (Wu et al., 2018 in 

press), the 10 additional mCRPC cases included herein but not in Wu et al. are being included in 

the Database of Genotypes and Phenotypes (dbGaP): phs000673.v3.p1, and belong to a continuous 

sequencing program with the same IRB-approved protocol (MI-Oncoseq program, University of 

Michigan Clinical Sequencing Exploratory Research). The genetic sequencing data (WXS) for 

rapid autopsy cases is available from dbGaP: hs000554.v1.p1and phs000567.v1.p1. De-identified 

somatic mutation calls, RNA-seq fusion calls, processed/segmented copy-number data, and RNA-

seq expression matrices across the full MCTP mCRPC 370 case-cohort is available on request 

from the authors. 

Preparation of WES and RNA-seq libraries 

Integrative clinical sequencing, comprising exome sequencing and polyA and/or capture RNA-

seq, was performed using standard protocols in our Clinical Laboratory Improvement 

Amendments (CLIA) compliant sequencing lab. In brief, tumor genomic DNA and total RNA 

were purified from the same sample using the AllPrep DNA/RNA/miRNA kit (QIAGEN). 

Matched normal genomic DNA from blood, buccal swab, or saliva was isolated using the DNeasy 

https://paperpile.com/c/KRuLGM/duGU1
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Blood & Tissue Kit (QIAGEN). RNA sequencing was performed by exome-capture transcriptome 

platform[60]. Exome libraries of matched pairs of tumor/normal DNAs were prepared as described 

before[61], using the Agilent SureSelect Human All Exon v4 platform (Agilent). All the samples 

were sequenced on the Illumina HiSeq 2000 or HiSeq 2500 (Illumina Inc) in paired-end mode. 

The primary base call files were converted into FASTQ sequence files using the bcl2fastq 

converter tool bcl2fastq-1.8.4 in the CASAVA 1.8 pipeline. 

Analysis of whole-exome sequencing data 

The FASTQ sequence files from whole-exome libraries were processed through an in-house 

pipeline constructed for analysis of paired tumor/normal data. The sequencing reads were aligned 

to the GRCh37 reference genome using Novoalign (version 3.02.08) (Novocraft) and converted 

into BAM files using SAMtools (version 0.1.19). Sorting, indexing, and duplicate marking of 

BAM files used Novosort (version 1.03.02). Mutation analysis was performed using freebayes 

(version 1.0.1) and pindel (version 0.2.5b9). Variants were annotated to RefSeq (via the UCSC 

genome browser, retrieved on 8/22/2016), as well as COSMIC v79, dbSNP v146, ExAC v0.3, and 

1000 Genomes phase 3 databases using snpEff and snpSift (version 4.1g). SNVs and indels were 

called somatic if they were present with at least 6 variant reads and 5% allelic fraction in the tumor 

sample, and present at no more than 2% allelic fraction in the normal sample with at least 20X 

coverage; additionally, the ratio of variant allelic fractions between tumor and normal samples 

were required to be at least six in order to avoid sequencing and alignment artifacts at low allelic 

fractions. Minimum thresholds were increased for indels observed to be recurrent across a pool of 

hundreds of platform- and protocol-matched normal samples. Specifically, for each such indel, a 

logistic regression model was used to model variant and total read counts across the normal pool 

using PCR duplication rate as a covariate, and the results of this model were used to estimate a 

https://paperpile.com/c/KRuLGM/d5f1B
https://paperpile.com/c/KRuLGM/v2H0Z
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predicted number of variant reads (and therefore allelic fraction) for this indel in the sample of 

interest, treating the total observed coverage at this genomic position as fixed. The variant read 

count and allelic fraction thresholds were increased by these respective predicted values. This filter 

eliminates most recurrent indel artifacts without affecting our ability to detect variants in 

homopolymer regions from tumors exhibiting microsatellite instability. Germline variants were 

called using ten variant reads and 20% allelic fraction as minimum thresholds and were classified 

as rare if they had less than 1% observed population frequency in both the 1000 Genomes and 

ExAC databases. Exome data was analyzed for copy number aberrations and loss of heterozygosity 

by jointly segmenting B-allele frequencies and log2-transformed tumor/normal coverage ratios 

across targeted regions using the DNAcopy (version 1.48.0) implementation of the Circular Binary 

Segmentation algorithm. The Expectation-Maximization Algorithm was used to jointly estimate 

tumor purity and classify regions by copy number status. Additive adjustments were made to the 

log2-transformed coverage ratios to allow for the possibility of non-diploid tumor genomes; the 

adjustment resulting in the best fit to the data using minimum mean-squared error was chosen 

automatically and manually overridden if necessary. 

Detection of copy-number breakpoints from Whole Exome Sequencing 

The output of our clinical WES pipeline includes segmented copy-number data, inferred absolute 

copy-numbers and predicted parent-specific genotypes (e.g. AAB), detection of loss-of-

heterozygosity (LOH), and detection of copy-neutral LOH (uniparental disomy). Together these 

data enable the detection of joint discontinuities in the copy-number profile (log-ratio and B-allele 

frequencies) at exon-level resolution. A subset of genomic rearrangements results in changes in 

copy-number or allelic shifts, and hence the presence of such discontinuities in paired tumor-

normal WES data is strongly indicative of a somatic breakpoint. For example, 1 copy-gain will 
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result in a segment with an increased log-ratio, and a corresponding zygosity deviation (see above). 

This segment will be discontinuous with adjacent segments, which will result in the call of a WES 

breakend (discontinuity) on either side of the copy-gain. The size of the breakend depends on the 

density of covered exons and, in general, the resolution is better in genic vs. intergenic regions. 

We assessed the presence of such breakpoints within the gene-dense and exon-dense FOXA1 

locus. All copy-number breakends met statistical thresholds of the CBS algorithm (see above) at 

either the log-ratio or B-allele level. 

Genetic characterization of mCRPC tumors samples at the pathway level 

The co-occurrence or mutual exclusivity of FOXA1 aberrations with other previously described 

genetic events in prostate cancer has been carried out at the pathway level, but grouping putative 

functionally equivalent (and largely genetically mutually exclusive) events. All known types of 

ETS fusion (ERG, ETV1, FLI1, ETV4, ETV5) were considered as ETS-positive tumors, PI3K 

alterations included PTEN homozygous loss, PIK3CA activating mutations, and PIK3R1 

inactivating mutations, AR pathway alterations included AR, NCOR1, NCOR2, and ZBTB16 

mutations/deletions, but excluded AR amplifications / copy-gains. The KMT category included 

mutations in all recurrently mutated lysine methyltransferases. The WNT category included 

inactivating aberrations in APC and activating mutations in CTNNB1. DRD included cases with 

mutations in BRCA1, BRCA2, PALB2, ATM, all common mismatch repair genes, and CDK12. 

Assessment of two-hit (biallelic) alterations 

To assess the frequency of genetic inactivations of both alleles we integrated mutational, copy-

number, and RNA-seq (fusion) data. A gene was considered having both alleles inactivated for 

any combination (pair) of the following events: copy-loss, mutation, truncating fusion, copy-
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number breakpoint, in addition to homozygous deletion of both copies and two independent 

mutations. Ambiguous cases were manually reviewed to increase the accuracy and ascertain 

whether both events e.g. copy-number breakpoint and gene fusion are likely independent events. 

Unified mutation calling and variant classification of FOXA1 

Mutation calls for FOXA1 obtained/downloaded from the GDC, TCGA flagship manuscripts[4,6], 

and our internal pipelines were lifted over to GRCh38 (using the Bioconductor package 

rtracklayer) and annotated with respect to the canonical RefSeq FOXA1 isoform. For TCGA 

samples/cases multiple call-sets were available and we manually reviewed all discrepancies in 

FOXA1 mutation calls resulting in a union call set with improved sensitivity and specificity. 

Mutational impact (consequence) was simplified into 3 categories: missense, inframe indel, and 

frameshift the latter category included stop-gain, stop-loss, and splice-site mutations. The resulting 

mutations were dichotomized into Class1 and Class2 based on their position relative to residue 

275aa. Variant allele frequencies (VAF) were only available for TCGA and the in-house mCRPC 

cohorts. 

Analysis of whole-genome sequencing data 

The bcbio-nextgen pipeline version 1.0.3 was used for the initial steps of tumor whole-genome 

data analysis. Paired-end reads were aligned to the GRCh38 reference using BWA (bcbio default 

settings), and structural variant calling was done using LUMPY[62] (bcbio default settings), with 

the following post-filtering criteria: ‘‘(SR>=1 & PE>=1 & SU>=7) & (abs(SVLEN)>5e4) & 

DP<1000 & FILTER==’’PASS’’.’’ The following settings were chosen to minimize the number 

of expected germline variants: (FDR < 0.05 for germline status for both deletions and 

duplications), additionally common structural germline variants were filtered. 

https://paperpile.com/c/KRuLGM/eNAV+hQaX
https://paperpile.com/c/KRuLGM/8TPf3


72 

 

 Analysis of 10X Genomics long-read sequencing data 

High-molecular-weight (HMW) DNA from MDA-prostate cancer-2B and LNCaP cell lines was 

isolated and processed into linked-read NGS libraries per manufacturer's instructions (10X WGS 

v2 kit). The resulting paired-end sequencing data were sequenced on an Illumina Hi-Seq 2500 

instrument and analyzed (demultiplexing, alignment, phasing, structural variant calls) using the 

longranger 2.2.1 pipeline with all default settings. The resulting libraries met all 10X-

recommended QC parameters including molecule size, average phasing length, and sequencing 

coverage (~50X). Here, we focused on structural variant calls within the FOXA1 TAD and 

confirmed the presence of the previously reported FOXMIND-ETV1 fusions i.e. translocation for 

MDA-prostate cancer-2B, and balanced insertional translocation for LNCaP. Both cell lines were 

confirmed to harbor three copies of FOXA1 i.e. one translocated allele and two duplicated alleles. 

RNA-seq data pre-processing and primary analysis 

RNA-seq data processing, including quality control, read trimming, alignment, and expression 

quantification by read counting, was carried out as described previously[61], using our standard 

clinical RNA-seq pipeline ‘‘CRISP’’ (available at https://github.com/mcieslik-mctp/bootstrap-

rnascape). The pipeline was run with default settings for paired-end RNA-seq data of at least 75bp. 

The only changes were made for unstranded transcriptome libraries sequenced at the Broad 

Institute and the TCGA/CCLE/CCLE cohorts, for which quantification using ‘‘featureCounts’’ 

(Liao et al., 2014) was used in unstranded mode ‘‘-s0.’’. The resulting counts were transformed 

into FPKMs using upper-quartile normalizations as implemented in EdgeR[63]. For mCRPC 

samples, FOXA1 expression estimates were adjusted by tumor-content estimated from WES (see 

above) given the highly prostate specific FOXA1 expression profile. For the quantification of 

https://paperpile.com/c/KRuLGM/v2H0Z
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FOXMIND expression levels, a custom approach was necessary given the poor-annotation and 

unspliced nature of this transcript. First, we delineated regions of sense and antisense transcription 

from the FOXMIND ultra-conserved regulatory elements, chr14:37564150-37591250:+ and 

chr14:37547900-37567150:-, respectively. Next in order to make the expression estimates reliable 

in unstranded libraries we identified a region of significant overlap between the sense/antisense 

FOXMIND transcripts and FOXA1 and MIPOL1. These overlaps have been excluded from 

quantification, resulting in the following trimmed target regions: chr14:37564150-37589500, and 

chr14:37553500-37567150. Within those regions, the average base-level coverage normalized to 

sequencing depth was computed as an expression estimate. 

Differential expression analyses 

All differential expression analyses were done using limma R-package[64], with the default 

settings for the ‘‘voom’’[65], ‘‘lmFit,’’ ‘‘eBayes,’’ and ‘‘topTable’’ functions. The contrasts were 

designed as follows, to identify transcriptional signatures of Class1 mutants: 1) given the mutual 

exclusivity of the genotypes in primary and metastatic tumors, the overall MCTP mCRPC 370 

cohort was partitioned into 4 groups: ETS/SPOP mutant tumors, Class 1 mutant tumors, Class 2 

mutant tumors, tumors WT for ETS/SPOP/FOXA1. To avoid confounding effects, the Class2 and 

ETS/SPOP groups were excluded from Class1 transcriptional analyses. Next, the Class1 samples 

were contrasted with the WT samples with additional independent regressors for assay type 

(Capture vs polyA, as described previously), and mutational status (see above) for the following 

genes/pathways: PI3K, WNT, DRD, RB1, TP53. In other words, we constructed a design matrix 

with coefficients for Class 1 mutational status, in addition to coefficients for confounding variables 

and recurrent genetic heterogeneity. This allowed us to estimate the log fold-changes and adjusted 

p-values associated with FOXA1 mutations and other genotypes i.e. PI3K status in Supplementary 

https://paperpile.com/c/KRuLGM/i04F8
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Figure A1-4. An analogous procedure was carried out for the primary class1 samples (TCGA) and 

for class2 mutations in mCRPC (MCTP), but given the lack of mutual-exclusivity between Class2 

mutations and ETS/SPOP, only Class1 mutations were excluded. 

Pathway and signature enrichment analyses 

The Molecular Signature Database (MSigDB)[66] has been used as a source of gene sets 

comprising cancer hallmarks, molecular pathways, oncogenic signatures, and transcription factor 

targets. The enrichment of signatures was assessed using the parametric Random-Set method[67], 

and visualized using the GSEA enrichment statistic[68] and barcode plots. All p-values have been 

adjusted for multiple hypothesis testing using FDR correction. To identify putative transcription 

factors regulating differentially expressed genes, we used the transcription-factor prediction tool 

BART[37]. BART was run with all default settings and provided TF databases. We used 

voom/limma-based gene-level fold-changes as input to the algorithm.   

Detections of structural variants from RNA-seq 

The detection of chimeric RNAs (gene fusions, structural variants, circular RNAs, read-through 

events) was carried out using our in-house toolkit for the comprehensive detection of chimeric 

RNAs ‘‘CODAC’’ (available at https://github.com/mctp/codac), as introduced previously[61]. 

Briefly, three separate alignment passes (STAR 2.4.0g1) against the GRCh38 (hg38) reference 

with known splice-junctions provided by the (Gencode 27) are made for the purposes of expression 

quantification and fusion discovery. The first pass is a standard paired-end alignment followed by 

gene expression quantification. The second and third pass are for the purpose of gene fusion 

discovery and enable STAR’s chimeric alignment mode (chimSegmentMin: 10, 

chimJunctionOverhangMin: 1, alignIntronMax: 150000, chimScoreMin: 1). Fusion detection was 

https://paperpile.com/c/KRuLGM/B7DJ8
https://paperpile.com/c/KRuLGM/glx51
https://paperpile.com/c/KRuLGM/FHpOc
https://paperpile.com/c/KRuLGM/y65u
https://paperpile.com/c/KRuLGM/v2H0Z
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carried out using CODAC with default parameters to balance sensitivity and specificity 

(annotation preset: balanced). CODAC uses MOTR v2 a custom reference transcriptome based on 

a subset of Gencode 27 (available with CODAC). Prediction of topology (inversion, duplication, 

deletion, translocation), and distance (adjacent – breakpoints in two directly adjacent loci, 

cytoband – breakpoints within the same cytoband based on UCSC genome browser, arm – 

breakpoints within the same chromosome arm). The high specificity of our pipeline has been 

assessed through Sanger sequencing [61]. To create fusion circos plots, we have color-coded the 

CODAC variants based on the inferred topology of the breakpoints. Unbiased discovery of 

recurrently rearranged loci has been carried out by breaking the genome into 1.5Mb windows with 

a step of 0.5Mb. For each window, the percentage of patients with at least one RNA breakend has 

been calculated. The resulting genomic windows were ranked and clustered by proximity for 

visualization. CODAC has the ability to make fusion calls independent of known transcriptome 

references/annotations and hence is capable of detecting fusions involving intergenic or poorly 

annotated regions. 

Classification of FOXA1 locus genomic rearrangements 

Structural variants within the FOXA1 locus have been partitioned into two broad topological 

patterns: 1) translocations (including inversions and deletions involving distal loci on the same 

chromosome), and 2) focal duplications. The translocations have been further subdivided into 

Hijacking and Swapping events based on their position relative to FOXMIND (GRCh38: 

chr14:37564150-37591250) and FOXA1. Hijacking translocations position a translocation partner 

within the FOXMIND-FOXA1 regulatory domain (defined as GRCh38: chr14:37547501-

37592000, based on manual review of HI-C, CTCF, H3K4me1, H3K27ac, and 

evolutionary/syntenic data). Swapping translocations preserve the FOXMIND-FOXA1 regulatory 

https://paperpile.com/c/KRuLGM/v2H0Z
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domain but insert the translocation partner upstream of the FOXA1 promoter, frequently 

“swapping-out” the TTC6 gene. Notably, one isoform of the TTC6 gene can be transcribed from 

the bi-directional FOXA1 promoter. Focal duplications within the FOXA1 locus have been derived 

from the CODAC structural-variant output file. Briefly, for each case independently, all RNA-seq 

fusion junctions annotated by CODAC as tandem-duplications and overlapping the FOXA1 

topological domain (GRCh38: chr14:37210001-37907919) have been collated and used to infer 

the minimal duplicated region (MDR). Since RNA-seq chimeric junctions are generally coinciding 

with splice junctions (limited resolution) and generally cannot be phased (ambiguous haplotype), 

the inference of MDRs makes the necessary and parsimonious assumption that overlapping 

tandem-duplications are due to a single somatic genetic event and not multiple independent events. 
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Chapter 3 

Targeting Enhancer Addiction in Cancer by Impeding Chromatin Accessibility2 

Abstract 

The switch/sucrose non-fermentable (SWI/SNF) complex plays a crucial role in chromatin 

remodeling and is recurrently altered in over 20% of human cancers. Here, we developed a 

proteolysis targeting chimera (PROTAC) degrader of ATPase subunits of the SWI/SNF complex, 

SMARCA2 and SMARCA4. Intriguingly, we found androgen receptor (AR)/forkhead box A1 

(FOXA1)-positive prostate cancer and MYC-driven multiple myeloma cell lines to be exquisitely 

sensitive to dual SMARCA2 and SMARCA4 degradation relative to benign prostate as well as 

other cancer cell lines, including those with inactivating SMARCA4 mutations. Mechanistically, 

SWI/SNF inhibition rapidly compacts the cis-regulatory elements that are bound and activated by 

transcription factors that drive cancer proliferation, namely AR, FOXA1, ERG, and MYC. This 

ensues in chromatin untethering of these oncogenic drivers, chemical decommissioning of their 

core enhancer circuitry, and attenuation of downstream gene programs. Furthermore, we found 

SWI/SNF inhibition to disrupt super-enhancer and promoter DNA looping interactions that wire 

supra-physiologic expression of the AR, FOXA1, and MYC oncogenes, thereby tempering their 

                                                 
2 Contents of this chapter were summarized in a scientific manuscript that is presently under review in a reputable 

scientific journal. Specific author contributions are included in chapter acknowledgements. 
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expression in cancer cells. Monotherapy with the SMARCA2/4 degrader induced potent inhibition 

of tumor growth in cell line-derived xenograft models of prostate cancer, as well as multiple 

myeloma, and remarkably synergized with AR antagonists, inducing disease remission in models 

of castration-resistant prostate cancer. We also found the combinatorial treatment to significantly 

inhibit the growth of enzalutamide-resistant disease using in vitro as well as patient-derived 

xenograft models. Notably, no major toxicities were seen in mice upon prolonged treatment with 

the SMARCA2/4 degrader, including no indications of thrombocytopenia, gastrointestinal goblet 

cell depletion, or germ cell degeneration. Taken together, these results suggest that impeding 

enhancer accessibility through SWI/SNF ATPase inactivation represents a novel therapeutic 

approach in enhancer-addicted human cancers. 

Introduction 

In mammalian cells, DNA is wrapped around histone octamers—collectively referred to as 

nucleosomes—which form a physical barrier to all DNA-based processes [1,2]. Thus, gene 

expression is regulated by modifying the physical accessibility of the DNA through nucleosomal 

remodeling and, when in an accessible state, through binding of the transcription factor machinery 

[3,4]. In this regulatory context, non-coding genomic elements called enhancers have emerged as 

central genomic hubs that serve as integrative platforms for transcription factor binding and 

activation of lineage-specific gene programs [5–7]. The enhancer elements can lie within 

untranslated or distal intergenic regions and make looping interactions with their target gene 

promoters to potentiate RNA polymerase II-mediated gene transcription [8,9]. 

Notably, in human cancers, genetic alterations invariably lead to an aberrant transcriptional state 

that is often wired through expansion and extensive remodeling of the enhancer landscape [10–

https://paperpile.com/c/zKbaIJ/OjGFF+6ZLYR
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13]. This includes de novo commissioning of new enhancers (also known as neo-enhancers) by 

reprogramming of pioneer factor cistromes [14], enhancer hijacking via structural rearrangements 

[15,16], and/or abnormal enhancer–promoter interactions via alterations in chromatin topology 

[17]—all to enable hyper-expression of driver oncogenes. This has garnered immense interest in 

therapeutically targeting aberrant enhancer function in human cancers. However, the molecular 

machinery involved in enhancer maintenance and/or activation in cancer cells remains poorly 

characterized and, thus, unexplored for therapeutic targetability. 

