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Abstract 
Prostate and breast cancers are major health concerns, being amongst the most 

common forms of cancers in both men and women. The majority of prostate and breast 

cancers are driven by the hormone receptors androgen receptor (AR) and estrogen 

receptor (ESR1), respectively, and as such, endocrine therapies targeting the actions of 

these receptors has been a cornerstone of treatment for these patients. While these 

endocrine therapies are generally initially efficacious, resistance inevitably emerges. 

Resistance can emerge through various mechanisms, such as amplification of the 

receptor, generation of activating point mutations, alternative splicing of the receptor 

resulting in constitutively active forms of the receptor, and activating cross-talk from 

growth factor signaling pathways. A salient feature of  these diseases is that the nuclear 

receptor (AR or ER) often remains engaged upon the emergence of resistance, and thus 

targeting of the receptor still provides therapeutic benefit. Therefore, much work in these 

fields has been performed to design better forms of endocrine therapy to help patients 

upon tumor progression. As cells are altering their signaling to deal with these pressures, 

this thesis work investigated the global genomic changes which arise in prostate and 

breast cancer cells after endocrine therapy to understand the effects of utilizing different 

forms of endocrine therapy, and whether these alterations in the cells induce novel 

vulnerabilities which can be therapeutically exploited.  

In the first set of studies, the differences between utilizing a competitive 

antagonist (enzalutamide-(Enz)) vs an AR degrader (AR-targeting proteolysis targeting 

chimera-PROTAC) were evaluated in prostate cancer. PROTACs are a new form of 
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therapy for prostate cancer which have encouraging results in early clinical trials, so we 

wanted to better understand the genomic architecture and gene expression landscape of 

this new treatment modality compared to the current standard of care with an aim to use 

this knowledge to understand endocrine therapy resistance and identify therapeutically 

targetable pathways emerging from treatment. A factor agnostic approach was taken 

utilizing ATACseq and RNAseq to compare the genomic landscape after Enz or 

PROTAC treatment. It was found that the different AR inhibitors create distinct genomic 

landscapes which appear to be driven by unique sets of transcription factors. Further, it 

was discovered that AR inhibition significantly decreased expression of genes in multiple 

DNA repair pathways. This creates a vulnerability in these cells to DNA damaging agents 

and we demonstrated that AR degradation sensitizes cells to death from the PARP 

inhibitor Olaparib. AR was found to mediate these effects through regulating expression 

of FOXM1, and we propose a model in which the two proteins interact to regulate DNA 

repair responses. As AR is expressed in many other malignancies, and as DNA repair 

pathways are integral for every cell type, it is feasible this strategy of degrading AR to 

sensitize cancer cells to DNA damage could have efficacy beyond prostate cancer.  

 In the second set of studies, we investigated the genomic changes which are 

manifest after the emergence of endocrine therapy resistance in breast cancer and 

identified a novel signaling pathway that, when targeted, impairs tumor progression. 

Utilizing, DNAse hypersensitivity analysis, ChIP-seq, and RNAseq, it was found that 

GRHL2 cooperates with FOXA1 to drive a novel cistrome in endocrine therapy resistant 

breast cancer cells. The protein LYPD3 was found to be a downstream effector of 
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GRHL2 and targeting LYPD3, or its ligand AGR2, with monoclonal antibodies 

significantly impaired primary tumor growth. Further studies into the functional role of 

LYPD3 were then undertaken, and it was discovered that LYPD3 knockdown 

significantly alters metastatic outgrowth of breast cancer cells in the lung. Investigation 

into the signaling of LYPD3 revealed that LYPD3 knockdown affects expression levels 

of numerous genes in the ferroptosis pathway and sensitizes the cells to GPX4 inhibition 

and ferroptotic cell death. Many cancer cells adopt a more mesenchymal state upon 

progression, which results in metabolic rewiring that is increasingly dependent upon 

GPX4, and thus renders these cells sensitive to GPX4 inhibition and ferroptosis. This 

work and future mechanistic studies will elucidate the signaling regulating ferroptosis 

and how to best utilize this as a therapeutic vulnerability. Further, LYPD3 is expressed in 

numerous subtypes of advanced cancers, and thus understanding its signaling could 

provide a new biomarker for cancers which would be amenable to GPX4 inhibition in 

combination with LYPD3 targeted therapies.  
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1. Introduction  

1.1 Overview 

Endocrine therapy has been the cornerstone of treatments for hormone driven 

malignancies, however its utility is limited by the rapid development of resistance. This 

thesis work utilizes genome wide analyses to assess the global genomic effects resulting 

from various endocrine therapy treatments, explores drivers of resistance, and  has 

identified therapeutically targetable nodes for intervention. The differences in 

pharmacology between antagonizing the androgen receptor (AR) versus degrading the 

receptor, and the subsequent genomic alterations in prostate cancer cells will be 

discussed. This is then followed by studies which explore the genomic alterations which 

occur upon resistance to endocrine therapies in breast cancer, and identification of a 

therapeutic intervention in this setting. As immunotherapies grow in popularity for the 

treatment of various cancers, and as many cells in the body contain estrogen and 

androgen receptors, how endocrine therapies may alter the immune microenvironment is 

also discussed.  

1.2 Androgen Receptor and Prostate Cancer 

Prostate cancer is the most frequently diagnosed cancer in American men and the 

second most lethal cancer following lung cancer[1]. Most prostate cancers are driven by 

the actions of the androgen receptor (AR) and as such, the main therapies utilized target 

the androgen signaling axis. These therapies include agents which bind to the receptor 

itself and inhibit its actions, as well as agents which stop the production of androgens, the 
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physiological ligands for AR. To understand the progression of AR targeted therapies, it 

is important to first understand the normal physiology and mechanism of AR action. 

1.3 Production of Androgens 

The androgen receptor is a nuclear transcription factor (also called NR3C4) that is 

activated by the binding of androgen. The production of androgens occurs in both the 

testes (major site) and the adrenal (minor site). In men, the peptide hormone luteinizing 

hormone (LH)  is produced by and secreted from gonadotrophs in the anterior pituitary 

and when released into circulation can interact with specific LH receptors expressed on 

leydig cells.  The activated LH receptor then activates a cascade of events that leads to 

increased expression and activity of the enzymes needed to produce androgens from 

cholesterol. However, some is also produced through the actions of ACTH in the adrenal 

gland where progestins can be converted to androgens (androstenedione and testosterone) 

by the enzyme Cyp17.  This latter site of production is of particular importance in 

prostate cancer as its unaffected by inhibition of LH production a primary intervention in 

this disease.  The physiologically relevant androgen, testosterone, is then converted to 

dihydrotestosterone (DHT) by 5α-Reductase, and DHT is much more potent than 

testosterone[2, 3]. This process is outlined in Figure 1. Testosterone is important for the 

development of the male reproductive organs and is essential for the production of sperm 

in adult life. It is also involved in maintaining the strength of muscles and bones, and 

signals to the body to produce new blood cells. Of relevance to this work, testosterone is 

also essential for the proper development and functioning of the prostate. 
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Figure 1: Production of Androgens and Interactions with AR 

Schematic representation of the production of androgens and interaction with AR causing 
dimerization of the receptor and translocation to the nucleus where it will then regulate 
transcription. 

 

1.4 The Androgen Receptor 

The AR gene is located on the X chromosome at the locus Xq11-Xq12 [2], and 

encodes a 110 kDa protein consisting of 919 amino acids [2, 4]. AR consists of three 

major functional domains: 1.) the N-terminal domain (NTD) from residues 1-555, 2.) the 

DNA binding domain (DBD) from residues 555-623, and 3.) the C-terminal ligand 



 

4 

binding domain (LBD) from residues 665-919 which is connected to the DBD by a 

flexible hinge region (residues 623-665). A schematic of this is shown in Figure 2.  

 

Figure 2: Functional Domains of the Androgen Receptor  

The androgen receptor is a 919 amino acid protein with four distinct domains: the N-
terminal domain which contains the AF1 domain, the DNA binding domain, the hinge region, and 
a ligand binding domain which contains the AF2 domain. Interactions between the AF1 and AF2 
domains are important for receptor activity. 

 
 
Similar to other steroid hormone receptors, AR has a relatively large amino-

terminal domain which is encoded entirely by one exon  (exon 1).  Deletion mutagenesis 

studies have revealed that there is a region within the AR-NTD that is required for full 

transcriptional activity of the receptor. This region is known as the AF1 domain and is 

constitutively active. The AF1 region consists of two transcription activation units-Tau-1 

and Tau-5. Tau-1 contains a nuclear box motif, FQNLF, and Tau-5 contains the WHTLF 

motif, which both mediate interactions between the NTD and LBD[5-7]. This 

interdomain interaction is termed an N/C interaction and is important in regulating the 

expression of most androgen-dependent genes[7, 8]. The N/C interaction also helps to 

stabilize the AR dimer complex and slow the rate of ligand dissociation[6, 9, 10]. 

Circular dichroism spectroscopy studies and structure prediction algorithms describe the 

AR-NTD as a highly disordered structure [11-13], but a recent study characterized the 
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full length structure of AR and found that the NTDs in the context of full-length receptor 

are less disordered and likely stabilized by its interaction with the LBDs. The two NTDs 

of the dimer did have unique conformations however, indicating a plasticity of the NTD 

to adapt to different conformations depending on binding partner [14]. This structural 

plasticity is thought to be an intrinsic property of the NTD that allows it to interact with a 

diverse range of structurally distinct binding partners [15]. This study also found that the 

strong AF1 actions of the NTD in AR are due to a unique conformation AR adopts which 

covers much of the AF2 domain, thus blocking it from interacting with some cofactors. It 

was demonstrated that in AR the NTD directly interacts with coactivator p300, whereas 

p300 is recruited to ER via indirect actions. [14] 

The DBD of nuclear receptors is what allows for the receptor to bind to specific 

DNA elements and regulate transcription. It is a cysteine rich region which is highly 

conserved amongst nuclear receptors. The androgen receptor typically initiates 

transcription after ligand binding and subsequent dimerization. Thus there are two DBDs 

binding at classical androgen response elements. Each DBD has a core composed of two 

zinc fingers. The steroid receptors bind select regions of DNA by recognizing DNA 

elements that are organized as inverted repeats of hexameric binding sites separated by 3 

nucleotides. The classical consensus hexamer of AR is 5’-TGTTCT-3'. This is the same 

for glucocorticoid receptor (GR), progesterone receptor (PR), and mineralocorticoid 

receptor (MR). Estrogen receptor has its own unique response element. Due to sequence 

similarity, there is some promiscuity amongst nuclear receptor binding at these sites. 

Further regulation is gained by the attendant coregulators which are recruited to the 
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nuclear receptors at these DNA-response elements. The regulation of AR activity by 

coregulators will be discussed further in later sections. While classical AREs can be 

recognized by GR, PR, and MR, there are also unique sequences which have been 

reported to be only recognized by AR [16-19]. These selective AREs have the hexameric 

halfsites organized in a direct repeat orientation, rather than the inverted orientation. As 

other nuclear receptors also recognize this sequence, it was not fully understood why they 

cannot achieve the same activity at these selective ARE sites.  However, a recent 

structural analysis found that their agonist-bound full-length ARE-DNA/AR structure 

adopted a unique conformation not seen with other nuclear receptors, where the unique 

N/C interaction features of AR facilitate an uncommon tail-to-tail and head-to-head 

dimer formation with two LBDs and DBDs being located in the center of the dimer while 

the two NTDs wrap around the LBDs to make close contacts with each other [14]. Thus, 

AR’s adoption of a unique dimer formation not seen with other nuclear receptors likely 

governs its specificity. 

  The specificity can be further affected by the sequences surrounding the ARE. 

Nucleotide substitutions 3' of AREs can have an effect on binding and transactivation in 

transient assays [20, 21]. Studies have shown that when an ARE is transferred into a new 

location on a reporter construct, its transactivation ability can be affected. Mutations in 

the flanking sequences did not result in any decrease in in vitro affinity for the AR-DBD, 

yet the transactivation was affected. In this study it was found that the two nucleotides 

downstream of the ARE were required for efficient transactivation and it was postulated 

that this could be due to interactions of AR with this section of DNA to induce a 
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conformational change in AR that better reveals a coactivator surface[22]. Thus, the 

sequences surrounding particular AREs may also influence activity of that site. 

Additionally, sites around AREs may recruit other transcription factors which interact 

with AR to exert transcriptional control. In early studies characterizing AR-DNA 

binding, DNA-cellulose competition assays showed that restriction fragments which bind 

AR are enriched in AREs but that if these fragments were combined alone as a promoter 

of a reporter construct, that this occasionally resulted in weak transactivation [2, 21].  

This is likely due to AR interacting with other transcription factors to regulate gene 

transcription. This is supported in functional assays where many active AR transcription 

sites contain binding sites for NF1, Sp1, Oct1, and Ets-like transcription factors in 

addition to the AREs. This speaks to the multi-layered levels of regulation of AR, and the 

requirement of key partnering transcription factors for AR transcription in some settings. 

It is also important to note that while AR can directly bind DNA through these AREs, it 

can also be tethered to locations in the genome by binding other factors such as AP1, 

NFkB, and GATA-factors, which are bound to DNA [23, 24].  

The hinge region was once thought to only serve as a flexible linker between the 

DBD and LBD to allow for proper DNA binding and dimerization, but was later seen to 

have multiple functions. AR can be acetylated at residues K630, K632, and K633 of the 

hinge region [25], and this acetylation has been shown to regulate transcriptional 

activity[26], subcellular distribution, folding of AR [27], as well as coactivator and 

corepressor binding to AR [28, 29]. In addition to these roles, it also plays a part in 

nuclear import of AR. The nuclear localization signal (NLS), residues 617-633, is at the 
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junction of the DBD and hinge region. When AR is not bound to androgen, it complexes 

with heat shock chaperone and co-chaperone proteins such as HSP90, HSP70, and p23 

[2]. This binding helps maintain the apo state of AR which enables it to adopt a 

conformation competent to bind ligand once available, as well as keeps the receptor in 

the cytoplasm. Upon androgen binding, a conformational change in the receptor occurs 

which results in the dissociation of AR from the HSPs and exposes its NLS. Nuclear 

import of AR is then facilitated through interactions of the NLS with importin-a [30]. The 

NLS motif of AR is highly conserved with that of glucocorticoid receptor (GR), 

mineralocorticoid receptor (MR), and progesterone receptor (PR).  