Recent exome and genome-wide sequencing studies have uncovered frequent alterations in genes 

encoding constituent subunits of the switch/sucrose non-fermentable (SWI/SNF, also known as 

BAF) complex in over 20% of human cancers [18,19]. SWI/SNF is a multi-subunit chromatin 

remodeling complex that uses energy from ATP hydrolysis to reposition or eject nucleosomes at 

non-coding regulatory elements, thereby enabling free DNA access for the transcriptional 

machinery[20]. In SWI/SNF-mutant tumors, the residual complex is thought to enable oncogenic 

transcriptional programs and is speculated to be a viable therapeutic target [21–23], yet, hitherto, 

no studies have comprehensively assessed the therapeutic efficacy of SWI/SNF inhibition across 

a wide spectrum of human cancers. To facilitate this evaluation, we developed and characterized 

a highly-selective proteolysis targeting chimera (PROTAC) degrader of the SWI/SNF ATPase 

subunits SMARCA2 (also known as BRM) and SMARCA4 (also known as BRG1) that are 

required for the nucleosomal remodeling functions of SWI/SNF family complexes. 

Surprisingly, we found transcription factor-addicted cancers (e.g., prostate cancer and multiple 

myeloma) to be exquisitely and preferentially sensitive to SWI/SNF inhibition, which triggered a 

rapid and specific loss of physical accessibility at enhancer elements, thereby disrupting enhancer-

wired oncogenic gene programs. To the best of our knowledge, this study is the first preclinical 
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proof of concept that targeted obstruction of chromatin accessibility at enhancer elements can be 

a potent therapeutic strategy in transcriptionally-addicted tumors. Our degrader compound will 

serve as an important pharmacologic tool in mechanistic interrogation of frequent SWI/SNF 

alterations in preclinical cancer models and for evaluating the therapeutic benefit of SWI/SNF 

inhibition in clinical trials. 

Results 

AU-15330 is a selective and highly-potent PROTAC degrader of the SWI/SNF ATPases       

Here, we developed the PROTAC degrader AU-15330 that is chemically composed of a bait 

moiety that specifically binds to the bromodomain in SMARCA2 and SMARCA4, and is 

covalently linked to a ligand for the von Hippel-Lindau (VHL) ubiquitin ligase (Figure 3-1A, 

Supplementary Figure A2-1A). AU-15330 also binds to the bromodomain of PBRM1, which is 

a secondary module component and relies on the ATPase module for its assembly onto the core 

SWI/SNF complex [24]. Treatment of several human-derived cell lines with AU-15330 led to time 

and dose-dependent degradations of SMARCA2, SMARCA4, and PBRM1—with the majority of 

the proteins degraded within 1-2 h of treatment at 1 μM (Figure 3-1B). Mass spectrometry-based 

global proteomics further confirmed SMARCA2, SMARCA4, and PBRM1 as the only 

significantly down-regulated proteins after 4 h of AU-15330 treatment (Supplementary Figure 

A2-1B). Remarkably, we detected no change in the abundance of other bromodomain-containing 

proteins that were detectable in the mass spectrometry data, even at the 1 μM AU-15330 dosage 

(Figure 3-1C). Recent studies have shown that the SWI/SNF complex assembles in a modular 

fashion, with the ATPase module being the last to bind to the SMARCC1 (also known as 

BAF155)-containing core SWI/SNF complex [24]. In accordance with these findings, SMARCC1 

https://paperpile.com/c/zKbaIJ/1mHnJ
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nuclear immunoprecipitation followed by mass spectrometry showed no changes in the integrity 

of the core and secondary modules upon AU-15330 treatment, but both sub-complexes were 

detached from subunits belonging to the ATPase module (Figure 3-1D). 

Having credentialed the specificity of AU-15330 for its direct targets, we next set out to 

phenotypically characterize it using a panel of over 65 normal and cancer cell lines from 14 

different lineages. Here, we found androgen receptor (AR)/forkhead box A1 (FOXA1)-driven 

prostate cancer cells to be exquisitely and preferentially sensitive to SWI/SNF inhibition, with 

half-maximal inhibitory concentrations (IC50) approaching single-digit, nanomolar values (all IC50 

values < 100 nM; Figure 3-1E, Supplementary Figure A2-1C, D and Supplementary Table 1). 

In the same assay, AR/FOXA1-negative prostate cancer cells showed moderate sensitivity (IC50 

between 100-400 nM), while normal/non-neoplastic prostate cells were resistant (IC50 > 1000 nM) 

to SWI/SNF inhibition. Intriguingly, AR/FOXA1-positive prostate cancer cells were even more 

sensitive than SMARCA4-null cancer cell lines, namely SK-MEL-5, Capan-2, and H-838 (Figure 

3-1E). This strongly suggests that the SWI/SNF complex plays a key oncogenic role in the survival 

of AR/FOXA1-positive prostate cancers, which is in line with the absence of recurrent deleterious 

SWI/SNF mutations in this cancer type [25,26]. We also found MYC-driven multiple myeloma 

cells and AR and estrogen receptor-positive breast cancer cells (WA-72-P and WA-72-As) to be 

sensitive to AU-15330 treatment (Figure 3-1E, S1E). 

In several prostate cancer cell lines, we detected a robust expression of both the SWI/SNF 

ATPases, which were degraded in a dose-dependent manner within 1-2 h of AU-15330 treatment 

(Supplementary Figure A2-2A, B). Concordantly, we found AU-15330 to markedly attenuate 

the growth of these cells and induce apoptotic cell death, while normal/non-neoplastic prostate 

cells showed no anti-proliferative effect at parallel dosages (Figure 3-1F, Supplementary Figure 

https://paperpile.com/c/zKbaIJ/dmyWz+VRjXE
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A2-1C and A2-2C). Competition of AU-15330 using a free VHL ligand further reversed 

degradation of SWI/SNF targets (Supplementary Figure A2-2D) as well as rescued the growth 

inhibition seen in prostate cancer cells, with both effects being dose-dependent (Supplementary 

Figure A2-2E). We next employed a genetic approach to verify that AU-15330-mediated 

cytotoxicity stems from direct degradation of both SWI/SNF ATPases. Using CRISPR/Cas9, we 

knocked out either SMARCA2 or SMARCA4 individually or together in LNCaP cells. We found 

that knock-out of either ATPase alone had moderate to no effect on cell growth, while the double 

knock-out of both SMARCA2 and SMARCA4 led to a significant anti-proliferative effect 

comparable to that with AU-15330 treatment (Supplementary Figure A2-2F). This demonstrates 

that concurrent inhibition of both ATPases is essential for AU-15330-mediated cytotoxicity in 

prostate cancer cells. Altogether, this data shows that AU-15330 is a high-fidelity, VHL-dependent 

degrader of essential SWI/SNF ATPases, namely SMARCA2 and SMARCA4, and that complete 

inhibition of SWI/SNF activity triggers apoptotic cell death in AR/FOXA1-dependent prostate 

cancer cells. 
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Figure 3-1: AU-15330 is a specific degrader of SWI/SNF ATPases with preferential cytotoxicity in enhancer-

binding transcription factor-driven cancers. (A) Chemical structure of AU-15330 and a schematic illustration of 

SMARCA2, SMARCA4, and PBRM1 domain architecture. AU-15330 targeted bromodomains (BD) are boxed. KDa, 

kilo-dalton. (B) Immunoblots for SMARCA2, SMARCA4, and PBRM1 proteins from whole-cell lysates upon 

treatment of HEK293 and HeLa cells with AU-15330 at increasing concentrations or time durations. Vinculin serves 

as a loading control. (C) Heat map of relative abundance of several bromodomain-containing proteins detectable via 

Tandem Mass Tag (TMT)-based quantitative mass spectrometry upon AU-15330 treatment (1 μM) for 4 h. DMSO, 

dimethyl sulfoxide (vehicle). (D) Heat map of mammalian SWI/SNF (BAF) complex subunits split into three 

constituent modules detected in SMARCC1 (also known as BAF155) nuclear co-immunoprecipitation followed by 

mass spectrometry (IP-MS). Normal rabbit (Rb) IgG was used as control. Direct AU-15330 targets are shown in bold. 

(E) Half-maximal inhibitory concentrations (IC50) of AU-15330 in a panel of human-derived cancer or normal cell 

lines after 5 days of treatment. Cell lines with known SMARCA4 loss-of-function (LOF) alterations and multiple 

myeloma (MM) cell lines with MYC rearrangements (MYC R’ed) are identified in the panel below. Androgen receptor 

(AR) and forkhead box A1 (FOXA1) scores quantify their transcriptional activities using cognate multi-gene 

signatures (see Methods). AR+, AR-positive; AR-, AR-negative. (F) Growth curves (Incucyte) of multiple non-

neoplastic or prostate cancer cells upon treatment with increasing concentrations of AU-15330. Top, rightmost panel 

shows real-time Incucyte-based assessment of apoptotic signal in LNCaP cells after treatment with DMSO (solvent 

control) or increasing concentrations of AU-15330. 
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SWI/SNF inhibition physically compacts core-enhancers and attenuate oncogenic gene 

programs 

As the SWI/SNF complex actively remodels nucleosomal packaging of the DNA, we next profiled 

the effect of AU-15330 treatment on physical chromatin accessibility using the assay for 

transposase-accessible chromatin followed by sequencing (ATAC-seq) [27]. We detected a rapid 

and complete loss in chromatin accessibility at over 30,000 sites in VCaP cells in as little as 4 h of 

AU-15330 treatment (Figure 3-2A, Supplementary Figure A2-3A). By contrast, approximately 

25,000 genomic sites showed little to no change in nucleosomal density (Supplementary Figure 

A2-3B). Such profound changes in chromatin accessibility were not observed upon treatment with 

a BRD4 degrader (ZBC-260 [28], Figure 3-2A, Supplementary Figure A2-3A, B), suggesting a 

distinct mechanism of action for SWI/SNF inhibition-triggered cytotoxicity. In our genetic models 

using CRISPR/Cas9 and shRNA-mediated target inhibition (Supplementary Figure A2-3C), 

consistent with the cellular phenotype, we detected marked chromatin compaction only upon 

concurrent loss of both SWI/SNF ATPases (Supplementary Figure A2-3D). Over 90% of the 

AU-15330-compacted sites were within distal regulatory genomic regions that were enriched for 

enhancers, while the retained sites were predominantly within gene promoters (Figure 3-2B). De 

novo motif analysis of AU-15330-compacted sites identified DNA binding elements for major 

oncogenic transcription factors in prostate cancer, including AR, FOXA1, HOXB13, and ERG 

(Figure 3-2C). Binding analysis for the regulation of transcription (BART; [29]) using a 

compendium of chromatin immunoprecipitation followed by sequencing (ChIP-seq) data further 

revealed the binding of AR and FOXA1 to be most significantly enriched within these regulatory 

sites (Supplementary Figure A2-3E). As expected, the retained promoter sites showed 

enrichment for Pol II and E2F motifs (Supplementary Figure A2-3F). Interrogation of chromatin 
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changes in LNCaP cells upon AU-15330 treatment reproduced the above findings, wherein AU-

15330-compacted genomic sites were predominantly within distal regulatory regions that were 

enriched for the consensus binding motifs of bona fide oncogenic drivers, namely AR, FOXA1, 

HOXB13, and ETS (Supplementary Figure A2-4A-C). 

Thus, we next set out to evaluate the effect of SWI/SNF inhibition on chromatin interaction of 

oncogenic transcription factors. Strikingly, 6 h after AU-15330 treatment, ChIP-seq analysis 

revealed a marked attenuation of chromatin binding of AR, FOXA1, and ERG in VCaP cells 

(Figure 3-2D, Supplementary Figure A2-4D). This was accompanied by parallel depletion of 

enhancer-associated histone 3 lysine 27 acetylation (H3K27Ac) mark at the nucleosomes flanking 

the AU-15330-compacted sites by the 24 h time point (Figure 3-2D), as well as global decreases 

in H3K27Ac levels (Supplementary Figure A2-4E). AU-15330 treatment in LNCaP cells 

entirely reproduced the genome-wide attenuation of AR and FOXA1 binding at their enhancer 

elements, impeding chemical activation of these regulatory sites (Supplementary Figure A2-4E-

G). Further analysis of the ChIP-seq data revealed a marked overlap in the binding sites of AR, 

FOXA1, ERG [30], and SMARCC1 [30] in VCaP cells, with the majority of the shared binding 

sites lying within non-coding H3K27Ac-enriched regions (Supplementary Figure A2-5A-C). 

Concordantly, we identified multiple core SWI/SNF components in the mass spectrometry-based 

datasets of AR, FOXA1, and ERG interactomes [30,31] (Supplementary Figure A2-5D), which 

we were able to confirm via reciprocal co-immunoprecipitation assays in AR-positive prostate 

cancer cells (Supplementary Figure A2-5E). This data strongly suggests that the SWI/SNF 

complex is a common chromatin cofactor of the central transcriptional machinery in prostate 

cancer cells and that its ATPase activity is essential to retain enhancers in an accessible, chemically 

active confirmation. Accordingly, in two independent prostate cancer cell lines, AU-15330 

https://paperpile.com/c/zKbaIJ/sQySN
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triggered a marked loss in AR and FOXA1 binding and H3K27Ac abundance at bona fide 

enhancers of classical AR target genes, namely KLK3 and KLK2 (Figure 3-2E). Serving as an 

important control, we saw no major defect in chromatin binding of CTCF at the insulator sites in 

either VCaP or LNCaP AU-15330-treated cells (Supplementary Figure A2-6A-D). 

 
Figure 3-2: SWI/SNF ATPase inhibition disrupts physical chromatin accessibility at the core-enhancer 

circuitry to disable oncogenic transcriptional programs. (A) ATAC-seq read-density heat maps from VCaP cells 

treated with DMSO (solvent control), AU-15330, or ZBC-260 (a BRD4 degrader) for indicated durations (n=2 

biological replicates per condition). (B) Genome-wide changes in chromatin accessibility upon AU-15330 treatment 

for 4 h in VCaP cells along with genomic annotation of sites that lose physical accessibility (i.e. lost) or remain 

unaltered (i.e. retained). (C) Top ten de novo motifs (ranked by p-value) enriched within AU-15330-compacted 

genomic sites (HOMER, hypergeometric test) in VCaP cells. (D) ChIP-seq read-density heat maps for AR, FOXA1, 

ERG, and H3K27Ac at the AU-15330-compacted genomic sites in VCaP cells after treatment with DMSO (solvent 

control) or AU-15330 (at 1 μM) for indicated time durations and stimulation with R1881, a synthetic androgen (at 1 

nM for 3 h). (E) ChIP-seq read-signal tracks for AR, FOXA1, and H3K27Ac within the KLK2/3 gene locus in R1881-

stimulated VCaP and LNCaP cells with or without AU-15330 (AU) treatment. (F) RNA-seq heat maps for classical 

AR target genes in LNCaP, VCaP, and LAPC4 prostate cancer cells with or without AU-15330 treatment for 24 h. 

Well-characterized AR target genes are shown in red. (G) Gene set enrichment analysis plots for the ERG, FOXA1, 

and MYC regulated genes using the fold change rank-ordered gene signature from AU-15330-treated (at 1 nM for 24 

h) VCaP cells. NES, net enrichment score; adj P, adjusted p-value; and DEGs, differentially expressed genes. 
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Next, global transcriptomic profiling using RNA sequencing (RNA-seq) revealed a significant 

down-regulation of AR and FOXA1-regulated genes in three independent prostate cancer cell lines 

(Figure 3-2F, G, Supplementary Figure A2-7A), as well as ERG-regulated transcripts in ERG 

fusion-positive VCaP cells (Figure 3-2G). In all prostate cancer cells, we also noticed a 

remarkable loss in the expression of MYC target genes upon AU-15330 treatment (Figure 3-2G, 

Supplementary Figure A2-7A). Intriguingly, we found the global AU-15330 gene signature to 

be remarkably concordant with transcriptional changes associated with ARID1A loss in VCaP 

cells (Supplementary Figure A2-7B). As ARID1A is an exclusive component of the classical 

SWI/SNF (also known as cBAF) complex [24], we interrogated the specific role of polybromo-

containing and non-classical SWI/SNF (also known as pBAF and ncBAF, respectively) complexes 

in mediating the AU-15330 transcriptional phenotype. To this end, we treated prostate cancer cells 

with a BRD9 degrader (a specific ncBAF component; dBRD9 [32]), a dual BRD7 and BRD9 

degrader (BRD7 is a specific pBAF component; dBRD7/9 [33]), or AU-15330 at equal dosages 

and compared changes in gene expression. Here, neither BRD7 nor BRD9 inhibition alone was 

able to attenuate the expression of canonical AR, FOXA1, and ERG target genes or the MYC gene 

to an extent comparable to that upon AU-15330 treatment (Supplementary Figure A2-7C, D). 

This strongly suggests that the classical SWI/SNF complex is the primary cofactor of enhancer-

binding transcription factors and is essential for enabling their oncogenic gene programs. Thus, 

SWI/SNF inhibition specifically abolishes enhancer activity due to the loss of physical chromatin 

accessibility and binding of oncogenic transcription factors in prostate cancer cells. 

https://paperpile.com/c/zKbaIJ/1mHnJ
https://paperpile.com/c/zKbaIJ/5G75a
https://paperpile.com/c/zKbaIJ/q9HXT


92 

 

SWI/SNF inactivation disrupts super-enhancer and promoter interactions and tempers 

supra-physiologic expression of driver oncogenes 

Recent genomic studies have revealed the expression of AR, MYC, and FOXA1 genes themselves 

to be amplified in advanced prostate cancer via copy-amplification and/or enhancer duplication 

[16,34,35]. Thus, we profiled changes in the expression of these driver oncogenes after treatment 

with AU-15330. Remarkably, we found AU-15330 treatment to decrease expression of AR, 

FOXA1, MYC, and TMPRSS2-ERG genes to 40-60% of their initial expression by 24 h (Figure 3-

3A, Supplementary Figure A2-8A), which was also evident at the protein level (Figure 3-3B). 

Importantly, a more severe attenuation of expression of these transcripts was noted upon BRD4 

degradation (Figure 3-3A, Supplementary Figure A2-8A), again suggesting a distinct 

mechanism of action for AU-15330 and likely explaining the dose-limiting toxicites associated 

with BRD4 inhibitors (see below for discussion). In our genetic models, we found only concurrent 

inhibition of both ATPases to recapitulate the transcriptional phenotype of AU-15330 at both RNA 

and protein levels (Supplementary Figure A2-8B). Notably, we also found SWI/SNF inhibition 

to down-regulate the expression of other oncogenic drivers such as EZH2, CCND1, SPDEF, and 

GATA2 in prostate cancer cells (Supplementary Figure A2-8A). 

The hyper-expression of oncogenes like AR, FOXA1, and MYC in cancer has been shown to be 

wired through looping interactions with multi-enhancer clusters, often referred to as super-

enhancers [36]. Concordantly, an unbiased annotation of super-enhancers in VCaP cells using 

H3K27Ac ChIP-seq identified several such regulatory clusters in cis-proximity of the AR, MYC, 

and TMPRSS2-ERG genes (Figure 3-3C). Remarkably, AU-15330 treatment led to immediate 

compaction (within 4 h) of these sites, as well as a depletion of H3K27Ac at the flanking 

nucleosomes (Figure 3-3D), with a parallel loss in the binding of both AR and FOXA1 at the 

https://paperpile.com/c/zKbaIJ/slfgH+mLOuV+7kK33
https://paperpile.com/c/zKbaIJ/yH6yv
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super-enhancer clusters (Supplementary Figure A2-8C). Next, to experimentally confirm the 

interaction of super-enhancers with their target gene promoters, we performed H3K4me3 (an 

active promoter mark) and H3K27Ac Hi-C coupled with ChIP-seq (HiChIP-seq) assay and 

quantified changes in these interactions upon treatment with AU-15330. In line with the physical 

and chemical decommissioning of enhancer elements, we found SWI/SNF inhibition to completely 

disrupt the three-dimensional looping interactions of bona fide, cis-coded enhancers with the AR 

gene promoter (Figure 3-3E, F). Notably, recent clinical studies have reported focal amplification 

of the ChrX:66.9Mb AR enhancer in castration-resistant prostate cancer to drive resistance to 

second-generation AR inhibitors by amplifying the expression of the AR gene [34,35]. Similar 

attenuation of enhancer–promoter  interactions was detected in the H3K27Ac HiChIP-seq data at 

the FOXA1 locus (Supplementary Figure A2-8D)—which is also recurrently rearranged to 

duplicate or hijack FOXA1 enhancers in advanced prostate cancer [16]. A global aggregate of 

HiChIP-seq signal for interaction between enhancers and gene promoters showed a marked 

attenuation of contact strength and/or frequency merely 4 h after AU-15330 treatment (Figure 3-

3G). Importantly, consistent with no change in the CTCF cistrome, in the CTCF HiChIP-seq data, 

we found no change in the looping interactions between insulator elements (Figure 3-3H, 

Supplementary Figure A2-8E). Altogether, this data suggests that SWI/SNF inhibition leads to 

a genome-wide collapse of the AR, FOXA1, ERG, and MYC-activated core enhancer circuitry in 

prostate cancer cells, while having little to no effect on the CTCF-instructed topological chromatin 

architecture. Thus, AU-15330-triggered SWI/SNF inhibition reverses the hyper-expression of AR, 

FOXA1, MYC, and ERG genes themselves via disruption of their promoter interaction with cis-

coded super-enhancers, in addition to obstructing their chromatin binding and downstream 

transcriptional programs. 

https://paperpile.com/c/zKbaIJ/mLOuV+slfgH
https://paperpile.com/c/zKbaIJ/7kK33
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Figure 3-3: SWI/SNF ATPase inhibition disrupts enhancer-promoter loops to temper supra-physiologic 

expression of driver oncogenes. (A) Expression (qPCR) of indicated mRNA transcripts upon treatment of VCaP 

cells with AU-15330 (at 1 μM) or ZBC-260 (at 10 nM; a BRD4 degrader) for indicated time durations. CPM, counts 

per million reads mapped. (B) Immunoblots of indicated proteins in VCaP cells treated with DMSO for 24 h or AU-

15330 at 1 μM for increasing time durations. (C) H3K27Ac ChIP-seq signal rank-ordered list of super-enhancers in 

VCaP cells with select cis-coded driver oncogenes denoted (HOMER). (D) Normalized read density of ATAC-seq or 

H3K27Ac ChIP-seq at the super-enhancer sites in VCaP cells treated with DMSO or AU-15330 (at 1 μM) for 6 h (for 

ATAC) or 24 h (for H3K27Ac ChIP-seq). (E) ATAC-seq and AR, FOXA1, and H3K27Ac ChIP-seq read-signal tracks 

within the recurrently amplified AR super-enhancer elements in VCaP cells with or without AU-15330 (1 μM) 

treatment. Mb, megabasepair; hg38, human genome reference consortium build 38. (F) H3K4me3 HiChIP-seq heat 

maps within the AR gene locus in VCaP cells plus/minus treatment with AU-15330 (1 μM) for 4 h (bin size = 25Kb). 