In contrast to the NTD, the LBD of AR has been well characterized by 

crystallography. The crystal structure of the AR-LBD was first solved in 2000 [31]. It 

consists of 11 a-helices and four short b strands which form two anti-parallel b-sheets. 

The ligand binding pocket is surrounded by the N-termini of helices H3, H5, and H11. 

Helix 12 forms the core of the activation function domain 2 (AF2) and closes the ligand 

binding pocket upon agonist binding. The AF2 domain interacts with AF1 of the NTD 

and the AF1domain recruits coregulators to induce transactivation of the receptor [2, 3].  

 

1.5 Post-translational modifications of the androgen receptor 

1.5.1 Phosphorylation 

One of the main post-translational modifications on AR is phosphorylation 

(serine, threonine, and tyrosine). Most phosphorylation sites on AR are within the NTD, 

with 13 phosphorylation sites being localized in this region although each major 
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functional domain contains at least one phosphorylation site [32].  It is believed that 

binding of androgens increases phosphorylation of the receptor by inducing 

conformational changes that expose these residues and make them more accessible to 

kinases. Alternatively, but not mutually exclusive, is the view that phosphosites are 

constitutively accessible by phosphatases and androgen binding decreases the 

accessibility of phosphatases to these sites, thus resulting in a net gain in 

phosphorylation[33]. Beyond phosphorylation changes induced by androgen binding, 

there is substantial body of work showing that kinase cascades can activate AR in the 

absence of androgens or sensitize the receptor to low levels of androgens[34]. 

One such example of kinase cascades acting to phosphorylate AR in absence of 

androgens can be seen with cyclin dependent kinases (CDKs). Studies have shown that 

cyclins CDK9 and CDK1, can phosphorylate serine 81 on AR [35, 36]. Mutation of this 

serine to alanine resulted in changes in AR regulated gene expression levels, with 

TMPRSS2 and ORM1 levels decreasing after the substitution. Loss of serine 81 

phosphorylation also slowed cell the growth of LAPC4 cells. Exogenous expression of 

CDK1 increased phosphorylation at serine 81 and this was associated with increased AR 

protein levels. Further, treatment with the pan CDK inhibitor roscovitine decreased serine 

81 phosphorylation and AR levels in LnCap cells in a manner that was reversible with 

MG132, thus suggesting that CDK inhibition facilitates proteasomal degradation of AR.  

This data suggests that this phosphorylation site is thus integral to regulating AR activity. 

CDK11 can phosphorylate AR at serine 308 and CDK7 acts on serine 515 [37]. Both of 

these modifications positively affect AR transcriptional activity. 
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Multiple studies have shown that AR is phosphorylated by AKT on serine 213 

and serine 791 [38, 39]. As EGFR or IGFR activation induces AKT activation and 

subsequent AR phosphorylation in in vitro kinase assays, this suggests that AKT likely 

acts directly on AR to phosphorylate these residues. Further supporting this is the 

observation that AR and AKT can be co-immunoprecipitated in LnCap cells. While these 

interactions have been confirmed by several groups there remains debate as to whether 

phosphorylation on ser 213 and ser 791 by AKT is an activity that activates or inhibits 

AR activity. This is further complicated by the fact that cell passage number appears to 

affect this phenotype.  

The androgen receptor as also been shown to be phosphorylated by Aurora Kinase 

A (AURKA) [40]. These two N-terminal phosphorylation sites, Thr 282 and Ser 293, are 

not induced by androgens, but are required for maximal AR transcriptional activation 

after androgen stimulation. It is thought that elevated levels of AURKA could contribute 

to castration resistance through its effects on enhancing AR transcriptional activity.  

Growth factor signaling has also been shown to phosphorylate AR. EGF treatment 

results in phosphorylation of Ser515 and Ser578 [41]. Mutational analysis at these sites 

revealed decreased hormone and EGF induced transcriptional activity in reporter assays. 

The Ser578 site corresponds to a predicted PKC site, and indeed PKC is known to be 

activated by EGF. Other MAPKs, such as the stress kinases, also regulate AR activity. 

Their phosphorylation of Ser650 has been shown to antagonize AR functions and 

regulate nuclear export of the receptor [32]. 
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In addition to phosphorylation on serines and threonines, AR can also be 

phosphorylated on tyrosines [42, 43]. Src has been identified as phosphorylating many 

residues on AR, with Tyr 534 as one of the major sites. The scaffold protein RACK1 

modulates the interaction of active Src with AR and subsequent phosphorylation. This 

phosphorylation stabilizes the receptor and increases its transcriptional activity. 

1.5.2 Acetylation 

Androgen receptor transcriptional activity is also regulated by acetylation. Thus 

far the major acetylation sites that have been identified are Lys 630, 632, and 633 [25, 

44].  In vitro assays have identified p/CAF, p300, and Tip60 as histone acetyl transferases 

that act on these sites. The histone deacetylases (HDACs) HDAC1 and SIRT1 

deacetylate AR, and this decreases the transcriptional activity of the receptor [45]. The 

utilization of acetylation-deficient mutants of AR showed decreased AR transactivation 

and decreased co-activation by SRC1, Ubc9, Tip60 and p300. It is thus believed that 

acetylation affects AR’s affinity for co-factors and enhances transcription. Expression of 

AR acetylation-mimetics in cells that lack AR, increased cell growth in vitro as well as in 

xenograft studies, and decreased apoptosis compared to cells expressing wild-type AR 

[29]. However, mutation of acetylation sites have had contrasting effects in reporter 

systems depending on the promoter used. Thus further work is needed assessing the 

effect of acetylation on AR on endogenous promoters in cells with intact AR signaling. 
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1.5.3 Methylation 

There is a section of the hinge region of AR which contains a sequence that is 

similar to that of proteins known to be methylated by SET9 [46, 47]. Investigation of this 

interaction by two separate groups led to the finding that  SET9 can indeed bind to and 

methylate AR in vitro, but there was debate as to which lysine residues were methylated. 

However, both groups found that this methylation enhanced the N-C interactions of AR, 

which is known to be important for AR transcriptional activity[48]. 

1.5.4 SUMOylation 

SUMOylation is another post-translational modification shown to modulate AR 

transcriptional activity. SUMOylation is the attachment of ~100aa ubiquitin-like modifier 

(SUMO) to a protein [49]. This process is mediated by E3 “ligases” similar to the process 

of ubiquitination which act as scaffolds to mediate specificity to the SUMOylation 

reaction. PIAS1 and PIASxa both have SUMO E3 ligase activity towards AR [50, 51]. 

SUMOylation occurs on Lys 386 and Lys 520 of AR reduces transcriptional activity of 

AR [52]. DeSUMOylation of AR is primarily mediated by SENP1 and SENP2, which 

results in enhanced AR transcriptional activity. Importantly, SENP1 overexpression has 

been seen in early prostate cancers (prostatic intraepithelial neoplasia (PIN) stage), and 

its overexpression inducing neoplasia in transgenic mice. However, whether or not these 

latter effects are mediated by SENP1’s direct actions on AR remain unclear. 
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1.5.5 Ubiquitination 

AR signaling is regulated by ubiquitination. After binding DNA and inducing 

transcription, the receptor is ubiquitinated and then targeted to the proteasome for 

degradation [53]. The three different ubiquitin E3 ligases known to ubiquitinate AR are 

MDM2, CHIP, and RNF6 and they act on sites Lys 845 and Lys 847 [54, 55]. MDM2 

and CHIP generate ubiquitin chains which target AR for degradation, but RNF6 actually 

promotes non-canonical ubiquitination which enhances AR transcription. In this setting, 

the ubiquitin chain serves as a scaffold which recruits co-activator ARA54 to the AR-

ubiquitin complex [54]. Further, RNF6 has been seen to be upregulated in hormone 

therapy resistant prostate cancer, suggesting that this ubiquitination from RNF6 may be a 

way of enhancing AR signaling and promoting disease progression. Ubiquitination is a 

reversible process and is removed by deubiquitinating enzymes (DUBs) [56]. Usp26 and 

Usp10 are DUBs that binds AR via the nuclear receptor box, which is a hydrophobic 

LXXLL motif found in p160 coactivators. These DUBs appear to have opposite effects 

on AR transcriptional activity in reporter assays though, with Usp10 enhancing AR 

transcription and Usp26 inhibiting AR transcriptional activity[57, 58]. It remains to be 

determined if either or both of these effects seen in reporter assays are due to direct 

actions on AR or through reactions with other partners as well.  

 

1.6 Coregulators 

Nuclear Receptor (NR) transcriptional activity is regulated and fine-tuned by their 

interaction with functionally distinct coregulators. These coregulators broadly categorize 
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into two classes: ones which interact with NRs to enhance their transcriptional output 

(coactivators), or ones which repress their activity level (corepressors) [59]. These 

coregulators employ various regulation strategies to elicit these effects, including 

broadening the ligand specificity or sensitivity of the receptor, altering chromatin 

architecture to enhance or suppress optimal NR-DNA interactions, or modifying 

subcellular localization of the receptor. The coregulators also serve as integrators of 

signaling activities initiated by different environmental cues and transduce these 

processed signals to DNA bound NRs [60].  However, this has implications in cancer 

dysregulated coregulator expression/activity is associated with the regulation of processes 

of important in cancer and can contribute to the failure (resistance) to targeted therapies.  

The list of coregulators of various NRs in different cellular contexts large, and as such, 

this next section will discuss the regulation of AR by coregulators, with particular focus 

on select examples to illustrate the various modes of regulation employed and how this 

could affect cancer progression. 

1.6.1 Coactivators 

Many AR coactivators exert their actions by enhancing the activity of weak 

agonists. One protein of this class is ARA70. This coactivator has been shown to enhance 

AR transcriptional output in response to weak androgens [61], but also to increase the 

partial agonist activity of “anti-androgens” such as hydroxyflutamide and casodex[62, 

63]. This protein binds other nuclear receptors through interactions with the LXXLL 

motif, but in the context of AR, these motifs seem dispensable for interaction, and an 

FXXLF motif is thought to be used instead. This ability to enhance AR signaling is co-
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opted after AR targeted therapy, with overexpression of ARA70 being seen after long 

term androgen deprivation in models of castration resistant prostate cancer [64]. 

Numerous groups have shown the that the presence of ARA70 enables AR to bind E2 at 

physiological levels (1-10nM E2) and this induces AR-dependent transcription of target 

genes. It was demonstrated that ARA70 slows the dissociation of E2 from AR. Several 

studies have found increased levels of aromatase (the enzyme responsible for the 

conversion of testosterone to estrogens) in some prostate cancer samples, so an increase 

in ARA70 levels could potentially enable these prostate cells to be activated by E2. 

Another coactivator which has been shown to broaden AR’s repertoire of ligands which 

can be used as agonists is ARA55. This coactivator also enhances AR’s response to weak 

ligands and converts agents which usually block AR actions, such as, hydroxyflutamide, 

cyproterone acetate, bicalutamide, and E2)  into agonists.  Levels of ARA55 were found 

to be enriched in tissue samples from hormone refractory prostate cancers as compared to 

those from those in androgen-sensitive cancers [65]. It is thought that some of the actions 

of ARA55 may be involved with the super activation from HER2 signaling [66]. The 

ability of ARA55 to bind to AR is modulated by phosphorylation, with phosphorylation 

of ARA55 by PYK2 decreasing its interaction with AR, thus limiting its agonistic effects 

on AR [67].  

Another way which coactivators can enhance AR actions is through facilitating 

interactions between the amino-terminal and carboxy terminal domains of AR. An 

isoform of protein inhibitor of activated STAT (PIASxa) has been shown to enhance AR 

actions in this manner[68, 69]. Whether the PIAS inhibition of STAT and coactivation of 
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AR represent distinct regulatory pathways, or whether PIAS proteins mediate cross-talk 

between cytokine and androgen signaling is presently unclear. ARA160 also acts in a 

similar manner, interacting most strongly with the AF-1 domain of AR, but also known to 

interact with the AF-2 domain, and thus it has been suggested that ARA160 may serve as 

a bridge to link these two domains. Cotransfection of ARA160 with other COOH-

terminal coregulators such as ARA70 induces cooperative enhancement of AR activation 

[60]. 

Additional modes of AR signaling regulation through coregulators can be seen 

with ubiquitination and chromatin remodeling. ARA54 is a RING finger protein that has 

ubiquitin ligase activity [70]. While the main function of ubiquitination is targeting 

substrates for proteasomal degradation, ARA54 has been seen to enhance AR actions. It 

is thought this could be through ARA54 being involved in the degradation of 

corepressors. Additionally, degradation of the preinitiation complex after AR 

transcription would allow for the reinitation of transcription, thus enhancing AR 

transcriptional actions. The well known coactivator p300 also enhances AR activity in 

PTEN deficient cells through regulating the ubiquitination of AR. PTEN inactivation 

increases AR phosphorylation at serine 81 to promote p300 binding and acetylation of 

AR, which thereby precludes its polyubiquitination and degradation [71]. HMG1 and 

HMG2 employ yet another mechanism of activation, enhancing transcription of AR and 

other nuclear receptors by stimulating receptor DNA binding, possibly by locking the 

DNA response element in an energetically favorable conformation for receptor binding 

[72, 73]. SWI/SNF complex also known to remodel histones to allow for better DNA 
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binding of transcription factors. SET domains are known to bind and recruit SWI/SNF, 

and the AR coactivator ARA267a has a SET domain [74]. However, whether ARA267a’s 

ability to bind AR and enhance its transcriptional activity is due to interactions with 

SWI/SNF remain unknown. 

1.6.2 Corepressors 

Corepressors are coregulators which associate with unliganded or antagonist-

bound NRs, and are required for their ability to repress transcription.  They achieve this 

through interrupting AR’s interaction with coactivators, through recruiting histone 

deacetylases [75], or by modulating cellular localization of the NR [76-78]. The well 

studied corepressors NCoR and SMRT can interact with AR to repress its transcriptional 

activity. SMRT achieves this repression by disrupting the interaction between the NH2 

and COOH domains, and/or by competing with the p160 coactivators for binding sites on 

the receptor. Cyclin D1 has also been shown to function as an AR repressor with its 

COOH termini binding the hinge region of AR, resulting in direct competition for AR 

binding with p300/CBP associated factors [79]. Just as some coactivators enhance AR’s 

ability to bind DNA, calreticulin binding of AR disrupts its interactions with DNA 

response elements, thus affecting AR function [80]. HBO1 is another AR corepressor. 