ATAC-seq read-density tracks from the same treatment conditions are overlaid. Grey highlights mark enhancers, while 

the blue highlight marks the AR promoter. Loops indicate read-supported cis-interactions within the locus. IR, 

interaction reads (G) Aggregate peak analysis (APA) plots for H3K4me3 (active promoter mark) and H3K27Ac 

(active enhancer mark) HiChIP-seq data for all possible interactions between putative enhancers and gene promoters 

in VCaP cells plus/minus treatment with AU-15330 (1 μM) for 4 h. (H) Aggregate peak analysis plots for CTCF 

HiChIP-seq data for all possible interactions between CTCF-bound insulator elements in VCaP cells plus/minus 

treatment with AU-15330 (1 μM) for 4 h. TAD, topologically associating domain. 
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SWI/SNF inactivation shows strong antitumor potency in preclinical cancer models and 

synergizes with existing therapeutics 

Next, we set out to pharmacologically characterize AU-15330 using preclinical animal models of 

advanced prostate cancer. As AU-15330 binds to and degrades mouse orthologs of its SWI/SNF 

targets (Supplementary Figure A2-9A), we first carried out a comprehensive assessment of AU-

15330 tolerability using different dosages as well as dosing patterns in immuno-competent, non-

tumor bearing mice (Supplementary Figure A2-9B). Notably, AU-15330 was robustly detected 

in plasma for several hours after intravenous administration (Supplementary Figure A2-9C) and 

triggered a marked loss in SMARCA2 and SMARCA4 proteins in normal mouse tissues within 5 

days of treatment (Supplementary Figure A2-9D). Yet, AU-15330 treatment over a period of 2 

weeks in mice resulted in no major changes in either whole body weights (Supplementary Figure 

A2-9E) or weights of essential visceral organs (Supplementary Figure A2-9F). Furthermore, we 

found no reduction in the levels of white or red blood cells or blood platelets (Supplementary 

Figure A2-9G), acute depletion of the latter being previously reported for the first-generation of 

BRD4 inhibitors [37,38]. 

Given the absence of toxicities to normal cells, we next set out to assess tumor-specific cytotoxicity 

of AU-15330 using xenograft mouse models. We first employed the castration-resistance VCaP-

derived prostate cancer model, termed VCaP-Castrate. To generate this model, VCaP cells were 

subcutaneously grafted in immunocompromised mice that were castrated after 2 weeks of tumor 

growth to induce disease remission. This was eventually followed by tumor re-growth in the 

androgen-depleted conditions, generating the aggressive, castration-resistant tumor which we 

termed VCaP-CRPC (Figure 3-4A). As expected, treatment of castrated male mice bearing the 

VCaP-CRPC xenografts with enzalutamide (a second-generation AR antagonist) alone showed 

https://paperpile.com/c/zKbaIJ/Fmta4+yNSpx
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moderate anti-tumor efficacy; however, treatment with AU-15330 alone led to potent inhibition of 

tumor growth (Figure 3-4B, C), triggering disease regression in some of the treated animals 

(Figure 3-4D). Remarkably, we found treatment with the combinatorial regimen of AU-15330 

and enzalutamide to induce the most potent growth-inhibitory effect, with tumor regression in all 

of the treated animals (Figure 3-4B-D). Molecular interrogation of the treated tumors showed 

robust down-regulation of SWI/SNF targets as well as AR, ERG, and MYC proteins in xenografts 

within 5 days of AU-15330 treatment, both when administered alone or in combination with 

enzalutamide (Figure 3-4E, F). Concordantly, we found the strongest loss of Ki67 expression in 

tumors from the combination arm, with clear histologic evidence of cell death (Figure 3-4F, 

Supplementary Figure A2-11F).  AU-15330 monotherapy also strongly inhibited the growth of 

the H929 cell line-derived multiple myeloma xenografts in mice (Supplementary Figure A2-

11G).  
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Figure 3-4: A SWI/SNF ATPase degrader inhibits tumor growth in preclinical models of castration-resistant 

prostate cancer and synergizes with enzalutamide. (A) Schematic outlining the AU-15330 in vivo efficacy study 

using the VCaP-CRPC (castration-resistant prostate cancer) xenograft model. VCaP-xenograft bearing male mice 

were castrated and, upon tumor regrowth, randomized into various treatment arms that were administered vehicle, 

enzalutamide, AU-15330, or the combination of AU-15330+enzalutamide at indicated concentrations. PD, 

pharmacodynamics. (B) Tumor volume measurement showing the effect of AU-15330 alone or in combination with 

enzalutamide. Caliper measurements were taken twice a week. Mean tumor volume ± standard error of the mean 

(S.E.M.) is shown. (Vehicle: n=18; AU-15330:  n=20; enzalutamide: n=18; AU-15330+enzalutamide: n=16.) (C) 

Individual tumor weights from different treatment groups with p values are shown. (Vehicle: n=18; AU-15330:  n=20; 

enzalutamide: n=18; AU-15330+enzalutamide: n=16.) (D) Waterfall plot depicting the change in tumor volume after 

10 days of treatment in all treatment arms of the in vivo study. The Response Evaluation Criteria in Solid Tumors 

(RECIST) were used to stratify tumors into progressive disease (PD), stable disease (SD), or partial response (PR). 

PD: at least a 20% increase in tumor size; SD: an increase of <20% to a decrease of <30% in tumor size; PR: at least 

a 30% decrease in tumor size. (E) Immunoblots of direct AU-15330 targets (SMARCA2, SMARCA4, and PBRM1) 

and oncogenic transcription factors (AR, ERG, and MYC) in the whole cell lysate from VCaP-CRPC xenografts from 

all treatment arms (n=4 tumors/arm) after 5 days of in vivo treatment. Vinculin serves as a loading control. (F) 

Representative H&E and immunohistochemistry images showing expression of direct AU-15330 targets, driver 

transcription factors, or Ki67 in VCaP-CRPC xenografts tissues from all treatment arms (n=2 tumor/arm). (G) Top 

panel, Assessment of VCaP cell viability (Celltiter-Glo) upon treatment with increasing concentrations of AU-15330 

in parallel with enzalutamide (percent viabilities are an average from 3 biological replicates). These measurements 

were used to carry out a Bliss index-based assessment of drug synergism, with net synergism scores plotted in the 

panel below. Red peaks depict the extent of drug synergy. (H) Dose-response curve of VCaP_Parental and 

VCaP_EnzR (enzalutamide-resistant) cells treated with enzalutamide or AU-15330. Data represent mean ± S.E.M. 

(n=6) from one of three independent experiments. (I) Tumor volume measurement showing the effect of the 

combination of AU-15330 and enzalutamide in the inherently enzalutamide-resistant MDA-PCa-146-12 patient-

derived prostate cancer xenografts (PDX) (n=20/arm). Caliper measurements were taken twice a week. Mean tumor 

volume ± S.E.M. is shown. (J) Tumor volume measurement showing the effect of AU-15330 in H929-derived multiple 
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myeloma xenografts (n=5/arm). Caliper measurements were taken twice a week. Mean tumor volume ± S.E.M. is 

shown. (Vehicle: n=5 and AU-15330:  n=5). (K) Representative images of Alcian blue staining from the large 

intestinal tract harvested at the efficacy study endpoint from animals from all treatment groups (n=2/group). 

Quantification of goblet to epithelial cell densities in the colon are plotted in the right panel. (L) Representative H&E 

of the testis gland harvested from DMSO or AU-15330-treated intact male mice after 21 days of in vivo treatment. 

Quantification of germ cell density and maturation carried out using the Johnsen scoring system is plotted in the right 

panel. Gross images of the testis glands are shown in the panel below. (M) Schematic depicting the mechanism of 

action for AU-15330-triggered cytotoxicity in AR/FOXA1-signaling-driven prostate cancer or MYC-signaling-driven 

multiple myeloma. SWI/SNF ATPase inhibition via concurrent SMARCA2/4 degradation induces a rapid, complete, 

and targeted loss in chromatin accessibility at the core-enhancer circuitry of AR, FOXA1, ERG, and MYC, thereby 

attenuating their cancer-promoting transcriptional programs as well as tempering the enhancer-wired supra-

physiologic expression of driver oncogenes.  

 

Given the compounded tumor inhibitory effect in the combination arm, we carried out a 

comprehensive in vitro evaluation of drug synergism between AU-15330 and enzalutamide. Using 

the Bliss Independence method to assess the combined efficacy of drugs [39], we found AU-15330 

and enzalutamide to show remarkable synergism (synergy scores of 21.99 for VCaP, 17.06 for 

LNCaP, and 19.29 for C4-2B) in prostate cancer cell lines harboring distinct therapy-induced AR 

alterations (Figure 3-4G, Supplementary Figure A2-10). Consistently, we found AU-15330 to 

be similarly potent in enzalutamide-resistant derivatives of VCaP and LNCaP cell lines (Figure 

3-4H, Supplementary Figure A2-11H) [40]. The combinatorial regimen also markedly inhibited 

tumor growth in a patient-derived xenograft model that is inherently resistant to enzalutamide, 

namely MDA-PCa-146-12 (Figure 3-4I-J, Supplementary Figure A2-12A-C). Notably, in all 

arms of these efficacy studies, we found no gross changes in animal body weights or histologic 

evidence of any toxicity in the normal glands, despite the degradation of mouse SMARCA2 and 

SMARCA4 proteins upon AU-15330 treatment (Supplementary Figure A2-11E). This includes 

no sign of goblet cell depletion in the gastrointestinal tract (Figure 3-4K), no defect in germ cell 

maturation (Figure 3-4L), and no testicular atrophy (bottom panel, Figure 3-4L) in AU-15330 

treated animals—all being major toxicities previously reported for the BRD4 class of therapeutics 

[37,38]. 

https://paperpile.com/c/zKbaIJ/A78Rj
https://paperpile.com/c/zKbaIJ/Aj9JW
https://paperpile.com/c/zKbaIJ/Fmta4+yNSpx
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Discussion 

Modern genomic catalogs of human cancers show a high recurrence of somatic alterations in non-

coding regulatory regions and chromatin modifier genes [41]. A recent landmark study also 

profiled the chromatin accessibility landscape across human cancers, characterizing their 

functional role in wiring aberrant transcriptional programs [13]. This has prompted mechanistic 

interrogations into how structural chromatin changes enable carcinogenesis and if it engenders 

specific molecular vulnerabilities that can be therapeutically exploited. In this study, we developed 

and characterized a novel PROTAC degrader of essential ATPase subunits of the SWI/SNF 

complex, which is recurrently altered in over 20% of human cancers [18,19,42]. Using our 

pharmacologic agent, we carry out a comprehensive cytotoxicity assessment of SWI/SNF ATPase 

inactivation in a panel of 65 cell lines from 14 distinct lineages. Surprisingly, even more 

profoundly than SMARCA4-mutated cancers, we found enhancer-binding transcription factor-

driven prostate and plasma cell tumors to acutely rely on the ATP-dependent chromatin 

remodeling activity of the SWI/SNF complex for growth and survival. Interestingly, neither of the 

AU-15330-sensitive tumor types show a high recurrence of coding alterations in SWI/SNF subunit 

genes, such as ARID1A/B, SMARCA4, etc. [24–26]. This positions the wild-type SWI/SNF 

complex as a requisite cofactor of the oncogenic enhanceosome complexes that, using energy from 

ATP hydrolysis, displaces nucleosomes at enhancer elements to enable hyper-proliferative gene 

programs in cancer cells. 

Several mechanistic studies have suggested a neomorphic role for the residual complex in 

SWI/SNF-mutant tumors, prompting the development of innovative strategies to target the 

aberrant SWI/SNF complex [21,22,43]. For instance, targeting specific molecular vulnerabilities 

associated with SMARCA4 loss in non-small cell lung cancer has been explored [44]. 

https://paperpile.com/c/zKbaIJ/obwix
https://paperpile.com/c/zKbaIJ/OJsoG
https://paperpile.com/c/zKbaIJ/Yg6S9+imofQ+ENoid
https://paperpile.com/c/zKbaIJ/1mHnJ+dmyWz+VRjXE
https://paperpile.com/c/zKbaIJ/uwwVW+bQKGe+JwMvV
https://paperpile.com/c/zKbaIJ/VJseS
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Interestingly, using AU-15330, we found simultaneous degradation of both SWI/SNF 

ATPases to induce a potent cytotoxic response in tumors that harbor mutations in 

transcriptional regulators, in addition to inhibiting the growth of SMARCA4-null 

cancers. Using genetic techniques, we confirmed the anti-tumor efficacy of AU-15330 

to indeed stem from the concurrent loss of both ATPases. Notably, AU-15330 

treatment had no effect in several models of lung or pancreatic cancer that are 

addicted to aberrant kinase signaling (e.g., NCI-H460, MIA PaCa-2；Figure 3-1E). 

Furthermore, SWI/SNF ATPase inactivation was well-tolerated in adult mice, showing no major 

toxicities to the physiologic functions of essential organs. Altogether, these findings demonstrate 

that dual inhibition of SWI/SNF ATPases is a viable and potent therapeutic approach in enhancer-

addicted as well as SWI/SNF-aberrant tumors, subject to the assessment of its efficacy and 

tolerability in human clinical trials. 

Lastly, from a translational standpoint, SWI/SNF degraders are likely to synergize with the 

existing lines of therapy that target transcription factor oncogenes, such as the AR-targeted drugs 

enzalutamide and apalutamide in prostate cancer. Complementing the direct antagonistic effects 

of these drugs, simultaneous degradation of SWI/SNF ATPases would physically impede access 

of the oncogenic transcriptional machinery (e.g., AR/FOXA1 signaling complex) to the enhancer 

landscape as well as disrupt enhancer-wired, supra-physiologic expression of the transcription 

factor oncogenes themselves (e.g., AR, FOXA1, ERG, MYC, etc.). This will establish a new 

treatment paradigm for enhancer-addicted cancers, wherein transcription factor-targeted therapies 
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can be synergistically combined with SWI/SNF degraders either, to 1) derive a more potent anti-

tumor response in the primary disease or 2) extort response in therapy-resistant, advanced tumors 

(e.g., castration and/or enzalutamide-resistant prostate cancer). Thus, further development and 

clinical evaluation of SWI/SNF-targeted therapeutics hold great promise towards preventing or 

delaying the emergence of resistance to transcription factor-targeted therapies, which is currently 

a major challenge in the clinic [45,46]. In line with this, a recent study implicated an altered 

SWI/SNF complex in enabling the transition of prostate adenocarcinoma to a neuroendocrine 

disease [47]. AU-15330 thus might be potent even in the therapy-emergent AR-independent 

prostate cancer, which is consistent with AR-negative prostate cancer cells being moderately 

sensitive to AU-15330 in our pan-cancer cytotoxicity screen (Figure 3-1E). 

In summary, here we report AU-15330 as a novel, highly-specific PROTAC degrader of SWI/SNF 

ATPase components, SMARCA2, SMARCA4, and PBRM1, that shows preferential cytotoxicity 

in transcription factor-addicted cancers at low nanomolar concentrations. Our study identifies the 

SWI/SNF complex as a novel transcriptional dependency in AR/FOXA1-driven prostate cancers 

and, by extension, MYC-driven multiple myelomas. Mechanistically, we show its inhibition to 

induce a rapid, complete, and targeted loss in chromatin accessibility at the core-enhancer circuitry 

of AR, FOXA1, MYC, and ERG, thereby attenuating their cancer-promoting transcriptional 

programs as well as tempering the enhancer-wired supra-physiologic expression of driver 

oncogenes (Figure 3-4M). This work is consistent with prior reports suggesting an oncogenic role 

of the SWI/SNF complex in prostate cancer [30,47–50]; as well as, for the first time, implicates 

the SWI/SNF complex as an essential chromatin regulator in multiple myeloma. To our 

knowledge, this is the first study to demonstrate that physical chromatin accessibility can be 

modulated at non-coding regulatory elements as a novel therapeutic strategy in cancer treatment. 

https://paperpile.com/c/zKbaIJ/QWQtB+Xeuo5
https://paperpile.com/c/zKbaIJ/S8qKn
https://paperpile.com/c/zKbaIJ/8am7G+TMJJz+lLmrz+sQySN+S8qKn
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SWI/SNF ATPase degraders add to the growing arsenal of chromatin-targeted therapeutics for 

directly combating enhancer-addiction in human cancers, warranting their safety and efficacy 

assessments in clinical trials. 

 

Materials and methods 

Chemical structure and synthesis of AU-15330 

General Information: All chemicals and solvents were obtained from commercial suppliers and 

used without further purification. Purification was performed using combi-flash Nextgen300. All 

reactions were monitored by TLC, using silica gel plates with fluorescence F254 and UV light 

visualization. 1H NMR spectra was recorded on a Varian Mercury Plus at 400 MHz and 13C NMR 

spectra was recorded on a JEOL-ECZ-400S spectrometer at 100 MHz. Coupling constants (J) are 

expressed in hertz (Hz). Chemical shifts (δ) of NMR are reported in parts per million (ppm) units 

relative to internal control (TMS). Signal splitting patterns are described as singlet (s), doublet (d), 

triplet (t), quartet (q), multiplet (m), broad (br) or a combination thereof. The low resolution of 

ESI-MS was recorded on an Agilent-6120 and the high-resolution mass (resolution-70000) for the 

compound was generated using Q-Exactive Plus orbitrap system, Thermo Scientific, US using 

electrospray ionization (ESI). HPLC was recorded Waters 2696, the column used was a YMC 

Triart C-18 EXRS (150*4.6) mm 5µm using 0.01M Ammonium acetate in (Aq); Mobile phase-

B:ACN 100%; Method -T/%B: 0/10, 2/10, 5/85, 13/85, 14/10, 15/10 method and Flow rate: 1.0 

ml/min. 

 

Abbreviations used: DMSO for dimethyl sulfoxide, DIPEA for N, N-diisopropylethylamine, 

MeOH for methanol, DMF for N, N-dimethylformamide, HATU for 1- [bis(dimethylamino) 
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methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate, DCM for 

dichloromethane, Pd(dppf)Cl2 for [1,1′-bis(diphenylphosphino)ferrocene]dichloro-palladium(II). 

 

Final chemical structure of AU-15330: 

 

Synthesis: 

 

 

Reagents and conditions: a) Br2, NaHCO3, MeOH, 0 °C - RT, 16 h; b) DMF, 90 °C, 16h; c) 4M 

HCl in 1,4-dioxane, DCM, 0 °C - RT, 16h; d) DIPEA, DMF, 60 °C, 16h; e) Pd(dppf)Cl2•DCM, 

K2CO3, dioxane, water, sealed tube, 120 °C, 6 h; f) 4 M HCl in 1,4-dioxane, DCM, 0 °C - RT, 

16h; g) HATU, DIPEA, DMF, RT, 4 h. 
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4-bromo-6-chloropyridazin-3-amine (1) 

 

 

 

To a stirred solution of 6-chloropyridazin-3-amine (20.0 g, 155.02 mmol) in MeOH (100 mL) was 

added NaHCO3 (19.53 g, 232.00 mmol) at RT and stirred for 15 min and then bromine (8.74 mL, 

170.52 mmol) was added drop wise to the reaction mixture over period of 1 h at 0 °C and stirred 

for 16 h at RT. After completion of the reaction (monitored by TLC), reaction mixture was 

quenched with water (100 mL). Dark brown colored solid was precipitated which was filtered and 

washed with water (50 mL) and dried under vacuum to afford crude 1. The solid was washed with 

20% EtOAc in hexane and diethyl ether to afford pure 1 (15.0 g, 46%). 1 H NMR (400 MHz, 

DMSO-d6) δ 7.99 (s, 1H), 6.97 (bs, 2H). LC-MS: m/z 208.0 [M+H]+. 

 

tert-butyl 4-(3-amino-6-chloropyridazin-4-yl)piperazine-1-carboxylate (2). 

 

 

 

To a stirred solution of 4-bromo-6-chloropyridazin-3-amine 1 (20.0 g, 96.66 mmol) in DMF (400 

mL) was added tert-butyl piperazine-1-carboxylate (53.92 g, 289.9 mmol) at RT and stirred for 16 

h at 90 ºC under nitrogen atmosphere. Then the reaction mixture was quenched with cold water 
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(200 mL) and the brown solid obtained was washed with diethyl ether, filtered and dried under 

vacuum. The same procedure was repeated four times to afford pure 2 (15.0 g, 49.57%). 1H NMR 

(400 MHz, DMSO-d6) δ 6.91 (s, 1H), 6.21 (s, 2H), 3.49 (t, J = 4.4 Hz, 4H), 2.92 (t, J = 4.8 Hz, 

4H), 1.41 (m, 9H). LC-MS: m/z 314.2 [M+H]+. 

 

6-chloro-4-(piperazin-1-yl)pyridazin-3-amine hydrochloride (3). 

 

 

 

To a stirred solution of tert-butyl 4-(3-amino-6-chloropyridazin-4-yl)piperazine-1-carboxylate 2 

(15.0 g, 47.92 mmol) in DCM (100 mL) was added 4 M HCl in 1,4-dioxane (75 mL) at 0 °C under 

nitrogen atmosphere and stirred for 16 h at RT. The reaction mixture was concentrated under 

reduced pressure to get a crude brown solid compound. The brown solid was washed with diethyl 

ether (2x 50 mL), filtered and dried under vacuum to afford 3 (11.98 g, 100%). 1H NMR (400 

MHz, DMSO-d6) δ 9.44 (bs, 2H), 7.75 (bs, 2H), 7.32 (s, 1H), 3.30-3.25 (m, 8H). LC-MS: m/z 

214.1 [M+H]+. 

 

tert-butyl 2-(4-(3-amino-6-chloropyridazin-4-yl)piperazin-1-yl)acetate (4). 
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To a stirred solution of 6-chloro-4-(piperazin-1-yl)pyridazin-3-amine hydrochloride 3 (12.0 g, 

48.18 mmol) in DMF (100 mL) in a sealed tube were added DIPEA (25.70 mL, 144.54 mmol ) 

and tert-butyl 2-bromoacetate (10.53 mL, 72.27 mmol) at RT and stirred for 16 h at 60 ºC. The 

reaction mixture was quenched with water (100 mL) and extracted with EtOAc (2 X 150 mL). The 

combined organic layer was washed with water (100 mL), brine (100 mL), dried over anhydrous 

sodium sulphate and concentrated under reduced pressure to give the crude product which was 

purified by combi flash using 60% ethyl acetate in hexane as eluent to afford 4 (10.0 g, 63.7%). 

1H NMR (400 MHz, DMSO-d6) δ 6.89 (s, 1H), 6.07 (s, 2H), 3.165 (s, 2H), 3.05-2.95 (m, 4H) 2.70-

2.65 (m, 4H), 1.45 (s, 9H). LC-MS: m/z 328.2 [M+H]+. 

 

tert-butyl 2-(4-(3-amino-6-(2-hydroxyphenyl)pyridazin-4-yl)piperazin-1-yl)acetate (5). 

 

 

 

To a stirred solution of tert-butyl 2-(4-(3-amino-6-chloropyridazin-4-yl)piperazin-1-yl)acetate 4 

(1.8g, 5.47 mmol) and (2-hydroxyphenyl)boronic acid (1.7g, 10.94 mmol) in 1,4-dioxane (20 mL) 

was added K2CO3 (2M) solution (4.52 g, 32.8 mmol) and degassed with nitrogen for 5 min. 

followed by Pd(dppf)Cl2•DCM (0.44 g, 0.54 mmol) was added and the reaction mixture was heated 

for 6h at 120 ºC in a sealed tube. Once the reaction was completed (monitored by TLC), the 

reaction mixture was diluted with EtOAc. The combined organic layer was washed with water, 

brine, dried over anhydrous sodium sulphate and concentrated under vacuum to give the residue 

which was purified by combi flash column chromatography using 50-60% ethyl acetate in hexane 
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as eluent to afford 5 (0.9 g, 63.7%).1H NMR (400 MHz, DMSO-d6) δ 14.15 (s, 1H), 7.94 (dd, J1 = 

1.6, J2 = 8.4 Hz,1H), 7.26-7.21 (m, 2H), 6.90-6.87 (m, 2H), 6.22 (s, 2H), 3.18-3.16 (m, 2H), 3.11-

3.09 (m, 4H), 2.67-2.66 (m, 4H), 1.43 (s, 9H). LC-MS: m/z 386.1 [M+H]+. 

 

2-(4-(3-amino-6-(2-hydroxyphenyl)pyridazin-4-yl)piperazin-1-yl)acetic acid (6). 

 

 

 

To a stirred solution of tert-butyl 2-(4-(3-amino-6-(2-hydroxyphenyl)pyridazin-4-yl)piperazin-1-

yl)acetate 5 (5 g, 0.258 mmol.) in DCM (50 vol.) was added 4 M HCl in 1, 4-Dioxane (75 mL) at 

0 °C under nitrogen atmosphere and stirred for 16 h at RT. After completion of the reaction 

(monitored by TLC), reaction mixture was concentrated under reduced pressure. The residue was 

washed with diethyl ether, filtered and dried under vacuum to afford compound 6 (4.27 g, 95%). 

1H NMR (400 MHz, DMSO-d6) δ 7.72 (s, 1H), 7.64 (d, J1 = 1.6, J = 7.6 Hz, 1H), 7.43 (t, J = 7.6 

Hz, 1H), 7.04 (m, 2H), 4.25 (s, 2H), 3.72 (bs, 8H). LC-MS: m/z 330.1 [M+H]+. 

 

(2S,4R)-1-((S)-2-(2-(4-(3-amino-6-(2-hydroxyphenyl)pyridazin-4-yl)piperazin-1-yl)acetamido)-

3,3-dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-

carboxamide (AU-15330) 
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To a stirred solution of 2-(4-(3-amino-6-(2-hydroxyphenyl)pyridazin-4-yl)piperazin-1-yl)acetic 

acid 6 (0.3 g, 0.91 mmol) and (2S,4R)-1-((S)-2-amino-3,3-dimethylbutanoyl) -4-hydroxy-N-((S)-

1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (0.65 g, 1.36 mmol) in DMF 

(3 mL) was added HATU (0.51 g, 1.336 mmol) at 0 ºC followed by the drop wise addition of 

DIPEA (0.65 mL, 3.64 mmol). Stirring was continued at RT for 16 h. After completion of the 

reaction (monitored by TLC) the reaction mixture was poured into crushed ice. Solid formed was 

filtered off to get the crude product which was purified by combi flash using 4 % MeOH in DCM 

as eluent to afford AU-15330 (0.25 g, 37%) as a pale yellow solid. HPLC purity 99.4% (RT- 6.54 

min); 1H NMR (400 MHz, DMSO-d6) δ 14.22 (s, 1H), 8.97 (s, 1H), 8.41 (d, J = 7.8 Hz, 1H), 7.95 

(d, J = 7.4 Hz, 1H), 7.77 (d, J = 9.8 Hz, 1H), 7.56 (s, 1H), 7.43 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 

8.3 Hz, 2H), 7.25 (t, J = 6.8 Hz, 1H), 6.88 (dd, J1 = 5.8 Hz, J2 = 4.4 Hz, 2H), 6.25 (s, 2H), 5.11 (d, 

J = 3.5 Hz, 1H), 4.89 (d, J = 7.3 Hz, 1H), 4.53 (d, J = 9.8 Hz, 1H), 4.44 (t, J = 7.8 Hz, 1H), 4.29 

(bs, 1H), 3.60 (d, J = 5.9 Hz, 2H), 3.17 (bs, 4H), 3.13 (s, 1H), 3.0 (d, J = 16.0 Hz, 1H), 2.69 (dd, 

J1 = 4.4 Hz, J2 = 2.0 Hz, 4H), 2.45 (s, 3H), 2.08 (d, J = 13.2 Hz, 1H), 1.81-1.74 (m, 1H), 1.36 (d, 

J = 6.9 Hz, 3H), 0.96 (s, 9H). 13C NMR (100 MHz, DMSO-d6) δ 170.4, 169.1, 168.4, 158.5, 154.6, 

153.2, 151.5, 147.7, 144.7, 140.1, 131.1, 130.1, 129.6, 128.8, 126.3, 118.4, 117.7, 117.3, 110.6, 

68.7, 60.7, 58.5, 56.5, 55.8, 52.4, 48.5, 47.7, 40.1, 39.9, 39.0, 38.8, 37.7, 35.8, 26.3, 22.5, 15.9. 

HRMS (ESI) for C39H49N9O5S [M+H]+ calculated 756.3611, found 756.3635. 



109 

 

 

Supporting information: S1: 1H NMR of AU-15330: 

 

 

 

S2: 13C NMR of AU-15330\: 
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Computational modeling of AU-15330 - SMARCA2-Bromodomain binding 

The binding model of AU-15330 in complex with SMARCA2-BD and VHL was generated using 

Aurigene’s proprietary computing algorithm, ALMOND (ALgorithm for MOdeling Neosubstrate 

Degraders). The algorithm is developed using the ICM-Pro integrated modeling platform 

(http://www.molsoft.com/icm_pro.html) and trained to predict models of ternary complexes of bi-

functional molecules with very short or no linkers. The process employs protein-protein docking 

simulation, exhaustive conformational sampling, small molecule-protein docking, and site-

directed scoring of predicted ternary complex models. The computed score estimates the force of 

induced interactions in the predicted target – E3 ligase complex and used as a basis for 

prioritization of degrader binding models. The images were prepared using 

PyMOL(https://www.schrodinger.com/products/pymol). 

 

Cell lines, antibodies, and compounds 

Most cell lines were originally obtained from ATCC, DSMZ, ECACC, or internal stock. C4-2B 

cells were generously provided by Evan Keller, Ph.D. at the University of Michigan, CWR-R1 

cells, and a series of enzalutamide-resistant prostate cancer cell lines (LNCaP_Parental, 

LNCaP_EnzR, CWR-R1_Parental, CWR-R1_EnzR, VCaP_Parental and VCaP_EnzR) were 

generously provided by Donald Vander Griend, Ph.D. at the University of Illinois at Chicago. All 

the cells were genotyped to confirm their identity at the University of Michigan Sequencing Core 

and tested routinely for Mycoplasma contamination. Additionally, all the cell lines were genotyped 

every two months to confirm their identity. LNCaP, 22RV-1, CWR-R1, PC-3, and DU145 were 

grown in Gibco RPMI-1640 + 10% FBS (ThermoFisher, Waltham, MA). VCaP was grown in 

Gibco DMEM + 10% FBS (ThermoFisher, Waltham, MA). Sources of all antibodies are described 

http://www.molsoft.com/icm_pro.html
https://www.schrodinger.com/products/pymol
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in Supplementary Table S2. AU-15330 were synthesized by Aurigene, dBRD9 and VZ 185 were 

purchased from Tocris Bioscience (Bristol, UK) and MDV3100 was purchased from Selleck 

Chemicals (Huston, TX). 

Cell viability assay 

Cells were plated onto 96-well plates in their respective culture medium and incubated at 37C in 

an atmosphere of 5% CO2. After overnight incubation, a serial dilution of compounds was 

prepared and added to the plate. The cells were further incubated for 5 days, and the CellTiter-Glo 

assay (Promega, Madison, WI) was then performed according to the manufacturer’s instruction to 

determine cell proliferation. The luminescence signal from each well was acquired using the 

Infinite M1000 Pro plate reader (Tecan, Zürich, Switzerland), and the data was analyzed using the 

GraphPad Prism software (GraphPad Software Inc, La Jolla, CA).  

Incucyte proliferation assays/Caspase-3/7 Green Apoptosis Assay 

A total of 4,000 cells per well were seeded in clear 96-well plates. After overnight incubation, 

compounds were added to the cells at logarithmic dose series. One day and 8 days after seeding, 

cellular ATP content was measured using CellTiterGlo (Promega). Measurements after 8 days 

were divided by the measurement after 1 day (that is, the T0 plate) to derive fold proliferation. 

For online analysis of cell growth, 4,000 cells per well were seeded in clear 96-well plates (costar 

no. 3513). IncuCyte Caspase-3/7 Green Apoptosis Assay Reagent (1:1,000, Essen BioScience no. 

4440) was added and cells were incubated at 37 °C and 5% CO2 overnight. On the next day, 

compounds were added at the desired concentration using the HP digital dispenser D300 and plates 

were read in an Incucyte ZOOM. Every 2 h, phase object confluence (percentage area) for 

proliferation and green object count for apoptosis were measured. Values for apoptosis were 

normalized for the total number of cells. 
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Western Blot and Immunoprecipitations  

Cell lysates were prepared in RIPA buffers (ThermoFisher Scientific, Waltham, MA) 

supplemented with cOmpleteTM protease inhibitor cocktail tablets (Sigma-Aldrich, St. Louis, 

MO), and total protein was measured by Pierce™ BCA Protein Assay Kit (ThermoFisher 

Scientific, Waltham, MA). An equal amount of protein was resolved in NuPAGE™ 3 to 8%, Tris-

Acetate Protein Gel (ThermoFisher Scientific, Waltham, MA) or NuPAGE™ 4 to 12%, Bis-Tris 

Protein Gel (ThermoFisher Scientific, Waltham, MA), and blotted with primary antibodies. 

Following incubation with HRP-conjugated secondary antibodies membranes were imaged on an 

Odyssey CLx Imager (LiCOR Biosciences. Lincoln, NE).  

Immunoprecipitations were performed in LNCaP and VCaP cells treated as described. 600 μg of 

nuclear extracts isolated using the NE-PER™ Nuclear and Cytoplasmic Extraction Reagents 

(ThermoFisher Scientific, Waltham, MA) were immunoprecipitated with BAF155, AR, FOXA1, 

ERG antibodies according to manufacturer protocol. Eluted proteins were subjected to Western 

blot or mass spectrometry analysis.  

RNA isolation and quantitative real-time PCR 

Total RNA was isolated from cells using the Direct-zol kit (Zymo, Irvine, CA), and cDNA was 

synthesized from 1,000 ng total RNA using Maxima First Strand cDNA Synthesis Kit for RT-

qPCR (Thermo Fisher Scientific, Waltham, MA). Quantitative real-time PCR was performed in 

triplicate using standard SYBR green reagents and protocols on QuantStudio 5 Real-Time PCR 

system (Applied Biosystems). The target mRNA expression was quantified using the ΔΔCt 

method and normalized to ACTB expression. All primers were designed using Primer 3 

(http://frodo.wi.mit.edu/primer3/) and synthesized by Integrated DNA Technologies (Coralville, 

IA). Primer sequences are listed in Supplementary Table S2. 

http://frodo.wi.mit.edu/primer3/
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CRISPR Knock-out and inducible shRNA knockdown 

Guide RNAs (sgRNAs) targeting the exons of human SMARCA2/BRM or SMARCA4/BRM were 

designed using the Benchling (https://www.benchling.com/). Non-targeting sgRNA, 

SMARCA2/BRM or SMARCA4/BRM targeting sgRNAs were cloned into lentiCRISPR v2 

plasmid according to published literature [51], lentiCRISPR v2 plasmid was a gift from Feng 

Zhang (Addgene plasmid #52961). LNCaP cells were transiently transfected with lentiCRISPR v2 

encoding non-targeting or pool of three independent SMARCA2/BRM or SMARCA4/BRM-

targeting sgRNAs. Twenty-four hours after transfection, cells were selected with 1 μg/mL 

puromycin for three days. Western blot was performed to examine the knock-out efficiency. The 

sgRNA sequences are listed in Supplementary Table S2. 

ATAC-seq and analysis 

ATAC-seq was performed as previously described[27]. In brief, 50,000 cancer cells were washed 

in cold PBS and resuspended in cytoplasmic lysis buffer (CER-I from the NE-PER kit, Invitrogen, 

cat. no. 78833). This single-cell suspension was incubated on ice for 5-8 min (depending on the 

cell line) with gentle mixing by pipetting every 2 min. The lysate was centrifuged at 1,300g for 5 

min at 4 °C. Nuclei were resuspended in 50μl of 1× TD buffer, then incubated with 2-2.5 μl Tn5 

enzyme for 30 min at 37 °C (Nextera DNA Library Preparation Kit; cat. no. FC-121-1031). 

Samples were immediately purified by Qiagen minElute column and PCR-amplified with the 

NEBNext High-Fidelity 2X PCR Master Mix (NEB; cat. no. M0541L) following the original 

protocol[27]. qPCR was used to determine the optimal PCR cycles to prevent over-amplification. 

The amplified library was further purified by Qiagen minElute column and SPRI beads (Beckman 

Coulter; cat. no. A63881). ATAC-seq libraries were sequenced on the Illumina HiSeq 2500 (125-

nucleotide read length). 

https://paperpile.com/c/zKbaIJ/ep0AK
https://paperpile.com/c/zKbaIJ/ntixE
https://paperpile.com/c/zKbaIJ/ntixE
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Paired-end .fastq files were trimmed and uniquely aligned to the GRCh38/hg38 human genome 

assembly using Novoalign (Novocraft) (with the parameters -r None -k -q 13 -k -t 60 -o sam –a 

CTGTCTCTTATACACATCT), and converted to .bam files using SAMtools (version 1.3.1). 

Reads mapped to mitochondrial or duplicated reads were removed by SAMtools and PICARD 

MarkDuplicates (version 2.9.0), respectively. Filtered .bam files from replicates were merged for 

downstream analysis. MACS2 (2.1.1.20160309) was used to call ATAC-seq peaks. The coverage 

tracks were generated using the program bam2wig (http://search.cpan.org/dist/Bio-ToolBox/) with 

the following parameters:–pe–rpm–span–bw. Bigwig files were then visualized using the IGV 

(Broad Institute) open-source genome browser and the final figures were assembled using Adobe 

Illustrator. 

De novo and known motif enrichment analysis 

All de novo and known motif enrichment analyses were performed using the HOMER (v.4.10) 

suite of algorithms42. Peaks were called by the findPeaks function (-style factor -o auto) at 0.1% 

false discovery rate; de novo motif discovery and enrichment analysis of known motifs were 

performed with findMotifsGenome.pl (--size given --mask). The top 10 motifs from the results 

are shown and motifs were generally ascribed to the protein family instead of specific family 

members (unless known).    

RNA-seq and analysis 

RNA-seq libraries were prepared using 200–1,000 ng of total RNA. PolyA+ RNA isolation, cDNA 

synthesis, end-repair, A-base addition, and ligation of the Illumina indexed adapters were 

performed according to the TruSeq RNA protocol (Illumina). Libraries were size selected for 250–

300 bp cDNA fragments on a 3% Nusieve 3:1 (Lonza) gel, recovered using QIAEX II reagents 

(QIAGEN), and PCR amplified using Phusion DNA polymerase (New England Biolabs). Library 

http://search.cpan.org/dist/Bio-ToolBox/
https://www.nature.com/articles/s41586-019-1347-4#ref-CR42
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/rna-isolation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna-polymerase
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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. 

Libraries passing quality control were trimmed of sequencing adaptors and aligned to the human 

reference genome, GRCh38. Samples were demultiplexed into paired-end reads using Illumina’s 

bcl2fastq conversion software v2.20. The reference genome was indexed using bowtie2-build and 

reads were aligned onto the GRCh38/hg38 human reference genome using TopHat2 [52] with 

strand-specificity and allowing only for the best match for each read. The aligned file was used to 

calculate strand-specific read count for each gene using HTSeq-count[53]. EdgeR [54] was used 

to compute differential gene expression using raw read-counts as input. Heatmaps were generated 

using the ComplexHeatmap[55] package in R. For gene enrichment analysis (GSEA), we first 

defined ERG and FOXA1 gene signatures from VCaP or LNCaP cells treated with control siRNA 

or siRNA targeting ERG[30] of FOXA1 (generated in this study) containing 250 significantly 

down-regulated genes. For AR and MYC, the Hallmark gene signatures were used. These gene 

signatures were used to perform a fast pre-ranked GSEA using fgsea bioconductor package[56] in 

R. We used the function fgsea to estimate the net enrichment score and p-value of each pathway 

and the plotEnrichment function was used to plot enrichment for the pathways of interest. 

Chromatin immunoprecipitation with massively parallel DNA sequencing (ChIP-seq) assay 

and data analysis 

ChIP experiments were carried out using the HighCell# ChIP-Protein G kit (Diagenode) as per the 

manufacturer’s protocol. Chromatin from five million cells was used per ChIP reaction with 10 μg 

of the target protein antibody. 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 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nucleotide
https://paperpile.com/c/zKbaIJ/fbu3s
https://paperpile.com/c/zKbaIJ/wMFmU
https://paperpile.com/c/zKbaIJ/ASadp
https://paperpile.com/c/zKbaIJ/behfk
https://paperpile.com/c/zKbaIJ/sQySN
https://paperpile.com/c/zKbaIJ/cepJE
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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, E. coli DNA polymerase I large fragment (Klenow 

polymerase), and T4 polynucleotide kinase (New England BioLabs (NEB)). A single A 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). 