This protein is a member of the MYST protein family which is characterized by a 

homologous zinc finger and acetyl-transferase domain. It is believed that HBO1 exerts its 

function through acetylation of non-histone proteins which interact with AR and this may 

interfere with their ability to promote AR transactivation [81]. Another common 

mechanism employed by corepressors is to keep the nuclear receptor out of the nucleus. 
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ARA67 can trap AR in the cytoplasm, thus preventing its actions on DNA. As ARA67 

can bind to microtubules, it is believed that ARA67 may use the microtubule network to 

trap AR in the cytoplasm [75, 82]. PTEN has been found to suppress AR transcriptional 

activation by reducing the rate of AR nuclear translocation and/or altering AR protein 

[83] . 

1.7 Regulation of AR Activity Through Cross Talk With Other Signaling 
Pathways 

The actions of other signaling pathways also impinge upon AR signaling to 

modulate its effects. TGFb plays a dual role in the regulation of cancer progression, and 

AR regulation. At initial stages of carcinogenesis, TGFb acts as a tumor suppressor 

inducing the expression of cell cycle inhibitors such as p15INK4B and p21WAF1/CIP [84]. 

However, as cancers progress, TGFb assists in the transition of cell to a more malignant 

state, facilitating tumor invasion and metastasis [85].  How these differences in effect are 

mediated and how this interacts axis interfaces with AR in each setting remain to be 

determined.  It has been shown, however, that some of these activities are mediated by 

Smad3 and 4 each of which has been shown to interact with AR. Whether Smad3 

enhances or represses AR actions is dependent upon the availability of Smad4, where 

Smad3 alone enhances the transcriptional actions of AR, but Smad4 interrupts the 

interaction of Smad3 with AR, and represses Smad3 enhanced AR transactivation. This 

repression of AR activity by Smad3/4 can be reversed by the use of HDAC inhibitors, 

thus suggesting that Smad3/4 may mediate its actions through cooperation with HDACs 

[86-88].  
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Another pathway which exhibits cross-talk with AR is the b-catenin pathway. 

Nuclear accumulation of b-catenin in about 20% of metastatic prostate cancers from 

patients who have developed resistance to androgen ablation therapy suggest a role for b-

catenin in prostate cancer progression[89, 90] . Mutations in b-catenin have also been 

identified in primary prostate cancers [91], with the S33F mutation interacting with AR 

and enhancing AR’s sensitivity to the normally weak androgens androstenedione and 

DHEA. This mutation also allows AR to be stimulated by E2 .  

EGFR signaling also converges upon and modulates AR transcriptional activity 

which in turn can feedback and downregulate EGFR activity. In normal epithelial cells, 

there is a balance between EGFR and AR signaling to preserve epithelial differentiation 

and proliferative states [92]. Castration of mice results in an increase in EGFR expression 

in the prostate, and treatment of these mice with androgens restores baseline expression 

of EGFR. Higher levels of androgens also correlate with reduced levels of 

phosphorylated ERK1/2 in non-cancerous epithelia. This is thought to result in the 

accumulation of cells in phase G0/G1 of the cell cycle, through up-regulation of 

p27(kip1), down-regulation of p21(Cip1) and p53 proteins, and accumulation of hypo-

phosphorylated Rb. Treatment with EGF abrogates these effects and promotes cell cycle 

re-entry. Further MEK inhibitors reverse the effect seen by EGF, thus supporting a 

negative feedback system of AR and EGFR in non-cancerous epithelia[92]. It has been 

proposed that in prostate cancer, this negative regulation of EGFR by AR is lost resulting 

in the hyperactivation of both growth promoting pathways. EGF has been shown to 

enhance AR transactivation and this was determined to be through modulation of EGFR 
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and PI3K or MAPK/ERK signaling pathways as various respective inhibitors disrupted 

this enhanced transactivation activity[93].  

An interesting feature of the intertwined nature of these various signaling 

pathways is that they often impinge on the same mediator. For example, overexpression 

of HER2 hyperactivates MAPK activity which in turn phosphorylates AR, and enhances 

its interaction with ARA70/transcriptional output [66]. Conversely, Akt directly 

phosphorylates AR and decreases its interaction with ARA70[94]. The ability to respond 

to and integrate multiple afferent signals limits stochastic events that would result in 

appropriate activation of the AR-signaling axis.  

1.8 Androgen Receptor Ligands 

1.8.1 Agonists 

The AR is activated by androgens. As discussed in an earlier section, androgens 

come from a few sources, mainly the Leydig cells in the testes and the adrenal glands. 

Synthetic androgens that mimic the actions of DHT have been developed. Some of these 

include metribolone (also commonly referred to as R1881) and mibolerone 

(dimethylnortestosterone -DMNT). There is considerable interest, and recent success, in 

the development of selective androgen receptor modulators (SARMs); drugs which 

function as agonists or antagonists in a context specific manner.  In the setting of estrogen 

receptor regulation, it is well documented that various selective estrogen receptor 

modulators (SERMs) exhibit opposing actions in a tissue specific manner, thought to be 

governed by the attendant coregulators in each tissue [95]. For example, tamoxifen acts 

as an antagonist in breast, but agonist in bone. Having this functionality with the 
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androgen receptor would allow for agonism in the muscle and bone to help in muscle 

wasting diseases and cachexia in cancer patients, without stimulating prostate growth. 

Some that are in clinical trials are enobosarm, BMS-564,929, and LGD-4033 [96-98].  

1.8.2 Antagonists 

Antagonists of AR have been utilized to impair prostate cancer growth and remain 

the cornerstone of endocrine therapy for prostate cancer. There are many compounds in 

development in this space, but this section will focus on the ones that have been FDA 

approved. First generation antiandrogens included hydroxyflutamide, nilutamide, and 

bicalutamide[99]. Resistance developed to these agents[100], (discussed in more detail 

below), and thus arose the need for second-generation antiandrogens (or androgen 

synthesis inhibitors), which have improved affinity for AR and which do not have any 

inherent agonist activity. These include abiraterone, enzalutamide (MDV3100, 

XTANDI), apalutamide, and darolutamide. Abiraterone acetate functions by blocking the 

production of circulating androgens through inhibition of CYP17A1. Enzalutamide, 

apalutamide, and darolutamide function as competitive inhibitors of AR which following 

their interaction with the ligand binding pocket of the receptor induce a conformational 

change that hinders receptor dimerization, nuclear translocation, and its interaction with 

coregulators. Enzalutamide was the first antiandrogen approved in this class and is 

approved for use in both metastatic and non-metastatic castration resistant prostate 

cancer. While very effective, an associated risk with this drug is that it can penetrate the 

blood brain barrier and has been shown to have seizure risk in patients. Apalutamide, 

while functioning in a manner that is identical to enzalutamide has a slightly higher AR 
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binding affinity, a higher tumor to plasma ratio, and four-fold lower concentrations in the 

central nervous system. Apalutamide is approved for use in non-metastatic CRPC. 

Darolutamide and its active metabolite (ORM-15341) both exhibit increased potency 

compared to enzalutamide and apalutamide [101] and showed efficacy against the 

clinically relevant AR mutations AR(F876L), which trigger enzalutamide and 

apalutamide antagonist to agonist switch, as well as AR(W742L) and AR(T877A) which 

cause bicalutamide agonist switch [102]. Darolutamide also exhibits low blood brain 

barrier penetrance and is currently approved for use in non-metastatic CRPC.  

Another method of antagonism employed successfully in the setting of breast 

cancer is to degrade the receptor. This can be advantageous to competitive inhibition as it 

will removes the possibility of development of activating mutations as well as activating 

cross talk from growth factor signaling or other signaling pathways. However, there are 

currently no approved selective androgen receptor downregulators (SARDs). New 

methods to degrade the androgen receptor are being tested, with a promising one being 

the use of proteolysis targeting chimeras (PROTACs). The mechanism of action of 

PROTACs and the unique beneficial properties this provides will be discussed more 

below. 

1.9 Endocrine Therapy in Prostate Cancer 

Most prostate cancers are hormone driven, and as such, the therapies currently 

utilized to treat prostate cancer are centered around inhibiting the actions of AR. When a 

patient presents with disease, surgical removal and “watchful waiting” is the first line of 

treatment.  However, there are cases in which the cancer has already progressed too far to 
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allow for surgical resection to be an option, or if some cancer cells remain after surgery 

and then continue to grow, then these patients will usually be given a GnRH agonist.  

While this may seem paradoxical , given the role of GNRH in LH production and release, 

this releasing hormone when administered in a continuous fashion leads to a robust 

downregulation of GNRH receptors and an absolute shutdown of LH (and subsequently) 

production. This works well for most patients for a time, but many patients unfortunately 

see relapse and their tumor continues to progress despite the lowered androgens in the 

body. This is then classified as castration resistant prostate cancer (CRPC) [99]. When a 

patient has reached this stage, they will receive either enzalutamide or abiraterone 

acetate. Despite initial efficacy, these treatments are not curative and development of 

resistance remains an impediment to durable clinical responses. Patients progressing on 

therapy at this stage are usually offered a taxane-based chemotherapy. There is one 

immunotherapy currently approved in prostate cancer, Sipuleucel-T (Provenge) vaccine. 

Sipuleucel-T is an autologous cellular immunotherapy for which dendritic cells are 

incubated ex vivo with a fusion protein consisting of prostate specific acid phosphatase 

(PAP) and granulocyte-macrophage colony-stimulating factor (GM-CSF) [103]. In the 

phase III trial (IMPACT; NCT00065442) patients receiving Sipuleucel-T had an 

increased median overall survival (OS) of 4.1 months compared to placebo-treated 

patients. However, overall survival outcomes are not promising at this point and there is a 

need for improved treatment options for these patients. This treatment strategy 

throughout disease progression is illustrated in Figure 3. Understanding the methods of 

resistance can inform upon the development of the next treatment options, and thus the 
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common methods of resistance to antiandrogen therapies are discussed in the following 

section. 

 

Figure 3: Treatment of Prostate Cancer Throughout Disease Progression 

Schematic illustrating the various prostate cancer treatment options currently available as the 
disease progresses. 

1.10 Methods of Resistance to Endocrine Therapy in Prostate Cancer 

1.10.1 AR Amplification 

One common mechanism of resistance to antiandrogen therapies is amplification 

of the AR gene and the resulting increase in AR expression which compensates for the 

low levels of available androgens [104]. In a seminal study looking at tumor samples 

from patients which had recently progressed on antiandrogen therapy it was found that 

28% of the recurrent therapy resistant tumors had amplification of the AR gene, while 

none of the pretreated tumor samples contained this amplification[104]. This gene 
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amplification was associated with substantially increased levels of AR mRNA in these 

samples. The amplification was of wildtype AR in all but one of the samples, and 

clinicopathological correlations indicated that AR amplification was most likely to occur 

in tumors that had initially responded well to endocrine therapy and whose response 

duration was more than 12 months. Tumors that recurred earlier or those that showed no 

initial therapy response did not contain AR amplification. The median progression free 

survival time after recurrence was two times longer in patients which had AR 

amplification in the recurrent samples. 

1.10.2 Splice Variants 

The emergence of AR splice variants is also another common mechanism of 

resistance to AR targeted therapies. Many of these splice variants confer heightened 

activity of the receptor and some target the ligand binding domain, rendering the receptor 

constitutively active. At least 22 AR splice variants have been identified in CRPC to date 

[105]. Three variants which have constitutive activity are AR-V3, -V7, and V9 and these 

three have been found to be co-expressed in CRPC metastases [106]. AR-V7 is viewed as 

one of the more clinically relevant variants as it is the most abundant variant in clinical 

specimens and can be detected at the protein level in addition to RNA transcripts [105]. 

However, this could be due to limitations in antibodies that are currently available 

perhaps not being able to detect the other variants, and there is also speculation whether 

the current AR-V7 antibodies are truly specific for AR-V7. Nevertheless, much work has 

focused on AR-V7 as it was determined that AR-V7 is rarely expressed (<1%) in 

untreated tumor samples, but is frequently detected (~75% of cases) following androgen 
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deprivation therapy, with further increase in expression following treatment with 

abiraterone acetate or enzalutamide therapy [107]. Studies have also shown that AR 

variants may have different DNA binding preferences than full length AR, potentially 

leading to the neomorphic signaling events that escape from antiandrogen therapy.  It has 

been shown for instance that AR variants preferentially bind to enhancers located in 

nucleosome-depleted regions which contain a full AR-response element, while full-length 

wild type AR preferentially binds to enhancers which reside in closed chromatin regions 

containing the composite FOXA1-nnnn-AR-halfsite motif in CRPC cells [108]. As many 

of these variants lack a ligand binding domain, further characterization of the actions of 

these AR variants will help uncover how cells with these alterations could be targeted 

therapeutically. 

1.10.3 Point Mutations 

Point mutations also arise in AR as a means of overcoming anti-androgen 

therapies. These mutations can affect regions where post translational modifications 

usually occur on AR and thus alter the ability to be modified at these sites, or they can 

also be in the ligand binding domain which either prevent binding of anti-androgens or 

alter their activity when bound. Two clinically relevant mutations are AR(W742L) and 

AR(T877A), which alter the pharmacology of AR such that bicalutamide is recognized as 

an agonist as opposed to an antagonist.  Similarly, the AR(F876L) mutation results 

enables both enzalutamide and apalutamide to exhibit agonist activity[99, 100]. 

Emergence of mutations which flip the actions of antiandrogens to agonists has been a 

pervasive problem in endocrine therapy for prostate cancer, but the AR-PROTACs 
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(discussed more in depth below) may be able to overcome this as they only require 

transient interactions with their protein target to induce ubiquitination and targeting to the 

proteasome for degradation.   