Paired-end, 125 bp reads were trimmed and aligned to the human reference genome (GRC 

h38/hg38) with the Burrows-Wheeler Aligner (BWA 0.7.17-r1198)[57]. The SAM file obtained 

after alignment was converted into BAM format using SAMTools (Version: 1.9). MACS2 

callpeak was used for performing peaking calling with the following option: ‘macs2 callpeak–call-

summits–verbose 3 -g hs -f BAM -n OUT–qvalue 0.05’. For H3K27ac data --broad option was 

used. Using deepTools bamCoverage, a coverage file (bigWig format) for each sample was 

created. The coverage is calculated as the number of reads per bin, where bins are short consecutive 

counting windows. While creating the coverage file, the data was normalized with respect to each 

library size. ChIP peak profile plots and read-density heat maps were generated using deepTools, 

https://paperpile.com/c/zKbaIJ/Btd3w
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and cistrome overlap analyses were carried out using the ChIPpeakAnno or ChIPseeker packages 

in R.  

HiC coupled with chromatin immunoprecipitation with massively parallel DNA sequencing 

(HiChIPseq) assay and data analysis 

HiChIP assay was performed on 5x106 DMSO or AU-15330 treated VCaP cells. Frozen cells were 

resuspended in 1X PBS and crosslinked with 3mM DSG and 1% formaldehyde. Washed cells were 

digested with 0.5 uL MNase in 100 uL of Nuclease digest buffer with MgCl2. Cells were lysed 

with 1X RIPA and clarified lysate (approximately 1400 ng) was used for ChIP. The antibody 

amount used per ChIP and vendor information are as follows: CTCF – 1.14 μg of Cell Signaling, 

Cat. 3418; H3K4me3 – 3.4 μg of Cell Signaling, Cat. 9751; H3K27ac – 0.4 μg of Cell Signaling, 

Cat. 8173. The Protein A/G bead pulldown, proximity ligation, and libraries were prepared as 

described in the Dovetail protocol (Dovetail™ HiChIP MNase Kit). Libraries were sequenced on 

an Illumina HiSeq 4000. Raw fastq files were aligned using BWA mem with the -5SP options with 

an index containing only the main chromosome from the human genome release hg38 (available 

from the UCSC genome). The aligned paired reads were annotated with pairtools parse 

(https://github.com/open2c/pairtools) with the following options --min-mapq 40 --walks-policy 

5unique --max-inter-align-gap 30 and the --chroms-path file corresponding to the size of the 

chromosome used for the alignment index. The paired reads were further processed to remove 

duplicated reads, sorted with unaligned reads removed with the pairtools sort and the pairtools 

dedup tools with the basic option to produce an alignment file in the bam format as well as the 

location of the valid pair. The valid pairs were finally converted to the .cool and .mcool format 

using the cooler cload and cooler zoomify tools [58] and to the .hic format using the juicer tool 

[59]. 

https://paperpile.com/c/zKbaIJ/3yAHM
https://paperpile.com/c/zKbaIJ/1TADq
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For the generation of the Aggregate Peak Analyses (APA) plots, we used the HiCExplorer tools 

and the hicAggregateContacts command with --range 50000:100000 --numberOfBins 30. Plots for 

all chromosomes were individually computed and summated to generate the global APA plots. 

The ComplexHeatmaps package [55] in R was used for the generation of the final heatmap. For 

HiChIP contact heatmap, .hic files were uploaded to the WashU Epigenome Browser 

(https://epigenomegateway.wustl.edu/) and screenshots from gene loci-of-interest were 

downloaded using the default viewing conditions.  

Super-enhancer analysis 

Super enhancer regions were identified with findPeaks function from HOMER[60] 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 indetify super-enhancer 

clusters. The input files to findPeaks were tag directories generated from alignment files in SAM 

format with makeTagDirectory function from HOMER.  

Preclinical safety evaluation of AU-15330 in male CD-1 mice 

Vehicle and Formulation 

Dose (0, 10 & 30 mg/kg/day) : 10% w/v HPβCD + 5% w/v Dextrose + Purified water 

q.s.  

Dose (60 mg/kg, (2+/5-) for 

2 cycles or Once every three 

days) 

: 10% w/v HPβCD + 5% w/v Dextrose + Purified water 

q.s. 

(pH adjusted to ~4.5 to 4.8 with 1N HCl) 

 

https://hicexplorer.readthedocs.io/en/latest/content/list-of-tools.html
https://paperpile.com/c/zKbaIJ/behfk
https://paperpile.com/c/zKbaIJ/c7gbW
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Intravenous formulation preparation details 

The test item AU-15330 was formulated in 10% w/v HPβCD + 5% w/v Dextrose + Purified water 

q.s for 10 and 30 mg/kg doses. AU-15330 was formulated in 10% w/v HPβCD + 5% w/v Dextrose 

+ Purified water q.s with pH adjusted to ~4.5 to 4.8 with 1N HCl for 60 mg/kg infrequent 

intravenous administration. Formulation was stored at room temperature (~25°C) in a screw 

capped glass bottle until use and should be dosed within 2h of its preparation.  

Test system: Male Hsd: ICR (CD-1®) mouse of 7-9 week age (6 animals/group, main study and 

3 animals/group, toxicokinetic satellite group) were selected as test species.  

Treatment: AU-15330 was administered once daily up to 7 days at doses of 0, 10, and 30 

mg/kg/day by slow (10 sec to 15 sec) intravenous injection through the tail vein.  

In intermittent dosing study, the frequency of dose administration, duration of treatment, and 

dosing procedure was followed as shown below fig (2 on/5 off and once every three days dosing 

for 2 cycles at 0, 60 mg/kg by slow (10 sec to 15 sec) intravenous injection through the tail vein) 

 

The dose-volume was 5 ml/kg for all groups. 

Mortality/Moribundity 

Animals were observed for mortality/moribundity at least once daily during the acclimatization 

period and twice daily during the dosing period (once in the morning hours and once in the 

afternoon hours). 
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Clinical Signs of Toxicity 

A routine clinical examination was performed at least once daily during the acclimatization period 

and twice daily during the dosing period ((once in the morning hours (~ within 30 mins of dosing) 

and once in the afternoon hours). 

Body Weight 

Individual animal body weights were recorded daily using a weighing balance connected to a 

printer throughout the pretest treatment periods. 

Food Consumption 

Pre-weighed amounts of 50 gm food were offered to each cage daily and the quantity of food left 

in each cage was weighed approximately after 24 hours each day throughout the experimental 

period. Food consumption (gm/mice/day) was calculated. The formula is mentioned below 

  

                                                              Total food offered (g) – Food left over (g) 

  Food Consumption (gm/mice/day) =   ------------------------------------------------ 

       No. of surviving animals 

Clinical pathology (blood sampling procedure) 

At scheduled necropsy, mice were anesthetized by isoflurane. Blood samples were collected from 

the inferior vena cava and animals were exsanguinated after the opening of the abdominal vessels. 

Food was withdrawn 4-6 hours before blood collection.  

Group-wise animals were anesthetized in sequence with Isoflurane ~3-5 mins before blood 

collection, and blood samples were collected from the inferior vena cava after the opening of the 

abdominal cavity. Blood samples from each animal were collected into two different tubes, one 

for hematology and another for clinical chemistry. Additionally, blood smears were prepared for 
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further evaluation from all groups.  

Hematology analysis 

For evaluation of hematology parameters, approximately 0.4 mL of blood was collected into tubes 

containing Ethylenediaminetetraacetic acid dipotassium salt dihydrate solution as an anticoagulant 

(2% K2 EDTA, pH 7.4). The following parameters were measured using ADVIA 2120 

hematology analyzer (Siemens): 

List of Hematology Parameters Analyzed 
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Parameter Unit 

Hemoglobin (HGB) g/dL 

Red blood cell counts (RBC) x 106 cells/µL 

Hematocrit (HCT) % 

Mean corpuscular hemoglobin (MCH)  pg 

Mean corpuscular hemoglobin concentration (MCHC) g/dL 

Mean corpuscular volume (MCV) fL 

Platelet count (PLT) x  103 cells/µL 

Total white blood cell count (WBC) x  103 cells/µL 

Mean Platelet Volume (MPV) fL 

Differential white blood cell count  

Neutrophil (N) 

Lymphocytes (L) 

Basophil (B) 

Eosinophil (E)  

Monocyte (M) 

 

% and 

x 103 cells/µL 

Reticulocytes count   % and x 109 cells/L 

 

Clinical chemistry analysis 

For clinical biochemistry estimations, approximately 0.6 mL of blood was collected in plain tubes 

and allowed to clot at room temperature for ~1 hour. The serum was separated by centrifugation 

at 5000 rpm for 10 minutes at about 5 °C. The following parameters were measured: 
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List of Clinical Chemistry Parameters Analyzed 

Parameter in Serum Unit Abbreviation Instrument 

Glucose mg/dL GLUC (a) 

Urea mg/dL UREA (a) 

Creatinine mg/dL CREA (a) 

Creatine Kinase U/L CK (a) 

Total bilirubin mg/dL T BIL (a) 

Cholesterol mg/dL CHOL (a) 

Triglycerides mg/dL TRIGS (a) 

Total protein g/dL TP (a) 

Albumin (A) g/dL ALB (a) 

Globulin (G) g/dL GLOB Total protein-Albumin 

Albumin/globulin ratio NA A/G Ratio Albumin/Globulin 

Alanine aminotransferase U/L ALT (a) 

Aspartate aminotransferase U/L AST (a) 

Alkaline Phosphatase U/L ALP (a) 

Gamma-glutamyl 

transferase 

U/L GGT (a) 

Lactate dehydrogenase U/L LDH (a) 

Aldolase U/L ALS (a) 

Instruments 

a) RX monaco, Randox  Autoanalyzer; NA- Not Applicable 
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Bioanalysis and toxicokinetics 

Blood Sampling Time Points and Bleeding Schedule 

For daily dosing study (TK sampling time point was followed as mentioned below) 

On day 1, TK study animals from each test item treated dose group were bled at 0, 0.25, 1, 3, 7 

and 24 hours post-dose from the saphenous vein for drug levels estimation with n=3 animals per 

time point. On day 7, All animals from each test item treated dose group along with control animals 

were bled at 0, 0.25, 1, 3, 7 and 24 hours post-dose from the saphenous vein for drug levels 

estimation with n=3 animals per time point. Additionally, 0.08 & 0.5 hr time point were part of 

intravenous sampling. 

For intermittent dosing study (TK sampling time point was followed as mentioned below) 

All animals from each test item treated dose group along with control animals were bled at each 

time points on Day 9 (2 on/5 off) and Day 13 (for once every three days dosing) at 0, 0.08, 0.5 1, 

3, 7, and 24 hours post-dose from a saphenous vein for drug levels estimation. 

Approximately 0.60-0.80 mL of blood samples were collected in 2% K2EDTA as an 

anticoagulant) and was centrifuged at 6000 rpm for 5 minutes at 5 °C temperature to separate the 

plasma. Plasma samples for drug levels estimation were stored at -80 °C until drug level 

estimation. 

Bioanalysis and toxicokinetic analysis 

The analysis was carried out using LC/MS-MS bioanalytical method (qualified fit for the purpose 

method). A brief description of the bioanalytical method is provided in the Bioanalysis and 

Toxicokinetic Report. The toxicokinetic parameters such as Cmax/C0, AUC(0-t), and Tmax were 

determined by Non-Compartmental Analysis using Phoenix version 8.0 (Pharsight Corporation, 
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USA). 

Necropsy examination 

A detailed necropsy examination was performed ~4-6 hour fasting for all the treated. The animals 

were weighed just before necropsy and this weight was used for relative organ weight calculations. 

Approximately 4 hours after the last dosing the blood was collected under isoflurane anesthesia 

for hematology in 2% K2 EDTA solution and in plain tubes to separate serum for biochemistry. 

After blood collection, the animals were necropsied, and a detailed necropsy examination was 

carried out by a Veterinary Pathologist. The necropsy included an examination of the external 

surface, external orifices, abdominal, thoracic, and cranial cavities, organs, and tissues. On 

completion of the gross pathology examination, the tissues were collected, weighed, and preserved 

from all animals. 

Histopathological examination 

In the daily dosing study, the following tissues were evaluated microscopically: liver, kidneys, 

heart, gastrocnemius muscle, stomach, testes, spleen, thymus, mesenteric lymph nodes, injection 

site, femur, bone marrow smear, and blood smear from all the groups. 

In the intermittent dosing study, the following tissues were evaluated microscopically: liver, 

spleen, thymus, mesenteric lymph nodes, pancreas, femur, bone marrow smear, and blood smear 

from all the groups. 

 

AU-15330 and enzalutamide formula for in vivo studies 

AU-15330 was added in 40% of 2-Hydroxypropyl-beta-cyclodextrin (HPβCD) and sonicated until 

completely dissolved, solution and then further mixed with D5W (dextrose 5% in water) to reach 

a final concentration of 10% HPβCD. AU-15330 was freshly prepared right before administration 
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to mice. AU-15330 was delivered to mice by intravenous (IP) injection either through the tail vein 

or retro-orbital injection unless otherwise indicated. Enzalutamide was added in 1% 

carboxymethyl cellulose (CMC) with 0.25% Tween-80 and sonicated until homogenized. 

Human prostate tumor xenograft models 

Six-week-old male CB17 severe combined immunodeficiency (SCID) mice were procured from 

the University of Michigan breeding colony. Subcutaneous tumors were established at both sides 

of the dorsal flank of mice. Tumors were measured at least biweekly using digital calipers 

following the formula (π/6) (L× W2), where L = length and W = width of the tumor. At the end of 

the studies, mice were sacrificed and tumors extracted and weighed. The University of Michigan 

Institutional Animal Care & Use Committee (IACUC) approved all in vivo studies. 

For the VCaP non-castrated tumor model, 3×106 VCaP cells were injected subcutaneously into 

the dorsal flank on both sides of the mice in a serum-free medium with 50% Matrigel (BD 

Biosciences). Once tumors reached a palpable stage (~200 mm3), mice were randomized and 

treated with either 10, 30 mg/kg AU-15330, or vehicle by IP 5 days per week for 3 weeks. 

For the VCaP castration-resistant tumor model, 3×106 VCaP cells were injected subcutaneously 

into the dorsal flank on both sides of the mice in a serum-free medium with 50% Matrigel (BD 

Biosciences). Once tumors reached a palpable stage (~200 mm3), tumor-bearing mice were 

castrated. Once tumors grew back to the pre-castration size, mice were randomized and treated 

with either 60 mg/kg AU-15330, or vehicle by IP injection 3 days per week, and with or without 

10 mg/kg MDV3100 by oral gavage 5 days per week for 5 weeks. 

Prostate patient-derived xenograft models 

The University of Texas M.D. Anderson Cancer Center (MDACC) patient-derived xenografts 

(PDX) series has been previously described[61]. PDXs were derived from men with CRPC 

https://paperpile.com/c/zKbaIJ/TCU3C
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undergoing cystoprostatectomy using described protocols. MDA-PCa-146-12 was derived from a 

CRPC patient diagnosed with Gleason 5+4=9 prostate adenocarcinomas. MDA-PCa-146-12 was 

derived from a specimen obtained from the left bladder wall and demonstrated conventional 

adenocarcinoma (AR+). PDXs were maintained in male SCID mice by surgically implanting 2 

mm3 tumors coated with 100% Matrigel to both flanks of mice. Once tumors reached ~200 mm3 

in size, mice were randomized and divided into different treatment groups receiving either 60 

mg/kg AU-15330 or vehicle by subcutaneous injection 3 days per week, and with or without 10 

mg/kg MDV3100 by oral gavage 5 days per week for 3 weeks. 

H929 xenograft generation, dosing, and measurement of antitumor activity  

H929 cells (procured from ATCC) were cultured in RPMI1640 medium supplemented with 10% 

FBS, 1X penicillin-streptomycin, and 0.05 mM 2-mercaptoethanol. For generating xenografts, 

H929 cells were suspended in a 1:1 mixture of ECM gel (Sigma, E1270) and Hank’s Balanced 

Salt Solution (HBSS) and injected subcutaneously into the right flank of the female NOD-SCID 

mice (NOD/MrkBomTac-Prkdcscid) at a density of 5 x 106 cells/animal. When the mean tumor 

volume (TV) reached approximately 240-250 mm3, animals were selected and randomized based 

on TV into treatment groups of 5 animals each. Once-daily intravenous administration of vehicle 

and AU-15330 was started on Day 1 and continued for the duration of the study. Each treatment 

was administered at a dose volume of 5 mL/kg based on the most recent body weight. AU-15330 

was formulated fresh every day using a vehicle containing 10% w/v 2-Hydroxypropyl-β-

cyclodextrin (HPβCD) in 5% dextrose. The treatment-related changes in body weight (BW) and 

other clinical signs were monitored daily, and tumor measurements were recorded at least twice a 

week.  
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The TV in mm3 was calculated according to the following formula:  

TV = length x width2 x 0.5 

length: largest diameter of tumor (mm)  

width: diameter perpendicular to length (mm)  

 

Tumor growth inhibition (TGI %) was calculated as a measure of anti-tumor efficacy using the 

following formula  

% TGI = 100 – ((ΔT/ΔC) X 100) 

where changes in tumor volume (Δ volumes) for each treated (T) and control (C) group was 

derived by subtracting the mean tumor volume on the first day of treatment (starting day) from the 

mean tumor volume on the specified observation day. All procedures relating to animal care, 

handling, and treatment were performed according to guidelines approved by the Institutional 

Animal Ethics Committee (IAEC) of Aurigene Discovery Technologies Ltd. All treatments were 

well tolerated with no clinical signs observed in all studies presented. 

H&E and Immunohistochemistry (IHC), and Alcian blue staining 

Immunohistochemistry (IHC): 

IHC was performed on formalin-fixed paraffin-embedded 4um sections of mouse or xenograft 

tissues. Slides with tissue sections were incubated at 58C overnight and the next day were 

deparaffinized in xylene, followed by serial hydration steps in ethanol (100%, 70%) and water for 

5 mins each. Endogenous tissue peroxidase activity was blocked by placing slides in 3% H202-

methanol solution for 1 hour at room temperature. Antigen retrieval was performed by 

microwaving slides in a solution of Citrate Buffer (pH=6) for 15 minutes, followed by blocking in 

2.5% normal horse serum (Vector Laboratories, Cat#S-2012-50) for 2 hours. The slides were then 
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incubated in the following primary antibodies overnight at 4 degrees: BRG1(Abcam Cat#108318, 

1:100), AR(Millipore Cat#06-680, 1:2000), BRM1(Millipore sigma Cat#HPA029981, 1:100), 

FOXA1 (Thermo Fisher Scientific Cat#PA5-27157, 1:1000), ERG (Cell Signaling Technology 

Cat#97249S, 1:500). ImmPRESS-HRP conjugated anti-mouse/rabbit cocktail from Vector 

Laboratories (Cat#MP-7500-50) was used as secondary antibodies (room temperature, 1 hour) 

Visualization of staining was done as per the manufacturer’s protocol (Vector Laboratories, 

Cat#SK-4100). Following DAB staining, slides were dehydrated in ethanol, xylene (5 minutes 

each) and mounted using EcoMount (Thermo Fisher, Cat#EM897L) 

Alcian Blue staining: 

Alcian blue staining was performed as per the manufacturer's protocol (Alcian Blue Stain Kit (pH 

2.5) Cat#ab150662). Following an overnight incubation of tissue sections at 58 degrees celsius, 

slides were deparaffinized in Xylene followed by hydration in ethanol (100,70%) and water for 5 

minutes each. Slides were then incubated in Acetic acid solution for 3 minutes followed by a 30 

min incubation at room temperature in Alcian Blue stain (pH 2.5). Excess Alcian blue was 

removed by rinsing slides in Acetic acid solution for 1 minute, and three water washes for 2 

minutes each. Nuclear Fast Red solution was used as a counterstain for 5 minutes. Slides were 

subsequently washed in running tap water, dehydrated in ethanol, xylene, and mounted using 

EcoMount (Thermo Fisher, Cat#EM897L)  

Histopathological analysis of the various organs harvested for drug toxicity: 

For the present study, organs- liver, spleen, kidney, colon, small intestine, prostate, and testis were 

harvested and fixed in 10% neutral buffered formalin followed by embedding in paraffin to make 

tissue blocks. These blocks were sectioned at 4 microns and stained with Harris hematoxylin and 

alcoholic eosin-Y stain (both reagents from Leica Surgipath) and staining performed on Leica 
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autostainer-XL (automatic) platform. The stained sections were evaluated by two different 

pathologists using a brightfield microscope in a blinded fashion between the control and treatment 

groups for general tissue morphology and coherence of architecture. A detailed comprehensive 

analysis of the changes noted at the cellular and subcellular level were performed using scoring 

systems as described below for colon and testicular assessment. An evaluation summary for 

specific tissues is described below: 

Evaluation of liver: liver tissue sections were evaluated for normal architecture and regional 

analysis for all three zones was performed for inflammation, necrosis, and fibrosis.  

Evaluation of spleen: splenic tissue sections were evaluated for the organization of hematogenous 

red and lymphoid white pulp regions including necrosis and fibrotic changes if any.  

Evaluation of kidney: kidney tissue sections were examined for changes noted if any in all the four 

renal functional components namely; glomeruli, interstitium, tubules, and vessels.  

Evaluation of colon: colonic tissue sections were examined for mucosal (epithelium and lamina 

propria), submucosal, and seromuscular layer changes including crypt changes, goblet cells, 

inflammatory infiltrate granulation tissue, and mucosal ulceration. A detailed goblet cell 

evaluation was also performed utilizing alcian-blue staining wherein goblet cells and epithelial 

cells were counted in ten colonic crypt epithelium in each experimental animal of the various sub-

groups. Summation of all the goblet and epithelial cells was done and a ratio of goblet cell to 

epithelial cell (GC ratio) was calculated per sample.  

Evaluation of small intestine: small intestine tissue sections were examined for mucosal changes 

such as villous blunting, villous: crypt ratio and evaluated for inflammatory changes including 

intraepithelial lymphocytes, extent (mucosal, submucosal, serosal) and type of inflammatory 

infiltrate including tissue modulatory effect due to the same if any.  
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Evaluation of prostate: prostate tissue sections were evaluated to note for any epithelial 

abnormality and stromal changes identified in all four lobes (dorsal, anterior, lateral, and ventral). 

Additionally, any overt inflammatory infiltrate was also examined.   

Evaluation of testis: testicular tissues were examined for the architectural assessment of 

seminiferous tubules (orderly maturation of germinal epithelial cells devoid of maturation arrest 

and Sertoli cell prominence if any), Leydig cells, and interstitial reaction. For an in-depth 

comprehensive analysis to comment upon the spermatogenesis a semi-quantitative “testicular 

biopsy score count (Johnsen score)” in 100 orderly cross-sections of seminiferous tubules in each 

animal of all the sub-groups at 20X magnification was performed. Each of the 100 seminiferous 

tubules assessed was given a score (score range:0-10). In the end, the average score was calculated 

(Total sum of score/100).  

TMT Mass Spectrometry 

VCaP cells were seeded at 5 × 106 cells on a 100 mm plate 24 h before treatment. Cells were 

treated in triplicate by the addition of test compounds. After 4 h, the cells were harvested and 

processed by using EasyPep™ Mini MS Sample Prep Kit (Thermo Fisher, #A40006). Samples 

were quantified using a micro BCA protein assay kit (Thermo Fisher Scientific) and cell lysis 

samples were proteolyzed and labeled with TMT 10-plex Isobaric Label Reagent (Thermo Fisher 

Scientific, #90110) essentially following the manufacturer’s protocol. Briefly, upon reduction and 

alkylation of cysteines, the proteins were precipitated by adding 6 volumes of ice-cold acetone 

followed by overnight incubation at 20C. The precipitate was spun down, and the pellet was 

allowed to air dry. The pellet was resuspended in 0.1M TEAB and digested overnight with trypsin 

(1:50; enzyme:protein) at 37C with constant mixing using a thermomixer. The TMT 10-plex 

reagents were dissolved in 41 ml of anhydrous acetonitrile and labeling was performed by 



132 

 

transferring the entire digest to the TMT reagent vial and incubating it at room temperature for 1 

hour. The reaction was quenched by adding 8 ml of 5% hydroxylamine and a further 15 min 

incubation. Labeled samples were mixed together, and dried using a vacufuge. An offline 

fractionation of the combined sample (200 mg) into 10 fractions was performed using high pH 

reversed-phase peptide fractionation kit according to the manufacturer’s protocol (Pierce; Cat 

#84868). Fractions were dried and reconstituted in 12 ml of 0.1% formic acid/2% acetonitrile in 

preparation for LC-MS/MS analysis. 

In order to obtain superior accuracy in quantitation, we employed multinotch-MS3 [62] which 

minimizes the reporter ion ratio distortion resulting from fragmentation of co-isolated peptides 

during MS analysis. Orbitrap Fusion (Thermo Fisher Scientific) and RSLC Ultimate 3000 nano-

UPLC (Dionex) was used to acquire the data. The sample (2 ml) was resolved on a PepMap RSLC 

C18 column (75 mm i.d. x 50 cm; Thermo Scientific) at the flow-rate of 300 nl/min using 0.1% 

formic acid/acetonitrile gradient system (2-22% acetonitrile in 150 min; 22-32% acetonitrile in 40 

min; 20 min wash at 90% followed by 50 min re-equilibration) and direct spray into the mass 

spectrometer using EasySpray source (Thermo Fisher Scientific). The mass spectrometer was set 

to collect one MS1 scan (Orbitrap; 60K resolution; AGC target 2x105; max IT 100 ms) followed 

by data-dependent, ‘‘Top Speed’’ (3 seconds) MS2 scans (collision-induced dissociation; ion trap; 

NCD 35; AGC 5x103; max IT 100 ms). For multinotch-MS3, top 10 precursors from each MS2 

were fragmented by HCD followed by Orbitrap analysis (NCE 55; 60K resolution; AGC 5x104; 

max IT 120 ms, 100-500 m/z scan range). Proteome Discoverer (v2.1; Thermo Fisher) was used 

for data analysis. MS2 spectra were searched against SwissProt human protein database (release 

2015-11-11; 42084 sequences) using the following search parameters: MS1 and MS2 tolerances 

were set to 10 ppm and 0.6 Da, respectively; carbamidomethylation of cysteines (57.02146 Da) 

https://paperpile.com/c/zKbaIJ/5oujD
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and TMT labeling of lysine and N-termini of peptides (229.16293 Da) were considered static 

modifications; oxidation of methionine (15.9949 Da) and deamidation of asparagine and glutamine 

(0.98401 Da) were considered variable. Identified proteins and peptides were filtered to retain only 

those that passed %1% FDR threshold. Quantitation was performed using high-quality MS3 

spectra (Average signal-to-noise ratio of 20 and <30% isolation interference). 

Meta-analyses of protein interactomes: Interactome proteomics data of AR and ERG was 

downloaded from published literature (ERG from [30] and AR from [31]), the FOXA1 nuclear co-

immunoprecipitation/mass spectrometry experiment was performed in this study as described 

above. The protein interactomes of AR, ERG, and FOXA1 were ranked based on FDR at the top 

10% and the intersection was taken from these three independent studies. 

Assessment of drug synergism  

To determine the presence of 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 [39]. 
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Chapter 4 

Novel Overarching Concepts, Conclusions, and Future Directions 

AR is a nodal “lineage co-oncogene” in prostate adenocarcinoma 

Hormone receptor-driven cancers best exemplify the concept of lineage-addiction. In the current 

clinical workflow of prostate cancer treatment, following surgical resection of the tumor, all 

targeted therapies inhibit the androgen/AR signaling axis. However, now that we have gone on to 

sequence thousands of treatment-naive primary prostate cancer genomes, I find it extremely 

intriguing that these tumors harbor no recurrent alterations in the AR gene locus or its coding 

sequence [1]. The same holds true for ESR1 mutations in primary breast adenocarcinomas. These 

findings imply that hormone-receptors like AR and estrogen receptor-alpha (ER) are not 

conventional oncogenes in primary prostate or breast cancers, respectively, and highlight the need 

to understand their cancer-essential functions within a new conceptual framework.  

A pertinent question then becomes: what explains the profound therapeutic benefit derived from 

AR inhibition in prostate cancer patients? One likely explanation could be that driver oncogenes 

make requisite interactions with the AR-signaling complex and repurpose it to activate 

tumorigenic and hyper-proliferative gene programs. This lays the foundation of the herein 

proposed “lineage-addiction” theory in cancer cells (Figure 1-1). The lineage-addiction model 

https://paperpile.com/c/9CNSKT/hgcVP


140 

 

implies that cancers that originate from the differentiated cell lineages (e.g., the luminal 

prostate/breast epithelia) retain and aberrantly rewire the lineage-specific core-transcriptional 

machinery to activate survival and/or hyper-proliferative gene programs. To better define such 

functional roles in tumorigenesis, we propose AR, and other similar lineage-survival genes (like 

ESR1) to be termed as “lineage co-oncogenes.” In other tumors, these genetically unaltered genes 

would likely comprise essential epigenetic or transcriptional determinants of cell lineage identity, 

which get hijacked by oncogenes to drive the malignant phenotype. It is also important to note that 

most likely hyper-activation of lineage co-oncogenes by themselves cannot drive transformation, 

but their activity would be absolutely essential for oncogene-driven transformation.  

In breast and prostate glands, ER and AR, respectively, drive terminal differentiation of the luminal 

epithelial cells (the putative cell-of-origin) [2,3]. Genetic knockout studies in mice have revealed 

an essential role for AR signaling in normal development and glandular morphogenesis of the 

prostate gland [3,4]. A recent study using single-cell RNA-seq presented compelling evidence for 

the essentiality of AR activity in the regeneration of luminal prostate epithelial cells after acute 

depletion of androgen [5]. Thus, AR is considered as a master instructor of the prostatic luminal 

epithelial identity. Notably, cancers that originate from these differentiated cells seem to continue 

to rely on the activity of lineage-specifying genes for survival and proliferation [2,3,6,7]. This 

concept is similarly embodied by the acute dependence of melanoma cells on lineage-defining 

microphthalmia-associated transcription factor (MITF)[8]. Thus, lineage-specifying genes could 

comprise a novel class of cancer dependencies that can be therapeutically targeted.  

It is equally important to note the limitations of the cell lineage model of human carcinogenesis 

described above. Most likely the lineage-addiction model pertains only to cancers that originate 

from a lineage-committed or differentiated normal cell. Thus, one can envision most 
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adenocarcinomas originating from epithelial cells (or other specialized cell types) to retain 

addiction to their inherent lineage programs, but sarcomas originating from undifferentiated cells 

(e.g. Ewing sarcomas) may not harbor such lineage-dependencies. 

Coercive evolution of the prostate cancer genome under the constraint of therapies 

AR alterations are only detected in CRPC tumors and are a direct consequence of treating the 

primary disease with ADTs. However, it is important to note that even in the presence of activating 

AR mutations or copy-amplifications, AR signaling is never hyper-activated at any stage of 

prostate cancer progression. The activating AR alterations only restore AR activity closer to 

baseline when the levels of androgen sharply fall following castration. In fact, hyper-stimulation 

of AR activity has anti-proliferative effects in prostate cancer cells [9], which has even prompted 

an evaluation of high dose testosterone administration as a potential therapy in advanced patients 

[10]. Thus, prostate cancer cells tolerate a very narrow range of AR activity that likely allows for 

its oncogenic appropriation while keeping its pro-differentiation duties in check.  

Concordantly, a recent genomic study of de novo metastatic CRPCs found no AR alterations in 

patients who never received ADT [11], strongly suggesting that these alterations are functionally 

inconsequential in a naturally evolving disease. Thus, alterations in the AR gene in over 70-80% 

of metastatic CRPC cases only emerge when the cancer cells are challenged with androgen 

deprivation and serve as a testimony to the acute addiction of tumor cells to the AR-instructed 

prostatic lineage. It is yet to be determined if mutations in other AR cofactors that are particularly 

enriched in CRPC (e.g. NCOR2 inactivating or FOXA1 class2 activating mutations) are associated 

with ADT or not. Despite having such high recurrence in CRPC, vestiges of FOXA1 alterations 

are rarely detected in neuroendocrine prostate cancer genomes [12–14], which is similar to rare 
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detection of AR amplifications in this disease subtype [12,15]. Given our mechanistic findings, it 

is likely that class1 mutants of FOXA1—by safeguarding and sustaining AR activity—“lock” 

prostate adenocarcinoma in an AR-driven state. This is supported with our data showing class1 

FOXA1 mutants to rescue AR activity under castrate-androgen levels as well as treatment with 

AR antagonists [13]. Here, we propose the above mentioned genomic events (and their kind) in 

advanced prostate cancer to be collectively referred to as “lineage reinforcing” alterations that 

causally drive the acquisition of resistance to lineage-targeted therapies. Interestingly, the majority 

of these adaptive mechanisms are acquired through genetic alterations in cancer cells. 

Persistent inhibition of the androgen/AR axis in prostate cancer cells eventually results in a 

complete suspension of the AR-dependent lineage identity and a transfer to a neuroendocrine 

lineage instead. It is fascinating that this “lineage switching” or “lineage escaping” event is 

accompanied by the acquisition of an entirely new set of oncogenic drivers (namely, SOX2, 

MYCN, etc.) and abandonment of previous oncogenic drivers (e.g. FOXA1, ERG, etc.). This 

strongly suggests that it is the lineage identity of the cell that dominantly dictates which genes are 

competent for driving the malignant phenotype. In other words, oncogenes have to restrictively 

function within the outer confines of the cellular lineage. Thus, molecularly understanding these 

lineage–oncogene associations will likely hold the clues to why somatic alterations in human 

cancer show lineage-specificity. These research curiosities will guide my future pursuits in the 

field of molecular cancer biology.  

The view of cancer genomes as natural CRISPR screens 

Cancer is a devastating disease that has abruptly cut short numerous innocent lives. Thus, one of 

the primary motivations for me to work in the field of cancer biology is to make a meaningful 
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impact in the clinical management of still incurable cancers. But, there is also a pure scientific 

motivation to my fascination with this research domain: From a conceptual standpoint, the 

accumulation of driver alterations—i.e. alterations that undergo positive selection—in cancer 

genomes can be viewed from a lens of a natural CRISPR screen. In other words, the study of 

recurrent alterations in human cancers, their clonality and clinical presentation, their genomic 

position and type, the relative conservation of genomic regions they alter or disrupt, their 

recurrence at certain linearly or three-dimensionally clustered amino acid residues, and/or 

recurrence within functional protein domains can guide the development of very sophisticated 

functional and mechanistic hypotheses. Molecular experiments along these lines will not only 

elucidate the aberrant function of driver proteins in diseased states but will also uncover novel 

facets of their physiologic functions in normal cells.  

Following from above, a higher DNA affinity for the C-terminal-truncated, class2 FOXA1 mutants 

ascribes a DNA-binding inhibitory function to the C-terminal regulatory domain of the wild-type 

FOXA1 protein. Notably, the C-terminal regulatory domain has also been implicated in mediating 

the pioneering duties of the FOXA1 protein [16,17]. Thus, it’ll be very meaningful to profile the 

pioneering ability of the cistomically-dominant class2-mutants of FOXA1 and compare it to that 

of its wild-type counterpart. Similarly, the marked bias of structural variations within the highly 

syntenic FOXA1 locus to encompass the MIPOL1 gene is highly suggestive of putative enhancers 

of the FOXA1 gene being coded in that cis-neighborhood. Thus, being amply equipped with 

granular insights from cancer genomes and modern multi-omic tools, we truly might be stepping 

into another golden era for molecular biology, where pathologic alterations in chromatin structure 

or protein composition can be used to uncover their fundamental physiologic functions. 
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Characterizing the oncogenic effects of FOXA1 mutants using transgenic mouse models 

Despite the high-recurrence of FOXA1 alterations in prostate cancer, their driver roles have not 

been experimentally studied in mouse models. To date, no laboratory has developed genetically-

engineered mouse models (GEMMs) of prostate cancer that are driven by transgenic 

overexpression of either wild-type FOXA1 or its mutant onco-variants [18]. I believe the 

development of these physiological models is imperative in molecularly unraveling class-specific 

disease pathobiology and uncovering therapeutic vulnerabilities that are associated with sub-

classes of FOXA1-altered prostate cancers. 

Since FOXA1 is required for normal glandular morphogenesis and development of the mouse 

prostate gland [19], we plan to employ an exogenous knock-in strategy. In the ROSA26 gene locus 

of the C57BL/6J mice, we will knock in the LoxP-STOP-LoxP-Transgene cassette encoding the 

human wild-type or mutant FOXA1 transgene. This will cover all three alterations classes with 

knock-in of the V5-tagged, 1) R261G (Class1-missense), 2) R265-71del (Class1-inframe indel), 

3) P358fs (class2-frameshift), and 4) wild-type (mimics class3 duplications) FOXA1 variants. 

These transgenic mice will then be crossed with the Probasin (Pb)-Cre mice to achieve specific 

activation of the FOXA1 oncogene in AR-positive luminal prostate epithelial cells. The FOXA1 

mutation and Pb-Cre positive experimental mice, along with litter-matched negative control 

animals (i.e. negative for either FOXA1 mutation or Pb-Cre), will be aged for time-lapsed 

histopathological assessment of the prostate gland.  

Learning from previous models, we will first euthanize mice (n=2 for each line) at 12wk of age to 

confirm prostate-specific expression of the transgene via immunohistochemical detection of the 

V5-tag. Then these mice will be aged to 52 weeks for primary assessment of the prostatic histology. 

With the help of an expert pathologist, we will carry out a multi-field inspection in at least 10 
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animals covering all four prostatic lobes to detect any morphological defects and score for cellular 

atypia, dysplasia, or neoplasia following the established criteria. Additionally, in class2 FOXA1-

driven GEMMs, we would perform quantitative evaluation of metastatic dissemination of tumor 

cells in the blood, bone marrow aspirates, and selective common secondary sites using V5-tag 

fixed-cell flow cytometry. Subsequent time-points for follow-up histologic and phenotypic 

inspections will be determined based on primary results at 52 weeks. In case the monogenic models 

show no neoplastic transformation or present with an indolent, slow-growing tumor, we will cross 

these mice with either TP53 or PTEN flox animals based on class-specific co-alteration profiles. 

Notably, a recent genomic study of primary prostate cancer from Chinese men revealed activating 

FOXA1 alterations (mostly class 1 in type) to recur in over 40% of the cases [20]. Our transgenic 

mice will be the first models of FOXA1-driven prostate cancer in the field and will help elucidate 

the pathobiology of a major oncogenic driver of prostate carcinogenesis and/or progression.      

Potential synergism between lineage and oncogene targeted therapies  

The most promising facet of lineage-targeted therapies is their potential synergism with existing 

therapies that target driver oncogenes. For instance, in preclinical systems of advanced prostate 

cancers, we saw a remarkable synergism between enzalutamide (an AR antagonist) and our 

SWI/SNF degrader compound. While AR antagonists block the DHT-binding pocket in the AR 

protein, SWI/SNF degradation impedes the binding of AR to the chromatin at cis-regulatory 

elements. Thus, the combination of these drugs results in a complementary, multi-pronged attack 

on the AR transcriptional complex, thus producing a stronger and more durable remission of the 

disease. Furthermore, SWI/SNF inhibition would attenuate other the ancillary cancer-promoting 

pathways that are dependent on enhancer activity, such as MYC-signaling.   

https://paperpile.com/c/9CNSKT/OExr
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Notably, we found SWI/SNF inhibition to be therapeutically effective in enzalutamide-resistant as 

well as AR-independent models of prostate cancer—albeit 5-10 fold less than the AR-positive 

disease for the latter. These prostate cancer disease subtypes currently pose a major clinical 

challenge. A recent paper implicated a specialized SWI/SNF complex in mediating the 

neuroendocrine transdifferentiation of prostate cancer cells [21]. Based on this study, the SWI/SNF 

complexes get dynamically reconfigured during prostate cancer progression and, as per our 

findings, continue to play an oncogenic role in AR-dependent as well as AR-independent stages 

of the disease. In these disease subtypes, the SWI/SNF complexes likely work in concert with 

distinct transcriptional oncogenes. Moving forward, we plan to mechanistically interrogate the 

growth inhibitory effect of SWI/SNF inactivation in AR-independent prostate cancer. We also plan 

to test the utility SWI/SNF ATPase inactivation in SS18-SSX fusion driven synovial sarcomas and 

heme-malignancies that harbor well-characterized addiction to aberrant transcriptional states (e.g. 

dependence of acute myeloid leukemia on the MLL-fusion/HOXA9-activated gene programs 

[22,23]).  

As with epigenetic therapies in general, it would be very important to demonstrate that there are 

no unintended toxicities to normal cellular functions from complete SWI/SNF inactivation. Such 

dose-limiting toxicities have largely hindered the clinical evaluations of the BRD4 class of 

therapeutics in human cancers, which also showed great promise in preclinical systems [24–26]. 

Encouragingly, in our preclinical efficacy studies in mice, despite Smarca2 and Smarca4 

degradation in normal tissues, we see no major changes in whole-body weights or weights of 

essential organs upon prolonged treatment with the SWI/SNF degrader. This was accompanied 

with no histological signs of toxicities in essential organs, including no indications of 

thrombocytopenia (i.e. acute depletion of blood platelets), gastrointestinal goblet cell depletion, 

https://paperpile.com/c/9CNSKT/ZvTj
https://paperpile.com/c/9CNSKT/vX0R+Qyz3
https://paperpile.com/c/9CNSKT/kw0D+NsX6+ctlK
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and normal prostatic and testicular atrophy—these being major toxicities previously reported for 

BRD4 inhibitors. However, this data needs to be further corroborated by extensive tolerability and 

toxicities studies of SWI/SNF degraders in other animal models, including higher primates.   

The roots of lineage addiction likely lie in the hardwiring of the chromatin structure 

For years, we have profiled the primary differences in cancer cells compared to their normal 

counterparts. I wonder if it would be equally informative if we focused on what aspects of the 

normal cellular heritage remain unaltered in the transformed state. Even upon acquisition of 

aggressive characteristics, cancer cells rarely lose the identity of the originating normal cell. For 

instance, prostate cancer cells still closely resemble their normal epithelial precursors in terms of 

molecular identity. This strongly suggests that the genes and pathways that define cell identity 

persist in tumor cells—albeit aberrantly—and are likely essential for cancer cell growth and 

survival. 