1.10.4 Enhanced Activation of Complimentary Signaling Pathways 

Another way which prostate cells overcome endocrine therapy is through the 

dysregulated activation of additional signaling pathways, which either cross-talk with AR 

to enhance AR actions, or act in parallel to AR signaling to compensate for the loss of 

AR signaling.  

1.10.4.1 Cross-Talk with Signaling Pathways with Actions on AR: 

A common way in which prostate cancers escape androgen therapy is through the 

upregulation/activation of kinase signaling pathways and impact this has on the function 

of coregulators.  As discussed in the coregulator section (above), this can broaden the 

ligand specificity of the AR, enabling efficient transcription after E2 exposure, and can 

sensitize the receptor to weak androgens. Numerous pathways can enhance AR actions, 

as seen with TGFb and Smad3 activating AR, FGF acting through MAPK to enhance AR 

coactivators, and alterations in beta catenin signaling enhancing AR actions (discussed in 

more depth in coregulators section). IGF signaling is also extensively intertwined with 

AR signaling and contributes to resistance. Mechanistically, the protein FOXO1 normally 

inhibits AR, but phosphorylation of FOXO1 by IGF1 disrupts this repression. Further, 

AR also regulates IGF signaling, promoting it, thus creating a positive feedforward loop. 

It accomplishes this through direct binding to AREs at the promoter of IGF1 and 

promoting its expression. AR also modulates other aspects of IGF signaling. For 
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example, IGF-binding protein 5 (IGFBP-5) augments the effects of IGF-I by facilitating 

interaction of IGF-I with the IGF-I receptor tyrosine kinase, and androgens have been 

shown to increase the levels of IGFBP-5 mRNA [109]. Further supporting the importance 

of this feedback loop in therapy resistance, it has been shown that the levels of IGFBP-5 

are elevated in models of castration resistance [110], which would support the actions of 

enhancing IGF signaling to compensate for blunting AR signaling with AR targeted 

therapies. 

Utilization of this crosstalk enables prostate cancer cells to function even in low 

androgen conditions. Therefore, inhibitors of EGFR and other pathways have been 

employed to try to inhibit tumor progression, but a persistent problem is the adaptation of 

these cancer cells to utilizing the next available pathway. As many of these signaling 

pathways impinge upon a common set of AR coregulators, strategies to target 

coactivators and thus limit the effects of multiple of these pathways could provide an 

effective treatment option. 

1.10.4.2 Activation of Signaling Pathways Acting in Parallel to AR Signaling 

While activation of signaling pathways can enhance the actions of AR, there are 

also many non-AR-dependent signaling  pathways that contribute to therapy resistance in 

prostate cancer.  

Both EGFR and its ligand EGF are upregulated in advanced prostate cancer [111, 

112], and targeting of EGFR using monoclonal antibodies or small molecule inhibitors 

impair tumor growth and invasion of prostate cancer cells in vitro [113].  There is 



 

29 

evidence, albeit somewhat controversial, that EGFR can translocate to the nucleus and act 

as a transcriptional repressor to constrain the tumor-suppressive role of miR-1. EGFR’s 

inhibition of mir-1 allows for the expression of TWIST1, which manifests in accelerated 

bone metastases[114]. Decreased miR-1 levels correlated with enhanced expression of 

activated EGFR and TWIST1 in a cohort of human prostate cancer specimens. Further, 

increased EGFR activity has also been implicated in resistance to docetaxel in prostate 

cancer. Resistance strongly correlates to EGFR levels in patients, and knockdown of 

EGFR expression in docetaxel resistant cell lines restores sensitivity. These effects were 

found to be through EGFR’s stimulation of Akt pathway, and subsequent upregulation of 

ATP Binding Cassette Subfamily B Member 1 (ABCB1), which is known to be involved 

in multidrug resistance [115].  While dysregulation of EGFR signaling has been strongly 

implicated in the pathogenesis of prostate cancer, EGFR targeting therapies have had 

limited utility in the clinic. Studies revealed that upon EGFR inhibition in AR 

independent prostate cancer cells, the cells compensate for the EGFR inhibition by 

upregulating other receptors in the family such as HER3, along with upregulation of the 

ligand EGF. Signaling through HER3 activates the PI3K/Akt survival pathway, which 

has been shown to enhance actions of AR, as well as mediate other pro-survival pathways 

unrelated to AR [116].  

Enhancement of fibroblast growth factor (FGF) signaling has also been implicated 

in driving prostate cancer tumor progression and resistance. Increased FGF signaling has 

many consequences, including increase in prostate cancer cell proliferation, resistance to 

cell death, increased invasive properties and metastasis, as well as angiogenesis. FGF1 
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and FGF2 were among the first angiogenic factors to be identified, and the expression of 

FGF2 in prostate cancer cells and surrounding stroma can induce formation of tumor 

vasculature [117]. In advanced prostate cancer, a decrease in the major inhibitor of 

angiogenesis, thrombospondin-1, can be seen accompanied by an increase in pro-

angiogenic factors FGF2 and vascular endothelial growth factor (VEGF) [118]. Beyond 

angiogenic actions promoting tumor growth, FGF also promotes the expression of matrix 

metalloproteinases (MMPs), which degrade the extracellular matrix components, thus 

facilitating cell motility and invasion. The MMP matrilysin can degrade proteoglycans 

(fibronectin, entactin, laminin, gelatin and elastin) [119] and its expression has been 

shown to increase the invasiveness of DU145 PCa cells [120, 121].  Inhibition of FGF 

signaling results in a favorable inhibition of  matrilysin expression [122]. Thus, FGF 

promotes a feedforward loop wherein it promotes the activity of MMPs, which in turn 

leads to the release of more FGF. Enhanced signaling through the FGF receptor has also 

been shown to promote tumor growth by providing some protection against cytotoxic 

agents. Of note is the observation that FGF inhibitors significantly enhanced the anti-

cancer effects of doxorubicin in PC3 prostate cancer cells [123]. The protective effects of 

FGFs can also be mediated through endothelial cells. FGFs protect these cells from 

radiation, and thus this limits the effectiveness of radiation on inhibiting tumor 

angiogenesis [124].  

Upregulation of these various signaling pathways provides PCa cells with ways to 

circumvent androgen inhibition, but the reliance on these can also expose new 

vulnerabilities. This provides new avenues for therapeutic intervention and therefore 
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identifying the pathways which are commonly altered to escape endocrine therapy is an 

intensive area of study in the field. If known escape mechanisms can be targeted 

concomitantly with the initial therapy, this may prevent, or at least significantly delay, the 

emergence of resistant persistor cells. 

1.10.5 Neuroendocrine prostate cancer 

Following endocrine therapy, around 30% of patients progress to the highly 

aggressive subtype of neuroendocrine prostate cancer. This subtype is characterized by 

increased metastasis to visceral organs such as the liver and patients with this stage of 

disease have a poor prognosis[125]. These tumors often upregulate the expression of the 

neuroendocrine markers enolase 2 (ENO2), synaptophysin (SYN), chromogranin A 

(CHGA), and the class III beta tubulin (TUBB3) [126]. As primary neuroendocrine 

cancers are rather rare, the relatively high rate of progression to a subtype which has 

these features after AR inhibition has led to the idea that AR inhibition facilitates this 

transition. AR is not the only determining factor however, as 70% of patients do not 

progress to this form of prostate cancer, thus suggesting that key molecular events must 

take place to drive the cells in this direction. The drivers of this phenotype are still 

unclear, but one study which conducted genetic knockout screens to induce a 

neuroendocrine phenotype discovered that the loss of p53 and Rb were essential for the 

development of the neuroendocrine phenotype. Additional loss of PTEN action and 

forced expression of c-MYC and BCL-2 further enhanced the efficiency of formation of 

neuroendocrine tumors from these cells [127].  The POU Class 3 Homeobox 2 

(POU3F2), ETS Homologous Factor (EHF), and Enhancer Of Zeste 2 Polycomb 
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Repressive Complex 2 Subunit (EZH2) have also been implicated as key players in the 

signaling of these neuroendocrine cells in some studies, but the robustness of these 

observations have been challenged by more recently published studies. Neuroendocrine 

prostate cancer (NEPC) will be discussed in more depth in the discussion in Chapter 4, 

but overall, the studies thus far have identified some players which contribute to the 

neuroendocrine phenotype, but there is little knowledge of what triggers these key genes 

to become more or less active to begin this transition to a neuroendocrine state. The poor 

prognosis of these patients is in part due to a lack of understanding of the signaling in 

these tumors, and thus lack of targeted therapeutic options, and remains a major clinical 

problem. 

 

1.11 PROTACs as a Promising New Therapy 

As competitive inhibition of the androgen receptor has been undermined by 

development of resistance, another approach to combat this is to degrade the receptor. In 

early work to post-translationally affect proteins and induce degradation, inhibitors of the 

chaperone heat shock protein 90 (HSP90) were found to be able to induce degradation of 

its client proteins. Over 30 HSP90 inhibitors have been in clinical trials over the past two 

decades but none have been approved due to their complex pharmacology and poor 

selectivity for protein degradation [128]. Another approach is to induce degradation with 

small molecule inhibitors selective for the protein of interest (POI).  Success in this 

strategy can be seen in the context of hormone receptor positive breast cancer. A notable 

example is fulvestrant, which is a selective estrogen receptor alpha (ERa) downregulator 
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(SERD) and is approved for the treatment of hormone receptor-positive metastatic breast 

cancer. Upon binding to the ERa, this induces a conformational change in the receptor 

which ultimately causes degradation. Fulvestrant needs to be administered as an 

injection, so much work is being done to try to discover orally available SERDs, with 

many currently in clinical trials. While this has been successful for ERa, this strategy has 

not proven generally applicable for other receptors. To date, only one selective androgen 

receptor downregulator has made it to clinical trials and it failed due to overt GI toxicity 

[129]. Another method developed to target and degrade a broad range of proteins was 

hydrophobic tagging (HyT) [130]. In the strategy of hydrophobic tagging, a hydrophobic 

moiety is covalently attached to a ligand of the POI. Once this binds the POI, the POI-

HyT complex mimics a partially denatured state of proteins, and thus triggers 

degradation. One of the most widely used hydrophobic moieties was BOC3-Arg [130, 

131], but this ended up having limited utility as it was found that BOC3-Arg inhibits the 

mammalian target of rapamycin complex 1 (mTORC1) pathway [132]. Given the 

challenges presented by these previous strategies for degradation, a better method is still 

needed; thus the emergence of proteolysis targeting chimeras (PROTACs). 

PROTACs are complex structures which consist of a ligand for the protein of 

interest (POI), which is usually an antagonist, connected via linker to a chemical moiety 

that exhibits tropism for a particular E3 ubiquitin ligase. This drug enables the formation 

of a binary complex of the POI and the E3 ligase, facilitating its ubiquitination, shuttling 

to the 26s proteasome and ultimately its destruction [133]. There are over 600 E3 

ubiquitin ligases in humans, but currently only a few have been used for development of 
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PROTACs. These are 1.) Skp1-Cullin-F box complex containing Hrt1 (SCF), 2.) Von 

Hippel-Lindau tumor suppressor (VHL), 3.) Cereblon (CRBN), 4.) inhibitor of apoptosis 

proteins (IAPs), and 5.) mouse double minute homolog (MDM2). The strategy utilized by 

PROTACs has many advantages over traditional small molecule inhibitors. One of these 

being that PROTACs only require transient interaction with a POI to induce 

ubiquitination, and are thus less sensitive than traditional competitive antagonists to point 

mutations, which arise in many situations of drug resistance. Therefore they could 

provide an opportunity to overcome this mechanism of resistance. For example, the 

PROTAC MT-802 contains the inhibitor ibrutinib and was able to induce degradation of 

C481S mutant BTK, which is considered resistant to ibrutinib. Not only did it still induce 

degradation of this mutant, but did so as effectively as for the wild type protein. This 

potently inhibited the proliferation of ibrutinib-resistant leukemia cells [134]. Another 

advantage gained by only needing transient interaction with the POI is that the PROTAC 

could bind to any surface on the POI. This could allow for degradation of drugs that have 

previously been called “undruggable” by competitive antagonists. Further benefits of 

PROTACs come from their ability to eliminate the POI sub-stoichiometrically, resulting 

from their ability to be reused after protein degradation. It is therefore possible that the 

DC50 of a PROTAC can be significantly lower than its binding affinity (or inhibitory 

IC50) to the POI. Another advantage provided by PROTACs is that the removal of the 

target eliminates the possibility of activating signals from signaling cross-talk which 

often develops during targeted therapy resistance.  
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Despite these advantages provided by PROTAC technology, there are also 

challenges with this technology. One of these being the complex amount of medicinal 

chemistry, biochemistry, and cell biology studies needed to optimize the site of linkage, 

the linker, and the E3 ligand of the PROTAC. An additional challenge is that due to their 

relatively large molecular weights, their absorption, distribution, metabolism, and 

excretion properties are sometimes different than small molecule drugs and may not be 

favorable. Another obstacle is that a PROTAC’s activity is dependent on its associated 

E3, and the expression of these varies by tissue, cell type, and species [135]. In a recent 

report, a CRBN-based PROTAC targeting BTK showed a drastically different BTK 

degradation efficacy in rat spleen and lung, even though the distribution and uptake of 

this PROTAC were similar in these tissues. While this could be seen as a challenge, it 

could also be harnessed for further selectivity, preferentially acting in tissues which have 

higher levels of the chosen E3 to better target only cancer cells.  

PROTACs are an exciting advancement in the field of targeted protein 

degradation and are now entering clinical trials. Two PROTACs, ARV-110 and ARV-

471 developed by Arvinas LLC, are now in clinical trials (NCT03888612 and 

NCT04072952 in clinicaltrials.gov) for prostate and breast cancer respectively [136, 

137]. The recently reported interim results of a Phase I/IIa trial evaluating the first-in-

class AR PROTAC, ARV-110, showed very promising efficacy in heavily pretreated 

patients with CRPC [138]. 
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1.12 AR in Other Settings Beyond Prostate Cancer 

Although much of this work focuses on AR in prostate cancer, many other tissues 

contain the androgen receptor and thus, any AR targeted therapy could be applied to 

these settings as well, such as in breast, lung, and ovarian cancer. The mechanisms of AR 

action in these cell backgrounds is expounded upon in Chapter 4 in the discussion and 

how this could be leveraged to sensitize the cancer cells to other therapies. 
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2. Modulation of Androgen Receptor to Induce Sensitivity to 
DNA Damage 

2.1 Introduction 

Prostate cancer is the most common form of cancer in men in the United States 

accounting for 1 in 5 newly diagnosed cancer cases, and is the second leading cause of 

cancer related deaths in men after lung cancer[1]. Drugs that target the androgen receptor 

(AR) are the cornerstone of prostate cancer therapy, resulting in clinical responses at all 

stages of the disease, and has extended survival in many men. Following progression 

during treatment with first line therapies designed to lower systemic levels of androgen 

through administration of GnRH modulators, patients receive second line therapeutics 

targeting AR activity at the level of the receptor or by inhibiting the enzymes responsible 

for the production of androgens. The current standards of care are competitive inhibition 

of the receptor with the drug Enzalutamide, or repression of androgen production of by a 

Cyp17 inhibitor, Abiraterone While initially effective for most patients, resistance is 

inevitable and these patients will progress to metastatic castration resistant prostate 

cancer (CRPC), with roughly 20% of patients going on to develop highly aggressive 

neuroendocrine prostate cancer[126, 139-141]. Endocrine therapy is currently not 

curative. Once patients become resistant to existing therapies there are few remaining 

therapeutic options.  Resistance to endocrine therapies has been shown to be attributable 

to amplification of the androgen receptor gene, alternative splicing of the mRNA 

encoding the receptor resulting in the production of hyperactive variants, or adaptation 

(upregulation) of other growth promoting signaling pathways in response to the blunting 
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of AR signaling from the anti-androgen therapies[142-144]. Despite progression, a salient 

feature of this disease is that AR often remains engaged, and is thus still a viable drug 

target. Thus, many efforts are underway to identify novel ways to inhibit androgen 

signaling in these cells. One of the newest methods is the use of proteolysis targeting 

chimeras (PROTACs) that target the AR for degradation[145-147]. This would be 

advantageous in prostate cancer as removal of the receptor would eliminate activating 

crosstalk from growth factor signaling, as well as mitigate effects of mutations. The 

mechanism by which this class of drugs functions is extensively reviewed elsewhere[133] 

and discussed in the introduction section of this work, but briefly, PROTACs consist of a 

ligand for the protein of interest (POI), which is usually an antagonist, connected via 

linker to a chemical moiety that exhibits tropism for a particular E3 ubiquitin ligase. This 

drug enables the formation of a binary complex of the POI and the E3 ligase, facilitating 

its ubiquitination, shuttling to the 26s proteasome and ultimately its destruction.  This 

technology has many promising advantages to current therapies. Since only transient 

interaction with the POI is needed, this could allow for binding to proteins with point 

mutations (lower affinity binding of its ligands) and thus still target them for degradation 

and mitigate resistance seen from these mutations. Additionally, the requirement for only 

transient binding offers the ability to bind any surface of the POI and not be limited to the 

ligand binding pocket, thus possibly enabling targeting of proteins classically termed 

“undruggable” by classical approaches. Further, as the PROTAC can be recycled after the 

POI is degraded, it can be efficacious at sub-stoichiometric doses (i.e. catalytic) . AR 

targeting PROTACs are currently in the clinic and the recently reported interim results of 
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a Phase I/IIa trial evaluating the first-in-class AR PROTAC, ARV-110, showed very 

promising efficacy in heavily pretreated patients with CRPC [138].   

While both the competitive antagonist Enzalutamide (Enz) and AR targeting 

PROTACs will inhibit androgen signaling, albeit to different degrees, it is likely since the 

latter removes AR from the cell altogether that it will not only suppress the actions of 

endogenous androgens but will also eliminate responses that are attributable to the apo-

receptor. The binding of Enz results in a conformational change of the receptor that 

renders it incapable of interacting with most transcriptional coregulators and thus 

inactive[148]. However, even when fully occupied with Enz, the receptor has the 

potential to interact with some transcriptional coregulators and it is assumed that these 

latter interactions are more favored/selected for in the setting of CRPC [149, 150]. Using 

the PROTAC approach AR will no longer be available to partner with any transcriptional 

coregulators and it is inferred that this class of drugs will have a different impact on 

chromatin structure and the AR-cistrome in cells.  It has been established that AR can 

occupy chromatin and activate or inactivate transcription even in castrate conditions[41, 

151-153], thus removal of the receptor via degradation would render these loci available 

for other proteins to bind, and could thus result in novel, ectopic, transcriptional 

activities.  Therefore, we asked whether both qualitative and quantitative changes in 

prostate cancer cell gene transcription could be observed after AR blockade via classic 

competitive inhibition vs. degradation of the receptor, and whether these alterations could 

inform upon new treatment strategies, or alternatively could potentially be priming the 

cells for development into a more malignant (AR independent) form of disease.  
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To accomplish our goals we took an unbiased, factor agnostic approach to 

evaluate both the global chromatin and gene expression landscapes after AR inhibition 

vs. degradation utilizing ATACseq paired with RNAseq. These analyses indicated that 

the chromatin landscape is considerably different depending on how AR signaling is 

inhibited, and that the resulting cistromes appear to result from the engagement or 

disengagement of different cofactors on chromatin. The results of our analysis have also 

highlighted potentially exploitable intersections of AR signaling with other pathways and 

have revealed new drug combinations for the treatment of PCa. 

2.2 Results 

To assess the potential differences or similarities in prostate cancer cells after AR 

inhibition vs. degradation, we utilized the competitive antagonist Enz and a novel AR 

targeting PROTAC, which is believed to be the same structure as ARV-110, which 

showed very promising efficacy in a clinical trial of heavily pretreated patients with 

CRPC [138]. The AR-targeting PROTAC utilized in this work (referred to as PROTAC 

from this point forward) has a component that binds to the ligand binding pocket of the 

AR and directly inhibits its actions. This AR targeting portion is attached via linker to a 

moiety that interacts with the E3 ligase VHL. This results in recruitment of VHL to AR, 

subsequent ubiquitination of AR, and thus eventual degradation of the receptor. The 

structure of the PROTAC utilized in this paper is presented in Figure 4A. It is very 

efficacious at degrading AR protein levels, as evidenced by western blot (Figure 4B). 

Proliferation experiments comparing these drugs were performed in two models of AR 

sensitive prostate cancer (LnCap and VCAP), as well as an enzalutamide resistant model 
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derived from VCAP cells (EnzR) (Figure 4C). PROTAC treatment was more efficacious 

than Enz at inhibiting proliferation in all three models. The mRNA levels of key AR- 

target genes were assessed following drug treatments. Both Enz and PROTAC drastically 

impair transcription of PSA, but PROTAC is able to achieve greater inhibition of DNA 

repair genes such as CDC6 and DTL (Figure 4D). AR inhibition, especially with 

PROTAC treatment, induced a significant morphological change in the LnCap cells, 

resulting in elongated projections from the cell body and a much more spindly 

appearance. Given these changes in cell phenotype, we further assessed the expression of 

mRNAs encoding markers/proteins associated with cellular plasticity. AR inhibition 

induced markers of neuroendocrine differentiation such as enolase 2 (ENO2) and class III 

b-tubulin (TUBB3), with PROTAC being more effective in this regard. Further, PROTAC 

treatment also induced the expression of vimentin (VIM) whereas this was not seen with 

Enz (Figure 4D). These findings highlight the functional differences between competitive 

inhibition and PROTACs and encouraged us to explore the molecular mechanisms 

underlying these responses. 
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Figure 4: Degradation of AR by PROTAC is More Effective at Inhibiting AR 
Signaling than Competitive Inhibition with Enzalutamide  

(A) Chemical structures of enzalutamide and the PROTAC used in these studies 
(B) Immunoblots showing PROTAC effectively degrades AR protein   
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(C) Proliferation assays in LnCap, VCAP, and EnzR cells comparing Enz and PROTAC 
treatments. Individual points on the curve represent the mean relative fluorescent 
intensity of triplicate wells per condition on that day. Error bars calculated as SEM. The 
experiment was repeated three times with similar results, and representative data are 
shown. 
(D) RNA expression of various proliferation and plasticity genes after Enz or PROTAC 
treatment. Values are calculated as the mean expression from 3 triplicate wells. Error bars 
calculated as SEM. The experiment was repeated three times with similar results, and 
representative data are shown. 

 

2.2.1 Method of AR Inhibition Drives Novel Genomic Landscapes 

We utilized ATACseq paired with RNAseq to establish the global changes in 

chromatin structure and the associated changes in gene expression attributable to 

differences in the mechanism by which AR inhibition (competitive antagonist vs. 

degradation) was achieved. The first step in this analyses was to assess the genomic 

landscape following the inhibition of AR-signaling in three different ways: 1.) 

competitive inhibition (Enz), 2.) degradation (PROTAC), and 3.) removal of androgens 

via charcoal stripped media (CFS). The CFS condition mimics AR signaling inhibition 

via androgen suppression (such as Cyp17 inhibition), but also removes growth factors. As 

growth factor signaling is extensively intertwined with AR signaling [109-113, 151], we 

sought to also compare the effects of AR inhibitors either in the presence of endogenous 

androgens and growth factors, or in CFS where they do not have to compete with 

endogenous androgens, but also lack growth factor input. Therefore, LnCap cells were 

seeded either in full growth media containing FBS or CFS, and were then further treated 

with vehicle, Enz, or PROTAC. Cells were plated for ATACseq and RNAseq 

contemporaneously. A summary of the conditions and treatments is presented in Table 1.  
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Table 1: Summary of ATACseq Treatment Conditions 

 

 

 We initially assessed the qualitative differences in the chromatin architecture 

depending on the mechanism by which AR is inhibited. Analysis of the ATACseq data 

revealed that when compared to the baseline of FBS-Veh, ~12,000 of the accessible 

chromatin sites that were lost were common between treatment groups. This large 

number of commonly lost sites was expected, as all of the approaches used effectively 

inhibit AR action on classical target genes.  Interestingly, there are also a significant 

number of sites that are uniquely lost in each condition (visualized in Figure 5A and 

quantitated in 5B). Even more striking, when looking at chromatin sites that gained 

accessibility after AR inhibition, there are 18,016 sites that are significantly gained only 

after Enz treatment in the FBS background (Figure 5A,B). While there are some uniquely 

gained sites after PROTAC or CFS treatment, these are much fewer compared to Enz, 

possibly suggesting some neomorphic activity of the AR/drug complex. These data are in 

line with the results of other studies that have reported that Enz bound AR can localize to 

novel loci although these published findings were not elaborated upon  [149]. We were 

intrigued by the observation that Enz induced these open chromatin sites while 

Condition Media Treatment
1 FBS Veh
2 FBS 10uM Enzalutamide
3 FBS 5uM PROTAC
4 CFS Veh
5 CFS 10uM Enzalutamide
6 CFS 5uM PROTAC
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degradation of the receptor did not, suggesting there are different mechanisms governing 

chromatin architecture depending on whether AR is present, albeit in an inactive form, 

versus absent. When these drug treatments were evaluated in the CFS media background, 

we were surprised to see that all of these uniquely gained and suppressed sites after Enz 

treatment were abolished in the CFS background. The chromatin landscape between 

CFS-veh and CFS-Enz are virtually indistinguishable. This strongly suggests that Enz 

bound AR interacts with growth factor signaling and that this can drive a novel cistrome 

not present without growth factor cross-talk (i.e. in CFS). This is important as most 

studies that investigate AR action/AR pharmacology are performed in the CFS 

background. Our data suggests that these studies are missing important aspects of 

androgen biology, particularly ligand selective responses, because the signaling appears 

vastly different depending on whether growth factors are present or absent. Further 

supporting these differences seen in chromatin accessible sites between the drug 

treatments, principal component analysis of the data revealed all the modes of AR 

inhibition clustered away from FBS-Veh samples and the CFS+R1881 addback controls, 

but there were also differences in clustering between the AR inhibitors, with PROTAC 

samples clustering together regardless of media background, and Enz groups clustering 

with CFS conditions, away from PROTAC groups (Figure 5C). Representative loci 

illustrating the gain or loss of peaks in each condition are presented in Figure 5D. 

Characterization of the uniquely changed chromatin accessibility sites for each treatment 

compared to FBS-Veh, revealed that many of these sites fall in intergenic regions (~45%) 

and coding sequences (~38%), with roughly equal numbers of sites in each category 



 

46 

between treatment groups (Figure 5E). More gained accessible sites localized to the 

promoter regions 1kb upstream of transcription start sites in the FBS-Enz and CFS-Veh 

conditions when compared to those identified following FBS-PROTAC treatment. 
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Figure 5: Unique Genomic Landscapes Emerge Depending on Method of AR 
Inhibition 

(A) Heatmaps illustrating the genomic landscape of the uniquely lost (blue) and uniquely 
gained (red) chromatin accessible sites compared to FBS-Veh from Enz, PROTAC, or 
CFS treatments. Columns represent different treatment groups and rows represent 
unsupervised clustering of unique chromatin accessible sites. Signal intensity indicates 
relative change compared to FBS-Veh condition, with darker blue indicating more 
chromatin condensation and darker red indicating increased accessibility of chromatin. 
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(B)  Quantification of unique and commonly altered chromatin sites for each method of 
AR inhibition. This was calculated for treatments in the FBS media background (top red 
rectangle) as well as in CFS media background (2nd and 3rd rectangles in blue). Unique 
sites resulting from Enz treatment are gone in the CFS media background, suggesting 
these are dependent upon growth factors. 
(C) Principal component analysis of the ATACseq data. The first graph illustrates PC1 
and PC2 and the second graph illustrates PC2 and PC3. The AR inhibitors cluster 
together away from the R1881 addback controls as expected, and PROTAC samples 
cluster together away from Enz samples. 
(D) Representative genomic tracks of ATACseq sites with lost and gained chromatin 
accessibility compared to FBS-Veh after AR inhibition. 
(E) Unique chromatin accessible sites lost and gained after AR inhibition in FBS media 
background were categorized based on genomic characteristics. The majority of sites fall 
within coding and intergenic regions. 
(F) Motif enrichment analysis of uniquely lost and gained chromatin accessible sites after 
AR inhibition in the FBS media background. Red bars on the right side of the axes 
indicate the motifs enriched in gained chromatin sites, with blue bars on left side of axes 
indicating motifs enriched in lost chromatin sites. Corresponding position weight 
matrices on opposite side of axes.  Bars are ordered in descending rank according to p-
value. 
 