I predict lineage addiction in cancers to primarily stem from the physical chromatin structure of 

the normal precursor cells. Thus, only genes that can functionally interact with the lineage-specific 

transcription factor machinery are competent to drive oncogenesis. In other words, accessible 

regions of the chromatin that are shared between the normal cell-of-origin and the cancer cell may 

hold clues as to what lineage-specific transcriptional machinery continue to play a relevant role in 

a given tumor. Intriguingly, pioneer factors primarily bind at cis-regulatory elements that include 

several kilobases long lineage-defining super-enhancers [27,28]. Thus, pioneer factors and their 

chromatin cofactors have emerged as primary gatekeepers of cellular identity. For example, in 

prostate and breast epithelia, FOXA1 is the chief pioneer factor that delimits the accessible 

chromatin landscape [29]. Thus, it is tempting to speculate that pioneer factors and their chromatin 

https://paperpile.com/c/9CNSKT/IYoC1+DtyeK
https://paperpile.com/c/9CNSKT/vNhEk
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remodeling cofactors molecularly bridge the lineage–oncogene interactions in cancer cells. In fact, 

a recent multi-omic effort to profile the accessible regulome across human cancers identified many 

putative pioneers and lineage co-oncogenes that need to be mechanistically explored in future 

studies [30,31].  

A comprehensive understanding of lineage–oncogene association will facilitate the identification 

of novel molecular dependencies in cancer cells that can be co-targeted along with driver 

oncogenes. These efforts can particularly benefit from the advent of single cell mutli-omics 

techniques that will allow for more meaningful comparisons of tumor cells to their cell-of-origin. 

Most molecular profiles of normal tissues have been generated using bulk approaches, which can 

be potentially confounded as normal tissues comprise many cell types (e.g. epithelial, stromal, 

endothelial, immune cells, etc.) in varied proportions. Although this cellular milieu plays well-

documented roles in tumorigenesis, tumors themselves disproportionately comprise a single cell 

type (e.g. mutated epithelial cells in adenocarcinomas). Thus, comparison of molecular features 

between normal and cancer cells at a single-cell level would provide unprecedented insights into 

how the lineage-specific chromatin structure and gene program is altered during transformation. 

In summary, targeting lineage-addiction in cancer cells is a novel concept and is likely to synergize 

with existing oncogene-targeted therapies. This doctoral thesis establishes FOXA1 as a principal 

oncogene in hormone receptor-driven malignancies and uncovers the SWI/SNF complex as a 

novel lineage-associated dependency in AR-addicted prostate cancers. The work presented in 

Chapter 1 outlines the first classification scheme of FOXA1 alterations in human cancers, wherein 

each of the alteration classes is associated with divergent clinical incidence and oncogenic gain-

of-function. These mechanistic insights will facilitate mechanism-informed translational studies 

focused on effective clinical management of these disparate disease subtypes. The work presented 

https://paperpile.com/c/9CNSKT/Aod7+G0xc
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in Chapter 2 is the first proof of concept that impeding chromatin accessibility at non-coding cis-

regulatory elements constitutes a novel therapeutic strategy in enhancer-binding transcription 

factor-addicted tumors, including AR/FOXA1-driven prostate and MYC-driven plasma cell 

tumors—warranting the clinical evaluation of SWI/SNF degraders in human trials. 

Chapter acknowledgements: 

This chapter was written by Abhijit Parolia and summarizes novel concepts and findings from the 

scientific work presented in this thesis.   
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Supplementary Figures for Chapter 2 
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Supplementary Figure A1-1: AR and FOXA1 activity is essential for prostate cancer growth and survival. (A) 
mRNA (qPCR) and (B) protein expression of AR and FOXA1 in a panel of PCa cells. (C) Growth curves of AR-

positive PCa cells treated with non-targeting (siNC), AR or FOXA1-targeting siRNAs (25nM at Day0 and Day1). 

Immunoblots confirm robust knockdown of FOXA1 protein in LNCaP and LAPC4 72h after siRNA-treatment. (D) 
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Crystal violet stain of AR-negative, DU145 PCa cells treated with siNC, AR, or FOXA1 targeting siRNAs. LNCaP is 

shown as a control for comparison. (E) Averaged proliferation Z-scores for 6 independent FOXA1-targeting sgRNAs 

extracted from publically available CRISPR Project Achilles data (BROAD Institute) in prostate and breast cancer 

cells. HPRT1 and AR data serve as negative and positive controls, respectively. 
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Supplementary Figure A1-2: Structural variations within the FOXA1 locus. (A) Recurrence of FOXA1 mutations 

across TCGA, MSK-IMPACT, and MCTP cohorts. (B) Density of breakpoints (RNA-seq chimeric junctions) within 

overlapping 1.5Mb windows along chr14 in mCRPC tumors. (C) Whole-genome sequencing of 7 mCRPC index cases 

with distinct patterns FOXA1 locus rearrangements (translocations, duplications), nominated by RNA-seq (WA46, 

WA37, WA57, MO_1584) or WES (MO_1778, SC_9221, MO_1637). (D) Concordance of RNA-seq (chimeric 

junctions) and WES based FOXA1 locus rearrangements calls (mCRPC cohort). (E) Frequency of FOXA1 locus 

rearrangements in mCRPC based on RNA-seq and WES. 
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Supplementary Figure A1-3: FOXA1 alterations in breast adenocarcinomas. (A) Distribution and functional 

categorization of FOXA1 mutations (all cases) on the protein map of FOXA1. TAD, trans-activating domain; RD, 

regulatory domain. (B) Aggregate and class-specific distribution of FOXA1 mutations in advanced breast cancer 

(MSK-Impact cohort). (C) Structural classification of FOXA1 locus rearrangements in breast cancer (TCGA and 

CCLE cell lines). 
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Supplementary Figure A1-4: Class-specific co-alteration profiles of FOXA1 mutations. (A) Variant allele 

frequency of FOXA1 mutations by tumor stage. (B) Mutual exclusivity of FOXA1 and ETS and/or SPOP aberrations 

in mCRPC. (C) Mutual exclusivity of FOXA1 and PI3K (PTEN, PIK3CA) aberrations. (D) Activation of PI3K 

signaling in mCRPC tumors with class1 FOXA1 mutations, based on correlation plot of gene-level fold-changes (left) 

and gene-set enrichment analysis (right). (E) Same as in d but for class2 mutants. (F) Co-occurrence of aberrations in 

the WNT-pathway and DNA repair-deficiency (homologous recombination or CDK12 deficiency) in FOXA1 mutant 

tumors by class. (G) Stage and class-specific increase in FOXA1 expression levels in primary and metastatic PCa. 
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Supplementary Figure A1-5: Structural recurrence of FOXA1 class1 mutations. (A) Distribution of class1 

mutations on the protein map of FOXA1. (B) 3D-structure of FKHD (FOXA3) with visualization of all mutated 

residues collectively identified as the 3D-mutational hotspot in FOXA1 across cancers. (C) DNA-bound 3D structure 

of FKHD with visualization of all residues that have been shown through crystallography to make direct base-specific 

contacts with the DNA in FOXA2 and FOXA3 proteins. FKHD; Forkhead domain. 
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Supplementary Figure A1-6: Workflow for fluorescence recovery after photobleaching assay. (A) Workflow of 

the FRAP assay as carried out in this study (see Methods for more details of data collection and analyses). (B) 

Representative images of nuclei expressing different FOXA1 variants fused to GFP at the C-termini. All variants 

majorly localized within the nucleus and had comparable expression. (C) FRAP recovery kinetic plots (left) and 

representative time-lapse images from pre-bleaching (‘Pre’) to 100% recovery (red timestamps) for class2 mutants. 

White lines indicate the border between bleached and unbleached areas. (D) Representative FRAP fluorescence 

recovery kinetics in the bleached area for indicated FOXA1 variants. t1/2 line indicates the 50% time to recovery 
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shown in Main Fig. 2D. Colored dots show raw data and superimposed solid curves show a hyperbolic fit with 95% 

confidence interval (flanking black dotted lines). 

 

Supplementary Figure A1-7: Functional effect of FOXA1 class1 mutants on AR activity. (A) Immunoblots 

confirming stable overexpression of the WT AR protein in HEK293 and PC3 cells. (B) and (C) Co-

immunoprecipitation assay of indicated recombinant FOXA1 variants using a V5-tag antibody in HEK293-AR and 

PC3-AR cells, respectively. FL is the full-length WT FOXA1. d168 and d358 are truncated FOXA1 variants with only 

the first 168aa (i.e. before the Forkhead domain) or 358aa of FOXA1 protein, respectively. H247Q and R261G are 

missense class1 mutant variants. (D) Immunoblots confirming comparable expression of AR and recombinant FOXA1 

variants in AR reporter assay-matched HEK293 lysates. (E) AR dual-luciferase reporter assays with transient 
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overexpression of indicated FOXA1 variant in HEK293-AR cells with or without DHT stimulation (6 

replicates/group; ANOVA and Tukey’s test). Enzalutamide (Enza) is a clinically used AR-inhibitor. 

 

Supplementary Figure A1-8: Cistromic features of FOXA1 class1 mutants. (A) mRNA expression (qPCR) of 

labeled FOXA1 variants in stable, isogenic HEK293 cells. (B) Overlaps between FOXA1 WT and class1 mutant 

cistromes. Common binding sites are defined as sites shared by all or WT and either of the class1 variants. (C) Average 

peak profiles from ChIP-Seq data at FOXA1 common or variant-specific cistromes. Transparent peak extensions show 

standard error. 
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Supplementary Figure A1-9: Transcriptional features of FOXA1 class1 mutants. (A) Genes differentially 

expressed in class1 patient samples compared to FOXA1 WT tumors (Methods). Most significant genes are shown in 

red and labeled. (B, C) Gene-set enrichment analysis of the class1 gene expression signature based on a: (B) 

Differential expression of cancer hallmark signatures. (C) Barcode-enrichment visualization of the most-significant 

prostate cancer signatures showing concordance between class1 tumor and primary PCa gene signatures. (D) mRNA 

expression (RNA-Seq) of WNT7B and CASP2 in LNCaP and VCaP cells grown in 10% charcoal-stripped serum with 
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or without treatment with DHT (10nM). (E) and (F) FOXA1 and AR ChIP-Seq normalized signal tracks at the 

WNT7B or CASP2 gene locus, respectively, in LNCaP and VCaP cells. 

 

Supplementary Figure A1-10: Basal and luminal signatures in FOXA1 altered tumors. (A) BART prediction of 

specific TFs mediating observed transcriptional changes. The most likely (based on significance and Z-score) 

mediators of transcriptional responses in LNCaP cells treated with FOXA1-targeting siRNAs are highlighted in red. 

(B) Growth curves of 22RV1 cells with stable, dox-inducible overexpression of FOXA1 mutants or WT FOXA1 in 

androgen-supplemented complete medium (6 replicates/group). (C) and (D) mRNA expression (RNA-seq) of labeled 

basal and luminal TFs or canonical markers in FOXA1 WT, class1 or class2 mutant tumors. (E) Extent of AR and NE 
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pathway activation in FOXA1 WT, class1 or class2 mutant cases from both primary and metastatic PCa. Both AR and 

NE scores were calculated using established gene signatures (see Methods).  

 

Supplementary Figure A1-11: Validation of FOXA1 antibodies. (A) FOXA1 protein maps showing the 

recombinant proteins used to validate the N-terminal (N-term) and C-terminal (C-term) FOXA1 antibodies. TAD, 

trans-activating domian; FKDH, Forkhead domain; RD, regulatory domain. (B) Immunoblots depicting detection of 

all variants by the N-term antibody (left), and detection of only the full-length WT FOXA1 protein by the C-term 

antibody (right). Antibody details are mentioned and included in the Methods section as well. 
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Supplementary Figure A1-12: Genomic and expression-level validation of FOXA1 class2 mutation in LAPC4 

cells. (A) Sanger sequencing chromatograms showing the heterozygous class2 mutation in LAPC4 cells after the P358 

codon in Exon2. All other tested PCa cells were WT for FOXA1. (B) Immunoblots confirming the expression of the 

truncated FOXA1 variant in LAPC4 at the expected ~40kDa size (top). This band is detectable only with the N-

terminal (N-term) FOXA1 antibody and not the C-terminal (C-term) antibody (top and bottom). (C) Immunoblots 

confirming reduction in expression of both WT and mutant variants upon treatment of LAPC4 cells with siRNAs 

targeting FOXA1 vs non-targeting siRNAs (siNC). (D) Nuclear co-immunoprecipitation of FOXA1 from LAPC4 or 

LNCaP cells stimulated with DHT (10nM for 16h) using the N-term and C-term antibodies. Species-matched IgG was 

used as control. Both WT FOXA1 and P358fs mutant in LAPC4 interact with the AR signaling complex (AR, LSD1). 
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Supplementary Figure A1-13: Cistromic dominance of FOXA1 class2 mutants. (A) FOXA1 ChIP-seq normalized 

signal tracks from N-terminal (N-term) and C-terminal (C-term) antibodies in LAPC4 cells with or without DHT-

stimulation (10nM for 3h) at KLK3 and ZBTB10 locus. (B) Overlap between global N-term and C-term FOXA1 

cistromes in untreated C42B cells and (C) LAPC4 cells treated with DHT (10nM for 3h). (D) mRNA (qPCR) and 



167 

 

protein (immunoblots) expression of FOXA1 in LAPC4 cells with exogenous overexpression of WT FOXA1, and (E) 

in LNCaP cells with exogenous overexpression of the P358fs mutant. (F) FOXA1 ChIP-seq normalized signal tracks 

from N-term and C-term antibodies in parental LAPC4 cells and LAPC4 cells overexpressing WT FOXA1 at the 

KLK3 locus. The 60bp AR and FOXA1 bound KLK3 enhancer element used for EMSA is shown.   

 

 

 

Supplementary Figure A1-14: Electromobility shift assay using distinct clinically-detected FOXA1 class2 

mutants. (A) Immunoblot showing comparable expression of recombinant FOXA1 variants in equal volume of 

nuclear HEK293 lysates used to perform EMSAs. (B) Higher exposure of EMSA with recombinant WT or P358fs 

mutant and KLK-enhancer element showing the super-shifted band with the addition of the V5 antibody (red asterisks; 

matched to Main Fig. 3F). (C) EMSA with recombinant WT or different class2 mutants and KLK3 enhance element 

(left) and independent repeat with the P358fs mutant (right). Class2 mutants display higher affinity vs WT FOXA1. 
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Supplementary Figure A1-15: Functional essentiality of FOXA1 class2 mutants. (A) Immunoblots showing the 

expression of endogenous WT or class2 mutant FOXA1 variants in parental and distinct CRISPR-engineered 22RV1 

clones. (B) Sanger sequencing chromatograms from another set of 22RV1 CRISPR clones confirming the introduction 

of distinct indels in endogenous FOXA1 allele resulting in a premature stop codon. Protein mutations are identified 

on the right. (C) Overlap between union AR cistromes from WT (n=3) and class2-mutant (n=4) 22RV1 clones. (D) 
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Immunoblots showing expression of FOXA1 (N-term antibody) in parental and CRISPR-engineered LNCaP clones 

expressing distinct class2 mutants with truncations closer to the Forkhead domain (top left). The remaining panels 

show growth curves of WT or mutant clones upon treatment with non-targeting or FOXA1-targeting sgRNAs and 

CRISPR-Cas9 protein (see Methods). Both WT and class2 clones acutely rely on FOXA1 activity for survival. 
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Supplementary Figure A1-16: Functional effect of FOXA1 class2 mutants on WNT-signaling. (A) Differential 

expression of genes in FOXA1 Class2 CRISPR mutant clones relative to FOXA1 WT clones (n=2). (B) Distinct TF 

motifs within the promoter (2kb upstream) of differentially expressed genes. TFs with the highest enrichment (fold-

change, percent of up-regulated genes with the motif, and significance) are highlighted and labeled. (C) Immunoblots 

showing the expression of B-Catenin and Vimentin in a panel of WT and heterozygous or homozygous class2 mutant 

22RV1 CRISPR clones. (D) Representative images of Boyden chambers showing invaded cells stained with Calcein-

AM dye (left). Quantified fluorescence signals from invaded cells are shown on the right (4 replicates/group; ANOVA 

and Tukey’s test).  
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Supplementary Figure A1-17: Topologically associating domain of FOXA1. HI-C data (retrieved from 

http://promoter.bx.psu.edu/hi-c/view.php) depicting conserved topological domains within the PAX9/FOXA1 

syntenic block in normal and FOXA1-positive cancer cell lines. A, B, and C show the TAD configuration within the 

FOXA1 locus in three distinct cellular lineages.  

http://promoter.bx.psu.edu/hi-c/view.php
http://promoter.bx.psu.edu/hi-c/view.php
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Supplementary Figure A1-18: Correlation of FOXA1 and FOXMIND expression in normal and cancerous 

tissues. (A) Highly tissue-specific patterns of gene expression within the PAX9/FOXA1 syntenic block. Tissues were 

dichotomized into FOXA1 “+” and FOXA1 “-” based on FOXA1 expression levels; genes were subject to 

unsupervised clustering. Z-score normalization was performed for each gene across all tissues. (B) Correlation of 

FOXMIND (Methods) and FOXA1 / TTC6 expression levels across metastatic prostate cancer tissues. (Spearman 

rank-correlation coefficient) 
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Supplementary Figure A1-19: Outlier gene expression from translocations within the FOXA1 locus. (A) Outlier 

expression of genes involved in translocations with the FOXA1 locus. Translocations positioning a gene between 

FOXMIND and FOXA1 (Hijacking), are shown on the left (red). Translocations positioning a gene upstream of the 

FOXA1 promoter (Swapping) are shown on the right (blue). 
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Supplementary Figure A1-20: FOXA1 expression in rearranged prostate cancer cases. (A) Dosage sensitivity of 

the FOXA1 gene. Expression of FOXA1 (RNA-seq) across mCRPC tumors as a function of gene ploidy (as 

determined by absolute copy number at the FOXA1 locus, ANOVA). (B) Relative expression of FOXA1 (within the 

minimally amplified region) to TTC6 (outside the MAR) in rearranged (duplication or translocation) vs WT FOXA1 

loci. (C) Association plot, visualizing the relative enrichment of cases with both translocation and duplications within 

the FOXA1 locus. The over-abundance of cases with both events is quantified using Pearson-residuals, the 

significance of this association is based on the Chi-square test without continuity correction. 
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Supplementary Figure A1-21: FOXA1 duplication and monoallelic expression in prostate cancer cells. (A) 
FOXA1 locus visualization of linked-read (10X platform) whole genome-sequencing of the MDA-PCA-2B cell line. 

Alignments on the haplotype-resolved genome are shown in green and purple. Translocation and tandem-duplication 

calls are indicated in blue and red, respectively. (B) Monoallelic expression of FOXA1 cell-lines with FOXMIND-

ETV1 translocations (MDA-PCA-2B and LNCaP). The phasing of FOXA1 SNPs to structural variants is based on 

linked-read sequencing (Methods).  
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Supplementary Figures and Tables for Chapter 3 
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Supplementary Figure A2-1: Conformational model of AU-15330 target interaction and activity profile in 

diverse cell lines. (A) Docking model of AU15330 (cyan sticks) with the complex of SMARCA2 and VHL. AU15330 

is suggested to fit into the pocket of SMARCA2 and VHL and capture several key interactions with the two proteins. 