 

2.2.2 Unique Transcription Factors Drive AR Treatment Specific Cistromes 

Next we evaluated which factors may regulate the differences in chromatin 

accessibility observed. Thus we performed motif enrichment analyses on the sites that 

were uniquely lost or uniquely gained after Enz, PROTAC, or CFS treatment as 

compared to the FBS-veh control. Interestingly, the implicated transcription factors for 

each drug treatment were largely unique to each group. The forkhead motif was the most 

enriched in the lost motifs after Enz or PROTAC treatment, but actually enriched in the 

gained motifs in the CFS condition (Figure 5F). Notably, the HOX motif was 

significantly enriched in the sites uniquely gained after Enz treatment. This was 

intriguing as we and others have shown that HOXB13 contributes to prostate cancer 
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progression[154, 155]. It was also intriguing that GRHL2 was the second most enriched 

motif in the uniquely gained sites in the Enz condition. Previous work from our lab 

identified GRHL2 as a driver of hormone therapy resistance in luminal breast cancer 

[156]. GRHL2 is also known to interact with and enhance the actions of AR as well as 

interact with and regulate the activity of AR splice variants[157]. It is possible that the 

conformation AR adopts upon binding Enz allows it to interact in an ectopic/unique 

manner with HOXB13, and GRHL2 and that this is the driver of the unique cistromes 

identified. 

We next performed an RNAseq analysis to identify the transcriptional changes 

that occur upon AR inhibition using different approaches. To integrate this data with that 

obtained from the ATACseq studies, we identified those genes that were within 50kb of 

new sites of chromatin accessibility. The changes in mRNA levels of those genes were 

then assessed. The results of this analysis can be seen in Figure 6, with many altered 

ATACseq sites being associated with genes which were determined to be AR responsive 

as measured by alterations in mRNA expression.  Figure 6A highlights the chromatin 

alterations commonly induced after AR inhibition, plotted against the corresponding 

RNA changes in the PROTAC condition. Classical AR regulated genes such as KLK3 are 

represented in this data set, falling in the lower left green quadrant, representing that this 

gene loses chromatin accessibility and is decreased at the RNA level after AR inhibition. 

Interestingly, there appears to be differing methods of regulation for these various gene 

sets as sometimes a gained chromatin accessibility site results in enhanced mRNA 

expression, whereas for other gained chromatin sites, this results in a loss of mRNA 
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expression.  Figure 6B shows the uniquely altered chromatin accessible sites after 

PROTAC treatment and the corresponding RNA changes. Figure 3C illustrates the 

unique accessible sites apparent after Enz treatment and the corresponding RNA changes. 

Notably, many of the chromatin sites gained after Enz treatment (Figure 5A, B), do 

associate with genes that have significant changes at the mRNA level, with the majority 

of them gaining expression after Enz exposure (upper right purple quadrant, Figure 6C). 

From a therapeutic perspective this is ideal as it is often easier to inhibit a protein action 

than induce activity once it is lost. 
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Figure 6: Integration of ATACseq and RNAseq 

Integration of ATACseq and RNAseq data. To integrate these datasets, uniquely 
altered ATACseq sites were identified and then associated to genes within a 50kb 
window of the peak. RNA expression change of those genes was then assessed and 
plotted against the ATACseq signal change. X-axes show the log2  fold change of 
ATACseq sites. Y-axes represent RNAseq expression levels as log2  fold change. 
Quadrants are defined as low RNA expression (LE) and low chromatin accessibility (LA) 
(LE-LA-bottom left green quadrant), high expression and low accessibility (HE, LA-top 
left red quadrant), high expression and high accessibility (HE-HA-upper right purple 
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quadrant), and low expression and high accessibility (LE-HA-bottom right blue 
quadrant). Intensity of color is indicative of p-value with darker colors being more 
significant. 
(A) ATACseq sites which were commonly lost or gained between all methods of AR 
inhibition (x-axis) and the corresponding RNA expression changes of genes associated to 
those peaks (y-axis) after PROTAC treatment. Classical AR regulated genes such as 
KLK3 can be seen in the lower left green quadrant as expected.  
(B) Unique chromatin sites and associated RNA expression changes from PROTAC 
treatment in FBS media,  
(C) Unique chromatin sites and associated RNA expression changes from Enz treatment 
in FBS media.  

 

 

2.2.3 AR Degradation Impairs Pathways Involved in Resolving DNA Damage  

We next performed KEGG analysis on the RNAseq data to identify pathways that 

are differentially altered in response to various treatments. From this analysis, we found 

that all of the DNA repair gene pathways were significantly downregulated after 

PROTAC treatment, whereas they did not score in the Enz dataset (Figure 7A). This 

piqued our interest as this could be an induced vulnerability after PROTAC treatment that 

could then be therapeutically exploited. If PROTAC treatment more effectively inhibits 

the cell’s capability to repair damaged DNA than does the current standard of care, Enz, 

this could better sensitize the cells to DNA damaging agents. It is well known that BRCA 

mutations sensitize cells to DNA damage and the use of PARP inhibitors for patients with 

BRCA germline mutations has proven very efficacious [158, 159]. Additionally, AR 

inhibition in prostate cancer enhances response to radiation [160]. This begs the question 

as to whether this enhanced effect on DNA repair pathways after PROTAC treatment is 
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due to simply better efficacy of the PROTAC in inhibiting AR, or whether it relates 

specifically to utilizing degradation vs. competitive inhibition of the receptor. 

To assess whether large changes in the expression of a few genes drove the 

enrichment in the KEGG term analysis or whether it was a reflection of changes in a 

large number of genes, we queried the expression of all of the genes that compose the 

KEGG DNA repair pathways for their changes in RNA expression after AR treatment 

(Figure 7B). PROTAC treatment decreases the expression of a large number of genes 

involved in DNA repair and this inhibition is deeper than that observed in Enz treated 

cells (Figure 7B). Inhibiting such an extensive number of genes involved in these 

pathways limits the potential escape of these cells from therapy by also repressing genes 

with redundant functions.  
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Figure 7: AR Degradation Significantly Impairs Expression of Genes of DNA 
Repair Pathways  

(A) KEGG analysis of differentially expressed genes in PROTAC or Enz compared to 
FBS-Veh. DNA repair pathways are significantly repressed after PROTAC treatment but 
not after Enz treatment. 
(B) Heatmaps of RNA expression of genes which constitute the DNA repair pathways 
identified in the KEGG analysis. PROTAC significantly impairs expression of numerous 
DNA repair genes compared to Enz. 
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This ability of AR inhibition to decrease the expression of DNA repair genes was 

confirmed by qPCR analysis, and as expected the PROTAC was the most effective of the 

two inhibitors (Figure 8A). To test whether these gene alterations would indeed obstruct 

the cells’ ability to repair damaged DNA, cells were treated with Enz or PROTAC 

followed by a PARP inhibitor (Olaparib) to induce DNA damage. Olaparib (Ola) was 

selected as the co-treatment to induce DNA damage as PARP inhibitors were recently 

approved by the FDA for treatment of prostate cancer. Cells were plated in either Enz or 

PROTAC containing media and allowed to grow for 2 days before the addition of 

Olaparib. This lead-in period was used to allow for sufficient repression of DNA repair 

genes prior to exposure to DNA damaging agent. Cells were collected on day 4, after 2 

days of exposure of Olaparib. Upon DNA damage, histone H2AX becomes 

phosphorylated (gH2AX) by ATM, which marks the site of DNA damage to recruit 

machinery to repair the DNA lesion[161]. Olaparib treatment introduces breaks in DNA 

thus facilitating gH2AX foci formation at these sites. As AR inhibition inhibits the 

expression of most of the DNA damage response genes, we expected to see an 

accumulation of gH2AX foci after AR inhibitor treatment in combination with Olaparib 

exposure. Thus, immunofluorescence was conducted to assess the levels of gH2AX, and 

as can be seen in Figure 8B, Olaparib indeed induces the formation of gH2AX foci, with 

the PROTAC+PARP inhibitor combination having foci with the highest intensity signal 

(Figure 8C). To further test for accumulation of DNA damage, alkaline COMET assays 

were performed to assess the degree of fragmented DNA.  The percent of DNA in the 

COMET tails indicates the amount of DNA damage as the damaged DNA will trail 



 

57 

behind the nucleus during the electrophoresis. The olive tail moment is the product of the 

amount of DNA in the tail and the distance between the centers of mass between the 

COMET head and tail, which provides a measurement to speak to the heterogeneity of 

the DNA damage within the population. The combination of AR inhibition plus Ola 

resulted in increased DNA content in the comet tails, as well as an increase in olive tail 

moments, with the PROTAC plus Ola combinations having the highest signal (Figure 

8D). This data in combination with the gH2AX staining, supports our conclusion that AR 

inhibition, particularly with PROTAC, hampers the ability of cells to repair damaged 

DNA. 
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Figure 8: AR Degradation Prevents Cells from Repairing DNA Damage  

(A) Validation of RNAseq data via qPCR anlaysis of representative DNA repair genes. 
PROTAC treatment inhibited all DNA repair genes tested to a greater degree than other 
methods of AR inhibition. Values are calculated as the mean expression from 3 triplicate 
wells. Error bars calculated as SEM. The experiment was repeated three times with 
similar results, and representative data are shown. 
(B) Immunofluorescence staining of DNA damage marker gH2AX in EnzR cells after 
AR inhibition with or without exposure to Olaparib. Presence of gH2AX foci are evident 
as green foci within the nucleus. Olaparib treatment resulted in formation of some 
gH2AX foci, and PROTAC+Olaparib further enhanced the accumulation of gH2AX foci, 
whereas Enz did not achieve this effect.  Ten random fields of view per sample condition 
were selected for imaging and every cell quantitated within the field of view. Experiment 
was completed three separate times with these images being representative of all 
replicates. 
(C) Quantitation of integrated intensity of gH2AX foci. The combination of 
PROTAC+Olaparib produced gH2AX foci with the highest integrated intensity. 
(D) COMET assays to assess DNA damage after AR inhibition in combination with 
PARP inhibition. AR inhibition sensitized cells to Olaparib with combo treatments 
having increased DNA content in the COMET tails and increased Olive tail moments. 
PROTAC in combination with Olaparib had the greatest effect. 

 

 

2.2.4 AR Degradation Sensitizes Cells to DNA Damage  

Accumulation of DNA damage leads to cell cycle arrest as cells repair lesions 

before replicating the DNA. If this cannot be accomplished, the accumulation of enough 

DNA damage eventually leads to cell death [162]. To test whether AR’s impairment of 

DNA repair mechanisms further sensitized cells to growth impairment from DNA 

damage induced by Olaprib, proliferation assays were run, which revealed that Ola as a 

single agent inhibits prostate cancer cell growth, and that AR inhibition by both Enz and 

PROTAC further enhances this effect (Figure 9A). To ascertain whether this impairment 

of the DNA damage response by AR inhibition could sensitize cells to DNA damage 
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induced cell death, Annexin V and SYTOX staining were used to assess for cell death 

after AR inhibition in combination with PARP inhibitor treatment and measured via flow 

cytometry. Cells were treated in the same manner described for COMET assays and IF 

staining. Upon staining for Annexin V and SYTOX, it was observed that PROTAC, and 

Enz, can actually cause a small amount of cell death as single agents, but there is an 

enhanced effect when used in combination with Olaparib (Figure 9B). The enhanced 

effect is much more prevalent with Olaparib in combination with PROTAC than that 

which is observed in Enz treated cells. Representative flow cytometry plots assessing 

positive staining for the cell death markers Annexin V and SYTOX of data generated in 

the EnzR model are shown in Figure 9B, with quantitation presented in Figure 9C. This 

enhanced cell death with the PROTAC-Olaparib combo was corroborated in additional 

prostate cancer cell lines, including AR therapy sensitive as well as AR therapy resistant 

lines (Figure 9C). This data shows there is functional benefit to combining AR inhibition 

with PARP inhibition, and that AR degradation provides additional benefit over 

competitive inhibition of the receptor. 
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Figure 9: AR Degradation Sensitizes Cells to Proliferation Inhibition and 
Cell Death Mediated by PARP inhibition  

(A) Dose response curves of combination treatments of Enz or PROTAC with Olaparib. 
Individual points on the curve represent the mean relative fluorescent intensity of 
triplicate wells per condition. DNA content was measured on Day 7. 
(B) Flow cytometry plots staining for cell death markers Annexin V (x-axis) and SYTOX 
(y-axis) after AR inhibition and Olaparib treatment. Representative flow plots from EnzR 
cells are displayed. 
(C) Quantitation of Annexin V and SYTOX flow cytometry data in LnCap, VCAP 
(androgen therapy sensitive), EnzR, 22RV1, and LnCap95 (androgen therapy resistant) 
prostate cancer cells. AR degradation sensitized cells to cell death from Olaparib in all 
models. 

 

2.2.5 AR Exerts Actions on DNA Repair Pathways Through Modulation of 
FOXM1 

We next wanted to explore the mechanism(s) by which AR regulates the 

expression of DNA repair associated genes. As an extensive number of DNA repair genes 

are altered after AR inhibition, it is likely there are additional partners involved in 

regulating these genes. Mining the ATACseq data and the results of the motif enrichment 

analysis, we observed that the motif most enriched in commonly lot sites after AR 

inhibition was a combination motif of AR and FOX. (Figure 10A). Forkhead proteins, 

most notably FOXA1, are known to interact with AR and modulate it’s transcriptional 

activities [163, 164]. This is an important finding given that a related transcription factor, 

FOXM1, is considered to be a master regulator of DNA damage[165, 166]. Thus, we 

assessed whether AR inhibition alters the expression levels of these two key forkhead 

transcription factor family members. Western blot analysis revealed that FOXM1 levels 

are significantly altered after AR inhibition, whereas FOXA1 levels remain unchanged 

(Figure 10B). Analysis of FOXM1 mRNA levels also showed a decrease after AR 
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inhibition, suggesting that it is a transcriptional regulator of the FOXM1 gene (Figure 

10C). FOXM1 is known to be transcriptionally regulated by E2F1 [167] and by signaling 

pathways in which AURKA is engaged [168]. Thus, we asked whether the expression of 

these genes was impacted by AR inhibition. Indeed, AR inhibition decreases the mRNA 

levels of both E2F1 and AURKA, with the PROTAC having the greater effect (Figure 

10D). The involvement of AR in these activities was confirmed using three different 

siRNAs targeting AR (Figure 10E, F).  In addition, analysis of DNA repair genes after 

siRNA-dependent knockdown of AR expression also showed a decrease in their 

expression similar to what is seen with Enz and PROTAC treatments (Figure 10G).  
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Figure 10: AR Inhibition Regulates FOXM1  

(A) Top motifs enriched in chromatin accessible sites which were commonly lost after all 
methods of inhibiting AR.  
(B) Western blot analysis of levels of FOXA1 and FOXM1 after AR inhibition. Levels of 
FOXM1 decrease after AR inhibition (especially with degradation) but FOXA1 levels 
remain unchanged. 
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(C) RNA analysis of FOXM1 mRNA via qPCR after AR inhibition. FOXM1 transcripts 
are significantly decreased after PROTAC treatment.  
(D) RNA analysis of known upstream regulators of FOXM1. AURKA and E2F1 mRNA 
levels were significantly decreased after AR inhibition, especially with PROTAC. 
(E) siRNA treatment of prostate cancer cells produces same effects on FOXM1 levels as 
AR inhibition via Enz or PROTAC with decreased FOXM1 protein (E) and RNA (F). 
(F) qPCR analysis of RNA levels of FOXM1 and upstream regulators E2F1 and AURKA 
after siAR 
(G) Effects seen on DNA repair genes with Enz and PROTAC are recapitulated with 
siAR. 
For all RNA experiments Values are calculated as the mean expression from 3 triplicate 
wells. Error bars calculated as SEM. The experiment was repeated three times with 
similar results, and representative data are shown. 

 

 

As degradation of AR has a greater effect on expression of DNA repair genes than 

inhibition of AR, we questioned whether both AR and FOXM1 are both needed for the 

regulation of the DNA repair genes implicated in our study. We postulated that although 

Enz treatment will reduce AR-transcriptional activity it may still be able to interact 

somewhat (directly or by cooperating at juxtaposed sites in the gene) with FOXM1 and 

thus not able to completely inhibit the expression of the DNA damage response genes. If 

this were the case then degradation of AR would be a more effective strategy to inhibit 

the expression of these genes.  To investigate this possibility we analyzed the ATACseq 

data to identify changes in chromatin accessibility within a 50kb window of the DNA 

repair genes which were significantly altered at the RNA level upon AR inhibition. 

Within the altered ATACseq sites identified, we then asked whether there was an 

enrichment for androgen response elements (AREs), AR half sites, and/or FOXM1 

motifs. Many of these motifs that were found within these altered ATACseq regions, 

contained both AR binding sites and FOXM1 binding sites. Notably, AR half sites were 



 

66 

much more prevalent than full AREs, which suggests the possibility that FOXM1 and AR 

interact in a functionally cooperative manner at these sites.  The subset of genes from this 

group with at least a 2-fold reduction in RNA expression after PROTAC treatment are 

presented in Table 2 along with their affiliated motifs.  
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Table 2: DNA Repair Genes with FOXM1 and AR Motifs 

 

Gene Motif Motif Location
Groups in which 

ATAC 
peak was lost

Gene Motif Motif Location
Groups in which 

ATAC 
peak was lost

ARE(NR) AR-halfsite(NR)
AR-halfsite(NR) AR-halfsite(NR)

AR-halfsite(NR) FOXM1(Forkhead)

FOXM1(Forkhead) AR-halfsite(NR)
FOXM1(Forkhead) AR-halfsite(NR)
FOXM1(Forkhead) ARE(NR)
AR-halfsite(NR) AR-halfsite(NR)

FOXM1(Forkhead) AR-halfsite(NR)

AR-halfsite(NR) AR-halfsite(NR)
FOXM1(Forkhead) AR-halfsite(NR)

AR-halfsite(NR) AR-halfsite(NR)
within 20kb 
upstream

AR-halfsite(NR) AR-halfsite(NR)

AR-halfsite(NR) AR-halfsite(NR)
FOXM1(Forkhead) AR-halfsite(NR)
AR-halfsite(NR) AR-halfsite(NR)

FOXM1(Forkhead) AR-halfsite(NR)
FOXM1(Forkhead) AR-halfsite(NR)
AR-halfsite(NR) FOXM1(Forkhead)
FOXM1(Forkhead) FOXM1(Forkhead)
AR-halfsite(NR) AR-halfsite(NR)
AR-halfsite(NR) ARE(NR)

FOXM1(Forkhead) AR-halfsite(NR)
AR-halfsite(NR) AR-halfsite(NR)

AR-halfsite(NR)
within 20kb

 downstream
Unique to PROTAC AR-halfsite(NR)

AR-halfsite(NR) AR-halfsite(NR)
AR-halfsite(NR) AR-halfsite(NR)
FOXM1(Forkhead) AR-halfsite(NR)
AR-halfsite(NR) AR-halfsite(NR)

FOXM1(Forkhead) AR-halfsite(NR)
within 20kb 
upstream

AR-halfsite(NR) FOXM1(Forkhead)

AR-halfsite(NR) AR-halfsite(NR)
AR-halfsite(NR) AR-halfsite(NR)
AR-halfsite(NR) AR-halfsite(NR)

AR-halfsite(NR) FOXM1(Forkhead)
AR-halfsite(NR) AR-halfsite(NR)

AR-halfsite(NR) ARE(NR)
AR-halfsite(NR) FOXM1(Forkhead)

AR-halfsite(NR) FOXM1(Forkhead)
within 20kb 
upstream

Unique to PROTAC

AR-halfsite(NR) AR-halfsite(NR)
ARE(NR) AR-halfsite(NR)
AR-halfsite(NR) AR-halfsite(NR)

AR-halfsite(NR) AR-halfsite(NR)

AR-halfsite(NR) AR-halfsite(NR)

FOXM1(Forkhead) AR-halfsite(NR)

AR-halfsite(NR) FOXM1(Forkhead)
FOXM1(Forkhead) AR-halfsite(NR)
FOXM1(Forkhead) AR-halfsite(NR)
FOXM1(Forkhead) FOXM1(Forkhead)
AR-halfsite(NR) FOXM1(Forkhead)
AR-halfsite(NR) FOXM1(Forkhead)
FOXM1(Forkhead) AR-halfsite(NR)
AR-halfsite(NR) AR-halfsite(NR)
AR-halfsite(NR) AR-halfsite(NR)
AR-halfsite(NR) FOXM1(Forkhead)
AR-halfsite(NR) AR-halfsite(NR)
AR-halfsite(NR) ARE(NR)
AR-halfsite(NR) FOXM1(Forkhead)
AR-halfsite(NR) FOXM1(Forkhead)
AR-halfsite(NR) AR-halfsite(NR)

AR-halfsite(NR)
within 20kb 
upstream

Unique to PROTAC

Unique to PROTAC

within gene

within 20kb 
downstream

within gene

within gene

Unique to PROTAC

Common

Common

TOPBP1

XRCC2

within gene

within gene

within 20kb 
downstream

within gene

within 20kb 
upstream

within gene

Unique to PROTAC

Unique to PROTAC

Common

Unique to PROTAC

POLE2

RAD54L

RFC3

RFC4

RMI1

RPA3

within 20kb
upstream

within gene

within 20kb 
upstream

within 20kb 
downstream

Common

Common

Common

Common

Unique to PROTAC

Common

HMGB1

NEIL3

PARP1

PCNA

within 20kb 
downstream

within 20kb 
downstream

within gene

within 20kb
 upstream

within gene

Common

BRIP1

DDB2

FANCI

FSBP

Common

Unique to PROTAC

Common

Unique to PROTAC

Within geneBLM Unique to PROTAC

within gene

within 20kb 
downstream



 

68 

Representative DNA tracks covering regions where an accessibility peak is lost after AR 

treatment are shown in Figure 11 as are the motif enrichment within the peaks. Figure 

11A displays peaks which are lost with PROTAC treatment but not Enz, whereas peaks 

in 11B are decreased in all AR inhibition groups, but with PROTAC having the greatest 

effect. ChIP assays will confirm the presence of AR and or FOXM1 binding at these loci 

and how AR inhibition vs. degradation affects this recruitment. Optimization of ChIP 

conditions for FOXM1 are currently underway, and preliminary AR results suggest AR 

does bind these locations with the least recruitment seen in PROTAC treated samples.  
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Figure 11: AR and FOXM1 Motifs Enriched in Altered Chromatin 
Accessible Sites Associated with DNA Repair Genes  

(A) Representative DNA tracks of DNA repair genes with altered chromatin accessibility 
after AR inhibition and enrichment of FOXM1 and AR motifs within these altered 
chromatin accessible sites. Some DNA repair genes have loci in which an ATACseq peak 
is only lost after PROTAC treatment (A), whereas other peaks are lost commonly with 
AR inhibition (B). 
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2.2.6 AR Inhibition in Combination with PARP Inhibition Provides 
Functional Benefit in Vivo in a Model of Enzalutamide Resistance  

As we demonstrated beneficial effects of combining AR inhibition and PARP 

inhibitors in vitro, we next move to test the extent to which this positive activity of the 

two drugs was recapitulated in vivo. If progressed to the clinic, this new combination 

therapy would first be tested in patients that had progressed during the current standard of 

care, Enz, so our enzalutamide resistant model (EnzR) was selected for these in vivo 

studies. EnzR cells were injected into intact male NSG mice, and once a palpable tumor 

formed, animals were randomized to the various treatment groups. Animals received AR 

inhibition treatment 3 days prior to the addition of Olaparib to allow for downregulation 

of DNA repair genes and to prime the cells for exposure to this DNA damaging agent. In 

this study we sought to investigate whether there was added benefit to combining 

Olaparib with AR inhibition, and additionally, whether PROTAC in combination with 

Olaparib worked better than Enz plus Olaparib. While PROTAC treatment did have an 

effect on tumor growth (Figure 12A,B), upon western blot analysis it was found that 

degradation of the AR with PROTAC treatment was not achieved in vivo (Figure 12C).   
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Figure 12: AR Inhibition in Combination with PARP Inhibition Slows 
Primary Tumor Growth in a Model of Enzalutamide Resistance  

(A) Intact male NSG mice bearing EnzR xenograft tumors were randomized to treatment 
with Veh, 30mg/mL Enz or 10mg/kg PROTAC. Groups were then further subdivided to 
receive either Veh or 50mg/kg Olaparib. Doses of PROTAC were increased to 20mg/kg 
on day 13, and then 30 mg/kg on day 28 as analyses of mice sacrificed halfway through 
the study showed that no AR degradation was being achieved with the current doses of 
PROTAC. Data presented indicate the average tumor volume for each group (mean ± 
SEM) at each time point of tumor measurement. Two-way ANOVA analysis followed by 
Bonferroni multiple-comparison test detected significant differences between the Veh 
control and PROTAC, PROTAC+Ola and Enz+Ola treatment groups between days 18-26 
(*p < 0.05). 
(B) Waterfall plots showing the tumor size of each mouse per treatment group relative to 
the average tumor size of the Veh treated tumors on the final day of the study (Day 26).  
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(C) Representative western blots of tumor lysates from the different treatment groups 
probed for AR, FOXM1, and Actin. The same 3 Veh samples were used on each blot. 
The AR antibody detected multiple bands that migrate at lower molecular weight than 
canonical full-length AR, possibly indicating the emergence of AR splice variants in the 
in vivo setting. Two separate AR antibodies detected these potential splice variant bands.  

 

Unfortunately, PK analysis revealed extremely low intratumoral levels of drug 

(Table 3), likely explaining the lack of degradation and or tumor inhibitory activity. It 

should be noted however, that we are the first (reported) group to study this compound in 

vivo.  

Table 3: PK Analysis of EnzR Xenograft Samples 

 

 However, when evaluating Enz treatment groups, the addition of Olaparib to Enz 

did produce a statistically significant decrease in tumor growth rate that was not seen 

when Enz or Ola were administered as single agents (Figure 12A). Although no 

significant change in FOXM1 levels were seen in response to Enz treatment in vivo 

Animal # Plasma (μM) Tumor (μM)
VHL_#446 14.3 0.117
VHL_#447 3.15 0.185
VHL_#448 3.22 2.31
VHL_#462 27.1 0.579
VHL_#757 3.18 0.518
VHL_#758 2.73 0.303
VHL_#759 5.14 0.251
VHL_#898 3.01 2.31
VHL_#789 2.04 0.404
VHL_#423 3.01 NS
VHL_#424 2.60 0.321
VHL_#443 3.33 0.523
VHL_#444 2.69 0.360
VHL_#453 2.31 0.323
VHL_#787 1.03 0.317

Plasma LOQ ( µM): 0.000686
Tumor LOQ ( µM): 0.00549

Animal # Plasma (μM) Tumor (μM)
VHL+Olap_#412 2.67 NS
VHL+Olap_#413 2.68 0.338
VHL+Olap_#436 NS NS
VHL+Olap_#437 3.34 NS
VHL+Olap_#439 4.26 0.391
VHL+Olap_#432 3.49 0.336
VHL+Olap_#783 3.32 0.136
VHL+Olap_#784 3.06 0.313
VHL+Olap_#399 3.25 NS
VHL+Olap_#429 10.5 0.130
VHL+Olap_#434 2.37 0.331
VHL+Olap_#386 2.58 0.541
VHL+Olap_#900 3.58 0.413
VHL+Olap_#397 1.93 0.118
VHL+Olap_#382 3.08 0.454

Plasma LOQ ( µM): 0.000686
Tumor LOQ ( µM): 0.00549

BLQ: below the limit of quantitation
NS: no sample
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(Figure 12C), protein analysis of these samples revealed that there are additional isoforms 

or variants of AR which are present in this model in vivo compared to what is seen in 

vitro. Therefore, the levels of FOXM1 could possibly be controlled by these AR variants, 

which may not be inhibited by Enz. It is possible that the AR variant needs to interact 

with full length AR to be able to cooperate with FOXM1 to control DNA repair genes. 