Key hydrogen bond interactions with protein residues (pink sticks in SMARCA2, white sticks in VHL) are shown by 

yellow dashes. (B) Effects of AU-15330 at 1 μM for 4 hours on the proteome of VCaP cells. Data plotted Log2 of the 
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fold change (FC) versus DMSO (dimethyl sulfoxide) control against –Log10 of the p-value per protein (FDR, false 

discovery rate) from n = 3 independent experiments. All t-tests performed were two-tailed t-tests assuming equal 

variances. TMT, tandem mass tag. (C) Dose-response curves of RWPE, LNCaP, VCaP, 22RV1, PC3, and DU145 

cells treated with AU-15330 and dead analog. Data represent mean ± SE (n = 6) from one of three independent 

experiments. (D) Crystal violet staining showing the effect of AU-15330 on colony formation in VCaP, LNCaP, and 

PC3 cells. (E) Representative immunohistochemistry images showing the expression of ER, PR, HER2, GATA3, and 

AR in patient-derived breast cancer cell lines. (F) Immunoblots of noted proteins in WA-72-P or WA-72-As breast 

cancer cells treated with DMSO or AU-15330 at noted concentrations for 24 h. Vinculin serves as a loading control. 
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Supplementary Figure A2-2: Verification of PROTAC design of AU-15330 and confirmation of on-target 

growth effects.  (A) Western blot analysis showing the time-dependent effect of AU-15330 on SMARCA2, 

SMARCA4, and PBRM1 in RWPE, LNCaP, and VCaP cells. Vinculin serves as a loading control in all blots of this 

figure. (B) Immunoblots for indicated proteins in normal (RWPE) or prostate cancer cells (LNCaP, VCaP, 22RV1, 

and LAPC4) treated with AU-15330 at varied concentrations. (C) Immunoblots in LNCaP and VCaP cells examining 

time-dependent cleavage of PARP upon AU-15330 treatment. (D) Immunoblots showing the rescue effect of the free 

VHL ligand on AU-15330-mediated target protein degradation in LNCaP and VCaP cells. (E) Real-time measure 

showing the rescue effect of VHL ligand on AU-15330-mediated growth inhibition in VCaP and LNCaP cells. (F) 

Schematic showing the construction of polyclonal SMARCA2 and SMARCA4 knock-out LNCaP cell lines by using 

CRISPR/Cas9 technology. Growth curves for each cell line are plotted to the right. 
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Supplementary Figure A2-3: SWI/SNF ATPases, SMARCA2 and SMARCA4, mediate chromatin accessibility 

at numerous sites across the genome in prostate cancer cells. (A, B) ATAC-seq read-density heat maps from VCaP 

cells treated with DMSO (solvent control), AU-15330, or ZBC-260 (a BRD4 degrader) for indicated durations at 

genomic sites that are compacted (A) or remain unaltered (B) upon AU-15330 treatment. (C) Schematic outlining the 

CRISPR/Cas9 and shRNA-based generation of LNCaP cells with either independent or simultaneous inactivation of 

SWI/SNF ATPases, SMARCA2 and SMARCA4, along with immunoblots showing the decrease in target expression. 
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(D) ATAC-seq read-density heat maps from genetically-engineered LNCaP cells with SMARCA2 and/or SMARCA4 

functional inactivation at AU-15330-compacted genomic sites. (E) Binding analysis for the regulation of transcription 

(BART) prediction of specific transcription factors mediating the observed transcriptional changes upon AU-15330 

treatment in LNCaP or VCaP cells. The top 10 significant and strong (z-score) mediators of transcriptional responses 

are labeled (BART, Wilcoxon rank-sum test). (F) De novo motif analysis with top 10 motifs (ranked by p-value) 

enriched within genomic sites that retain chromatin accessibility upon AU-15330 treatment in VCaP cells (HOMER 

hypergeometric test). 
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Supplementary Figure A2-4: SWI/SNF inhibition condenses chromatin at enhancer sites bound by oncogenic 

transcription factors AR and FOXA1 in prostate cancer cells. (A) ATAC-seq read-density heat maps from LNCaP 

cells treated with DMSO (solvent control) or AU-15330 for indicated durations at all genomic sites that lose physical 
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accessibility upon AU-15330 treatment. (B) Genome-wide changes in chromatin accessibility upon AU-15330 

treatment for 12 h in LNCaP cells, along with genomic annotation of sites that are lost or retained in the AU-15330-

treated cells. (C) De novo motif analysis with top 10 motifs (ranked by p-value) enriched within AU-15330-compacted 

or unaltered genomic sites in LNCaP cells (HOMER, hypergeometric test). (D) Genome-wide changes in androgen 

receptor (AR) and forkhead box A1 (FOXA1) ChIP-seq peaks upon AU-15330 treatment (at 1 μM for 6 h) in VCaP 

cells stimulated with R1881, a synthetic androgen (at 1 nM for 3 h). (E) Immunoblots showing the changes in indicated 

chemical histone marks upon treatment with AU-15330. (F) ChIP-seq read-density heat maps for AR, FOXA1, and 

H3K27Ac at the compacted genomic sites in LNCaP cells after indicated durations of treatment with AU-15330 (at 1 

μM). (G) Genome-wide changes in AR and FOXA1 ChIP-seq peaks upon AU-15330 treatment (at 1 μM for 6 h) in 

LNCaP cells stimulated with R1881 (at 1 nM for 3 h). 
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Supplementary Figure A2-5: The SWI/SNF complex is a common chromatin cofactor of the central 

transcriptional machinery in prostate cancer cells. (A) The overlap between AR, FOXA1, ERG (30), and 

SMARCC1 (30) ChIP-seq peaks in VCaP cells. (B) Genomic annotation of oncogenic transcription factor and 

SWI/SNF (SMARCC1) chromatin binding sites. (C) The overlap between transcription factor and SWI/SNF complex 

shared genomic sites (from A) and H3K27Ac ChIP-seq peaks along with the genomic annotations of the shared 

binding sites. (D)  Left: volcano plot showing the AR interacting proteins identified from AR immunoprecipitation 

https://paperpile.com/c/Wf7fPa/fJd7
https://paperpile.com/c/Wf7fPa/fJd7
https://paperpile.com/c/Wf7fPa/fJd7
https://paperpile.com/c/Wf7fPa/fJd7
https://paperpile.com/c/Wf7fPa/fJd7
https://paperpile.com/c/Wf7fPa/fJd7
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followed by mass spectrometry (31). Significantly enriched SWI/SNF subunits are highlighted in red. Right: Overlap 

between AR, FOXA1, and ERG interacting proteins identified from in-house or publicly-available datasets (31). (E) 

Immunoblots for indicated proteins followed by nuclear co-immunoprecipitation (IP) of AR, FOXA1, ERG, or 

SMARCC1 (a core SWI/SNF subunit) in VCaP and LNCaP cells after dihydrotestosterone (DHT) stimulation (at 10 

nM for 3 h).    

  

https://paperpile.com/c/Wf7fPa/FH6l
https://paperpile.com/c/Wf7fPa/FH6l
https://paperpile.com/c/Wf7fPa/FH6l
https://paperpile.com/c/Wf7fPa/FH6l
https://paperpile.com/c/Wf7fPa/FH6l
https://paperpile.com/c/Wf7fPa/FH6l
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Supplementary Figure A2-6: AU-15330 does not affect genome-wide occupancy of CTCF. (A, C) Genome-wide 

ChIP-seq read-density heat maps and Venn diagrams for CTCF in VCaP (A) or LNCaP (C) cells treated with either 

DMSO or AU-15330 (1 μM) for 6 h. (B, D) Immunoblots of indicated proteins in VCaP (B) or LNCaP (D) cells 

treated with AU-15330 (1 μM) for increasing time durations. 
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Supplementary Figure A2-7: The classical SWI/SNF complex is the primary cofactor of enhancer-binding 

transcription factors and is essential for enabling their oncogenic gene programs. (A, B) Gene set enrichment 

analysis (GSEA) of FOXA1, MYC, or ARID1A (B, data from (30)) regulated genes (see Methods for gene sets) in 

the fold change rank-ordered AU-15330 gene signature in indicated prostate cancer cells. DEGs, differentially 

expressed genes. (C, D) Expression of indicated genes (qPCR) in VCaP (C) or LNCaP (D) cells upon treatment with 

DMSO (control solvent), AU-15330, dBRD7 (BRD7 degrader), or dBRD7/9 (dual BRD7 and BRD9 degrader) at 1 

μM for 24 h. 

  

https://paperpile.com/c/Wf7fPa/fJd7
https://paperpile.com/c/Wf7fPa/fJd7
https://paperpile.com/c/Wf7fPa/fJd7
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Supplementary Figure A2-8: SWI/SNF inhibition down-regulates the expression of oncogenic drivers through 

disruption of promoter and super-enhancer interactions. (A) RNA expression (RNA-seq) heat maps from VCaP 

or LNCaP cells treated with DMSO, AU-15330 (1 μM), or ZBC-260 (BRD4 degrader) for the noted durations. (B) 

RNA expression (qPCR) of indicated genes in stable CRISPR-engineered LNCaP-sgNC (control) or LNCaP-

sgSMARCA2 (have SMARCA2 inactivation) cells that were treated with a non-target control shRNA or two distinct 

shRNAs targeting the SMARCA4 gene. Right, immunoblots showing expression of the indicated protein in 

CRISPR/shRNA-engineered LNCaP cells. (C) Normalized read density of AR or FOXA1 ChIP-seq signal at the 

super-enhancer sites in VCaP cells treated with DMSO or AU-15330 (1 μM) for 6 h. (D) H3K27Ac HiChIP-seq heat 

maps within the FOXA1 gene locus in VCaP cells plus/minus treatment with AU-15330 (1 μM) for 4 h (bin size = 

25Kb). ATAC-seq read-density tracks from the same treatment conditions are overlaid. Grey highlights mark 

enhancers, while the blue highlight marks the FOXA1 promoter. (E) CTCF HiChIP-seq heat maps in a gene locus at 

Chr14, including the FOXA1 topologically associating domain (TAD), in VCaP cells plus/minus treatment with AU-

15330 (1 μM) for 4 h (bin size = 100Kb). CTCF ChIP-seq read-density tracks from VCaP cells plus/minus AU-15330 

treatment (1 μM) for 6 h are overlaid. 
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Supplementary Figure A2-9: AU-15330 is well tolerated in mice and induces on-target degradation of 

SMARCA2, SMARCA4, and PBRM1. (A) Immunoblots of indicated proteins in B16F10 and MC38 cells treated 
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with DMSO or AU-15330 (at 100 nM or 1 μM). Vinculin serves as a loading control. (B) Schematic outlining the 

design of AU-15330 in vivo study by using non-tumor bearing CD-1 mice. Male mice were treated with vehicle 

(control) or AU-15330 at the indicated concentration throughout the treatment period. (C) Immunohistochemistry 

staining of SMARCA4/BRG1 was carried out using lung, small intestine, and prostate sections after necropsy to show 

on-target efficacy of AU-15330 in vivo. (D) Pharmacokinetics profile of AU-15330 following intravenous (IV) 

injection in CD-1 mice. Mice received a single injection at indicated concentration of AU-15330, and plasma levels 

were determined by HPLC. (E) Animal body weight measurements showing AU-15330 does not affect animal weight. 

Non-tumor bearing CD-1 mice were treated with vehicle or AU-15330 at the indicated concentration throughout the 

treatment period. (F) Major organ weight measurements showing AU-15330 does not affect animal weight. Non-

tumor bearing CD-1 mice were treated with vehicle or AU-15330 at the indicated concentration throughout the 

treatment period; the weights of liver, kidney, heart, spleen, thymus, testis, and brain were measured after necropsy. 

(G) Complete blood count showing AU-15330 does not affect the hematologic system. Non-tumor bearing CD-1 mice 

were treated with vehicle or AU-15330 at the indicated concentration throughout the treatment period, and whole 

blood was then collected and processed. WBC, white blood cells; RBC, red blood cells; PLT, platelets. 
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Supplementary Figure A2-10: SWI/SNF inhibition synergizes with the AR antagonist enzalutamide and 

decreases prostate cancer cell growth. (A) Crystal Violet staining showing the synergistic effect of AU-15330 and 

enzalutamide on colony formation in VCaP and LNCaP. (B, C) LNCaP and C4-2B cells were treated with AU-15330 

and/or enzalutamide at varied concentrations to determine the effect on cancer cell growth and drug synergism 

assessments were carried out using the Bliss Independence method. Red peaks in the 3D plots denote synergy with 

the average synergy scores noted above. The mean of three biological replicates is shown on top. 
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Supplementary Figure A2-11: Combined in vivo treatment with AU-15330 and enzalutamide causes tumor 

regression in prostate cancer xenografts without toxic effects on other organs. (A) Individual tumors from vehicle, 

enzalutamide, AU-15330, and AU-15330+enzalutamide groups from VCaP-CRPC (castration-resistant prostate 
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cancer) study. (B) Animal body weight measurement showing the effect of vehicle, enzalutamide, AU-15330, and 

combination of AU-15330 and enzalutamide on animal weight. Tumor-bearing SCID mice were treated with vehicle, 

enzalutamide, AU-15330, or a combination of AU-15330 and enzalutamide at the indicated concentration throughout 

the treatment period, and the bodyweight was measured at the end-point. (C, D) H&E staining was carried out to 

examine the effect of AU-15330 in vivo using colon, spleen, liver, and kidney sections after necropsy. Representative 

images of H&E staining are shown. (E) Immunohistochemistry staining of SMARCA4/BRG1 was carried out using 

liver and kidney sections after necropsy to show on-target efficacy of AU-15330 in vivo. (F) Box plot of the percent 

cells with positive Ki-67 staining. Paired t-test shows significant differences between vehicle, enzalutamide, AU-

15330, and a combination of AU-15330 and enzalutamide. (G) IC50 for AU-15330 in enzalutamide-resistant (EnzR) 

LNCaP and VCaP cell lines after 5 days of treatment. 

 

 

 

 

Supplementary Figure A2-12: AU-15330 inhibits tumor growth of an enzalutamide-resistant patient-derived 

xenograft model. (A) Tumor volume measurements showing the effect of enzalutamide alone or in combination with 

AU-15330 in the enzalutamide-resistant MDA-PCa-146-12 patient-derived xenograft model. Caliper measurements 

were taken twice a week. Mean tumor volume ± s.e.m. is shown. (B) Individual tumor weights from different treatment 

groups with p-values are shown. (C) Animal body weight measurements showing the effect of vehicle, enzalutamide, 

and combination of AU-15330 and enzalutamide on animal weight. Tumor-bearing SCID mice were treated with 

vehicle, enzalutamide, or a combination of AU-15330 and enzalutamide at the indicated concentration throughout the 

treatment period, and the body weight was measured at the end-point. 
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Cell line IC50 (M) Primary Site 

VCaP 0.9862 Prostate 

LNCaP 2.299 Prostate 

MM.1S 2.364 
Multiple 
Myeloma 

Karpas-25 2.5 
Multiple 
Myeloma 

U-937 4.983 Lymphoma 

MDA Pca 2b 12.51 Prostate 

WA-72-P 14.37 Breast 

CHLA-10 18.18 Ewing sarcoma 

DoHH2 20.45 Lymphoma 

22Rv1 21.25 Prostate 

WA-72-As 22.73 Breast 

C4-2B 26.54 Prostate 

HCC1428 28.85 Breast 

LAPC-4 47.47 Prostate 

SK-MEL-5 63.55 Melanoma 

ZR-75-1 70.26 Breast 

Capan-2 72.45 Pancreatic 

HCC1500 82.6 Breast 

CWR-R1 93.98 Prostate 

LNCaP-AR 97.04 Prostate 

BxPc-3 111.7 Pancreatic 

T-47D 124.4 Breast 

PC-3 216.9 Prostate 

Karpas-417 244.5 
Multiple 
Myeloma 

DU 145 363.5 Prostate 

RPMI 8226 432.3 
Multiple 
Myeloma 

MDA-MB-361 471.7 Breast 

U266B1 599.3 
Multiple 
Myeloma 

WSU-NHL 895.5 Lymphoma 

NCI-H838 1017 Lung 

MDA-MB-468 1052 Breast 

NCI-H716 1884 Colon 

MDA-MB-231 2233 Breast 

LHSR-AR 11074 Prostate 

SW-1990 17608 Pancreatic 

NCI-H1299 18490 Lung 
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MCF7 22233 Breast 

UM-UC-3 22247 Bladder 

COLO 205 30152 Colon 

RWPE-1 30590 Prostate 

A4573 47613 Ewing sarcoma 

OVCAR-3 334765 Ovary 

A-673 9128754 Ewing sarcoma 

TC-71 26624899 Ewing sarcoma 

MCF 10A 30573722 Breast 

PNT2 64951468 Prostate 

Panc 10.05 75632762 Pancreatic 

SW-780 80667650 Bladder 

MDA-MB-134 84475928 Breast 

SJ-GBM2 90703502 Glioblastoma 

BPH-1 94377499 Prostate 

A549 99819380 Lung 

Hela 103058423 Cervical 

SK-MEL-2 137745440 Melanoma 

HeP G2 140435081 Liver 

OVCAR-5 157477902 Ovary 

SCaBER 163118968 Bladder 

MIA PaCa-2 182995294 Pancreatic 

SK-MEL-28 391932641 Melanoma 

HCT 116 424506487 Colon 

DLD-1 485611015 Colon 

HEK-293 590677208 Kidney 

NCI-H460 609727136 Lung 

COLO 320DM 23599684364 Colon 
 

Supplementary Table 1: Anti-proliferative half-maximal inhibitory concentrations (IC50) of AU-15330 in 

human-derived cell lines. The panel includes both normal and cancer cell lines from 14 distinct lineages. 
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Antibodies: 

Antigene Vendor Catalog 

number 

Application 

Note 

BAF155 Cell Signaling 

Technology 

11956S  Western Blot, 

Co-IP 1:1000 

SMARCA2/BRM Bethyl laboratories A301-016A Western Blot 1:1000 

SMARCA4/BRG

1 

Cell Signaling 

Technoly 

52251S Western Blot 1:1000 

PBRM1 Bethyl laboratories A301-591A Western Blot 1:1000 

Vinculin Millipore Sigma V9131 Western Blot 1:5000 

VHL Thermo Fisher 

Scientific 

PA527322 Western Blot 1:1000 

AR Millipore Sigma 06-680 Western Blot, 

Co-IP 

1:1000 

ERG Abcam ab92513  Western Blot, 

Co-IP 

1:1000 

FOXA1 Thermo Fisher 

Scientific 

PA5-27157  Western Blot, 

Co-IP 

1:1000 

c-Myc Cell Signaling 

Technology 

5605S Western Blot 1:1000 

KLK3 DAKO A0562  Western Blot 1.430555556 

YY1 Diagenode C15410345 Western Blot 1:1000 

MED1 Bethyl laboratories A300-793A Western Blot 1:1000 

H3K27Me3 Diagenode C15410069  Western Blot 1:1000 

H3K27Ac Cell Signaling 

Technology 

8173 Western Blot 1:1000 

H3K4me3 Cell Signaling 

Technology 

9751 Western Blot 1:1000 

H3K4Me1 Abcam ab8895 Western Blot 1:1000 

Cleaved PARP 

(Asp214) 

Cell Signaling 

Technology 

9541 Western Blot 1:1000 

SMARCA2/BRM Millipore sigma HPA029981 IHC 1:100 

SMARCA4/BRG

1 

Abcam 108318 IHC 

1:100 

AR Millipore Sigma 06-680 IHC 1:100 

FOXA1 Thermo Fisher 

Scientific 

PA5-27157  IHC 

1:1000 

ERG Cell Signaling 

Technology 

97249S IHC 1:500 

AR Millipore/Sigma 06-680 ChIP-seq 

10 g/7-8M 

cells 

ERG 

Cell Signaling 

Technology 97249S ChIP-seq 

10 g/7-8M 

cells 
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FOXA1 

Thermo Fisher 

Scientific PA5-27157  ChIP-seq 

10 g/7-8M 

cells 

H3K27Ac Abcam ab4729 ChIP-seq 

10 g/10M 

cells 

CTCF 

Cell Signaling 

Technology 3418 HiChIP-seq 1.14 g per IP 

H3K4me3 Cell Signaling 

Technology 

9751 HiChIP-seq 3.4 g per IP 

H3K27Ac Cell Signaling 

Technology 

8173 HiChIP-seq 0.4 g per IP 

 

Primers: 

Name sequence 

AR_F CAGTGGATGGGCTGAAAAAT 

AR_R GGAGCTTGGTGAGCTGGTAG 

FOXA1_F GAAGACTCCAGCCTCCTCAACTG 

FOXA1_R TGCCTTGAAGTCCAGCTTATGC 

c-Myc_F CGGAAGGACTATCCTGCTGC 

c-Myc_R CAAGACGTTGTGTGTTCGCC 

KLK2_F GTGTACAGTCATGGATGGGC 

KLK2_R CCCAGAATCACCCCCACAAG 

KLK3_F ACGCTGGACAGGGGGCAAAAG 

KLK3_R GGGCAGGGCACATGGTTCACT 

BRG1_F CACAGCCAAGGTTATATGTCACC 

BRG1_R TGCGGATCACCTGGGATGA 

BRM_F GACCAGCACTCCCAAGGTTAC 

BRM_R CTGGCCCGGAAGACATCTG 

ACTB_F AGGATGCAGAAGGAGATCACTG 

ACTB_R AGTACTTGCGCTCAGGAGGAG 

PBRM1_F AGGAGGAGACTTTCCAATCTTCC 

PBRM1_R CTTCGCTTTGGTGCCCTAATG 

 

CRISPR/Cas9 sgRNAs: 

Name Sequence 

sgNT_F caccgACGTGGGGACATATACGTGT 

sgNT_R aaacACACGTATATGTCCCCACGTc 

sgBRG1_1_F aaacCATGGTAAGACTGGCTGCCC 

sgBRG1_1_R CACCGGGCAGCCAGTCTTACCATG 

sgBRG1_2_F aaacCATTTAACCAGAACCAGCTGC 
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sgBRG1_2_R CACCGCAGCTGGTTCTGGTTAAATG 

sgBRG1_3_F aaacTCGGTGTCCGCAACAGgacc 

sgBRG1_3_R CACCggtcCTGTTGCGGACACCGA 

sgBRM_1_F CACCGCTGCAAGCTGCAGCGTTTCG 

sgBRM_1_R aaacCGAAACGCTGCAGCTTGCAGC 

sgBRM_2_F aaacACCAGATGGTCTGTTGTAGTC 

sgBRM_2_R CACCGACTACAACAGACCATCTGGT 

sgBRM_3_F aaacCGGGCCAGCATTTTATAAGC 

sgBRM_3_R CACCGCTTATAAAATGCTGGCCCG 

 

Short hairpin RNAs: 

Target Vendor Catalog number 

sh_BRM_1 Dharmacon  V3SH11252-227095613  

sh_BRM_2 Dharmacon  V3SH11252-227388488  

sh_BRM_3 Dharmacon  V3SH11252-227492834 

sh_BRG1_1 Dharmacon  V3SH11252-224944534  

sh_BRG1_2 Dharmacon  V3SH11252-225289582  

sh_BRG1_3 Dharmacon  V3SH11252-226665682 

 

Compounds: 

Name Vendor Catalog number 

AU-15330 Aurigene n/a 

AU-15330 dead 

analog 

Aurigene n/a 

ZBC-260 medchemexpress HY-101519  

ARV-825 Cayman Chemical 

Company 

21109 

VZ-185 Tocris / R&D Systems 6936  

dBRD9 Tocris / R&D Systems 6606  

 
Supplementary Table 2: Antibodies and reagents used in the work summarized in chapter 3. Information of 

antibodies, qPCR primers, CRISPR/Cas9 single guide RNAs (sgRNAs) sequences, short hairpin RNAs (shRNAs), 

and compounds that were used in the SWI/SNF degrader study.  