This could explain why there was some effect when combining Enz with Ola, as Enz 

could still act on the full length form of AR thus still providing some inhibitory actions.  

Future studies will assess the ability of FOXM1 to interact with AR and relevant AR 

variants, and is further discussed in Chapter 4. Of consequence, while the efficacy 

appears to be somewhat tempered when AR variants are present, it is important to 

emphasize that this treatment combination still provides benefit even in the presence of 

AR variants. This is clinically relevant as increased expression of the variants is one of 

the common resistance mechanisms that results in endocrine therapy failures in patients, 

and these findings suggest there would still be utility in this combination for these 

patients.  

 

2.3 Discussion 

As initial trials of PROTACs in prostate cancer showed promising results for 

CRPC patients, the impetus to perform these studies was to see if there are functional 

differences which may differentiate strategies that are used to achieve AR inhibition. We 

have approached this issue by evaluating the impact of different interventions on 

chromatin structure in cancer cells as a means to identify proximal transcriptional events 
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that may differ between drug types. This knowledge could reveal new vulnerabilities 

which could be therapeutically exploited and inform upon the development of next line 

therapies for patients.  A key finding in this study was the observation that different 

methods of AR inhibition induce distinct changes in the global chromatin landscapes and 

that this correlates to the differential regulation of genes that are important in prostate 

cancer pathobiology.  Notable was the observation that inhibition of AR signaling via 

Enz, PROTAC, or CFS result in different cistromes, and that many of the uniquely 

gained accessible sites in the FBS-Enz condition are growth factor dependent. 

Interestingly, these chromatin landscapes appear to be driven by a unique set of 

transcription factors in the various conditions. The enrichment of HOX and GRHL2 

motifs in the ATACseq sites gained in the FBS-Enz condition is especially intriguing as 

we and others have shown that HOXB13 is associated with more advanced prostate 

cancer[154] and we have also shown that GRHL2 becomes more active and drives 

endocrine therapy resistance in luminal breast cancer[156]. Strikingly, all of the unique 

chromatin sites seen after Enz treatment were abrogated when cells were grown in CFS 

media, suggesting significant crosstalk with growth factor signaling pathways. This 

finding highlights the importance of studying future androgen therapies in the presence of 

growth factors. As resistance inevitably develops to Enz treatment in the advanced 

prostate cancer setting, studying this gained signaling in the full media background 

(which may more faithfully recapitulate in vivo biology) could elucidate how cells are 

reprogramming their genomes to eventually escape inhibition from Enz treatment. It will 

be important to further characterize these unique functions induced by Enz treatment to 
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better understand resistance, and studying future drugs in these conditions may allow for 

selection of ones which may not have these unintended effects. 

It is also compelling that LHX motifs were found to be enriched in chromatin that 

becomes more accessible after PROTAC treatment. A significant clinical problem in the 

management of PCa is the emergence of therapy resistant tumor cells that exhibit 

neuroendocrine features in up to 30% of patients on endocrine therapy.  It is now 

believed that while AR targeted therapy initially helps inhibit most prostate cancers, it 

also seems to select for cells that exhibit a neuroendocrine phenotype.  Studies which 

have transdifferentiated prostate cancer cells into a neuroendocrine state by genetic 

knockout of Rb and p53, have seen an enrichment in LHX motifs in the chromatin sites 

that are unique to the cells exhibiting the neuroendocrine phenotypes[127]. In working 

with AR-targeting PROTACs, it is evident that they inhibit AR signaling exceptionally 

well, but this is also accompanied by changes in plasticity in these cells. AR inhibition, 

especially via degradation, appears to bring the cells to a more undifferentiated state, 

almost primed to adopt a new identity, which will ultimately be influenced by factors in 

the tumor microenvironment. Clinical trials utilizing AR-PROTACs have demonstrated 

promising results thus far, providing benefit to CRPC patients in a Phase I/IIa trial. 

Studies which collect patient samples throughout the course of PROTAC treatment will 

enable an examination of the relationship between degree of AR inhibition and the 

emergence of the neuroendocrine phenotype. Studies such as these will be important as 

they will speak to the long term viability of approaches to achieve extreme inhibition of 

AR signaling in PCa.   
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From these studies investigating the differences between utilizing an AR degrader 

vs. competitive antagonist we discovered that AR degradation impairs the ability of cells 

to repair damaged DNA. We were able to show that AR inhibition decreases the 

expression of numerous genes involved in the DNA damage response, and studies 

looking at markers of DNA damage such as �H2AX and fragmented DNA, illustrated 

that the ability of cells to repair damaged DNA after exposure to the PARP inhibitor 

Olaparib is attenuated by co-treatment with AR antagonists.  This impairment of the 

DNA damage response by AR inhibition had functional consequences, as it was found to 

sensitize cells to Olaparib resulting in increased cell death; an activity that was most 

apparent in the  PROTAC+Ola combination treatment groups. 

Digging deeper into how AR inhibition could be eliciting these effects, we found 

that AR regulates the expression of FOXM1, a transcription factor and a key regulator of 

the expression of genes involved in the DNA damage response. We discovered that this 

regulation by AR is at least partially at the transcriptional level, and that AR inhibition 

also decreases upstream mediators of FOXM1 transcription, such as E2F1 and AURKA. 

These effects were observed in cells that modeled endocrine therapy sensitive and 

endocrine therapy resistant disease. Motif enrichment analysis of the chromatin 

accessible regions relating to DNA repair genes which were altered after AR inhibition, 

revealed that many exhibit the feature of sites that we classify as hybrid AR/FOXM1 

binding sites. ChIP-qPCR experiments will reveal how AR inhibition via Enz or 

PROTAC affects AR an/or FOXM1 recruitment at these sites, but we surmise that AR 

may physically interact with FOXM1 and/or other transcriptional complex components to 
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regulate the DNA damage response, and that the loss of this receptor allows for further 

loss of function at these sites than competitive inhibition can achieve. A schematic of the 

proposed mechanism is shown in Figure 13. 

 

Figure 13: Proposed Mechanism of AR and FOXM1 Regulation of DNA Repair 
Gene Expression 

 

While our hypothesis that AR is physically needed to interact with FOXM1 to 

best regulate DNA damage response gene expression, could ultimately not be assessed in 

vivo due to the PROTAC not achieving degradation of AR in vivo, we believe that 

optimization of the PROTAC to work in the in vivo setting would produce greater 

efficacy when combined with PARP inhibitor, or other DNA damaging agent, compared 
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to that from Enz exposure with PARP inhibitor/DNA damaging agent. Nevertheless, we 

did show that there was a benefit to combining Enz with Olaparib even in a model of 

Enzalutamide resistance.  Ongoing work in our lab is investigating if this AR-inhibitor 

induced vulnerability (i.e. down regulation of DDR genes), can be exploited using other 

DNA damaging agents such as platinum based chemotherapies, radiation, and BRD4 

inhibitors, which induce replication stress and therefore ultimately also induce DNA 

damage. We also now have newer PROTACs which exhibit improved PK properties to 

the one utilized in these studies, and thus will be better suited to use in in vivo studies to 

test the effects of AR inhibition in combination with these other DNA damaging agents. 

Additionally, this work highlights the importance of AR in regulating a cell’s response to 

DNA damage. Many cancers besides prostate cancer also express AR. While AR may not 

be the main proliferative driver in some of these tumors, targeting AR could still expose 

this vulnerability to DNA damaging agents in these cancers. Thus there may be utility in 

targeting AR, especially via degradation, in other cancers beyond prostate cancer. 
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3. LYPD3: an Actionable Vulnerability in Endocrine Therapy 
Resistant Breast Cancer 

3.1 Overview 

Just as prostate cancer is the most common cancer in men, breast cancer is the 

leading cause of cancer in women, with 30% of all women’s cancers being attributed to 

breast cancer, and one in eight women developing breast cancer in their lifetime [1]. This 

chapter will discuss endocrine therapies in the context of breast cancer, with a focus on 

the aberrant signaling that occurs as these cancers progress to a more malignant state. The 

work done in collaboration with Dr. Kimberly Cocce (former graduate student) will be 

presented as it led to the identification of epigenetic changes and alterations to chromatin 

structure which manifest as a result of endocrine therapy resistance.  This is turn enabled 

the  discovery of a novel signaling axis that is activated within cancer cells after 

progression on endocrine therapy, which can be therapeutically targeted to inhibit 

primary tumor growth. This collaboration led to further studies to characterize the 

biology of this novel signaling axis, centering on the actions of a key node of this 

pathway, LY6/PLAUR Domain Containing 3(LYPD3). Studies probing the contributions 

of LYPD3 in tumor progression and metastasis are discussed as well as the complex 

layers of regulation of this protein which will need to be further characterized for optimal 

development of therapeutics in this space.    

3.2 Hormone Therapy Resistance in Breast Cancer 

Breast cancer can be categorized into four main molecular subtypes, defined by 

the expression of key receptor proteins. Luminal A breast cancer is characterized by the 
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presence of both estrogen receptor (ER/ESR1) and progesterone receptor (PR), and is the 

most common subtype. Luminal B breast tumors are hormone receptor positive (ER 

and/or PR+) and may have expression of the human epidermal growth factor 2 (HER2). 

These also tend to grow faster than the luminal A subtype and have high levels of Ki-67 

staining. A third subtype is defined by the overexpression of HER2, with no ER or PR 

expression. When all three of these receptors are absent, this constitutes the fourth class 

of breast cancer called triple negative breast cancer (TNBC), which tend to be highly 

aggressive. The majority of breast cancers are of the luminal A subtype, for which the 

standard of care involves inhibiting the actions of the estrogen receptor (ER). Similar to 

what was described for the androgen receptor, ER upon activation with an agonist will 

dimerize, translocate to the nucleus, and bind estrogen response elements within the DNA 

to then recruit transcriptional machinery and regulate transcription of target genes. 

Among the most commonly used drugs to inhibit the actions of ER in these cancers are 

the selective estrogen receptor modulator (SERM) tamoxifen, and the aromatase 

inhibitors (AIs) letrozole, anastrozole, or exemestane, which are competitive inhibitors of 

the enzyme CYP19, the enzyme responsible for the conversion of androgens to estrogens 

[169, 170]. Both of these treatment modalities effectively inhibit ER signaling, but it has 

been observed that as some tumors progress they acquire the ability recognize tamoxifen 

as an agonist.  This has resulted with AIs now being used for front-line endocrine therapy 

in the adjuvant setting in postmenopausal or high-risk premenopausal patients[169]. 

Tamoxifen is primarily used in the adjuvant setting for premenopausal patients with low 

risk of recurrence. Although initial response rates to these treatments are high, the 
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relatively rapid development of resistance to these interventions remains an impediment 

to durable responses. Even after the recommended five years of endocrine adjuvant 

therapy, the risk of recurrence remains between 1-4% per year, with 33% and 20% of 

patients developing resistance to either tamoxifen or aromatase inhibitors, respectively 

[171, 172]. Resistance mechanisms are varied, but a defining characteristic seen in these 

tumors is that the ER often remains involved in the regulation of processes integral to the 

tumor survival, and as such, it has remained a target for development of the next 

generation therapeutics. 

After progression on front-line endocrine therapy, selective estrogen receptor 

downregulators (SERDs) are employed, for which the only approved drug is fulvestrant. 

These compounds act as antagonists, competitively binding to the ligand binding pocket 

of ER, and this inhibitory activity is reinforced by a drug-induced conformational change 

that targets the receptor for proteasomal degradation [173, 174]. While fulvestrant does 

provide some benefit to patients, it only extends the median time to progression by ~ 10 

months, and due to its poor pharmaceutical properties, needs to be administered as a large 

bolus in an intramuscular injection, thus limiting its clinical utility. There has therefore 

been  considerable interest in developing an orally available SERD (or SERM) which has 

similar efficacy as fulvestrant in inhibiting ER, but which can achieve tissue exposure 

levels that are high enough to saturate the receptor. Currently, there are thirteen SERDs in 

clinical development. Despite advances in this space, resistance does appear to inevitably 

develop in nearly all patients. 
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Resistance to endocrine therapies emerges via numerous mechanisms, many of 

which are similar to those which confer resistance to endocrine therapies in prostate 

cancer. These include alterations which modulate the activity of ER itself, such as 

amplification of the receptor, alternative splicing of the receptor, activating point 

mutations in the ligand binding domain, post-translational modification of ER, and/or 

alterations in the expression or post-translational modification of ER-coregulators, which 

ultimately affects the transcriptional activity of ER.  

Phosphorylation of ER or its attendant coregulators is a major pathway of 

resistance with these alterations affecting nuclear localization as well as the activity of 

these components. This is intertwined with growth factor signaling as activation of these 

growth factor pathways is the stimulus to activate these kinases. Phosphorylation on 

serine residues within ER near the amino terminus facilitate nuclear translocation and 

permit constitutive activation of the AF-1 domain (one of two domains responsible for 

coregulator interactions); an activity that occurs upon treatment with either E2 or 

tamoxifen. The kinases MAPK, MEKK1, and PI3K/AKT have all been implicated in 

activating the ER pathway either by direct phosphorylation of ER, or through 

phosphorylation of its attendant coregulators [175-178]. MEKK-1 was also shown to 

phosphorylate and increase the export of the transcriptional corepressor SMRT from the 

nucleus. Elevated levels of EGFR and MAPK signaling after prolonged exposure to 

tamoxifen or fulvestrant exposure in vitro suggest that this is a possible escape 

mechanism from targeted therapy [179]. Further, tamoxifen resistant tumors often have 

upregulated levels of HER2, but are still responsive to fulvestrant or aromatase inhibitors, 
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suggesting that HER2 activity is altering the activity of ER in the presence of Tam to 

promote tumor progression. Indeed, preclinical studies have shown that the efficacy of 

tamoxifen can, at least in part, be partially restored in HER2-overexpressing resistant 

models by utilizing HER2 inhibitors [180-182]. The use of inhibitors of growth factor 

activated tyrosine kinase has also been shown to delay the development of tamoxifen 

resistance both in vitro and in vivo. While these actions of growth factor signaling 

contribute to resistance via enhancement of ER activity, cells can also exhibit de novo 

resistance to endocrine therapy through dependence on growth factor pathways, or can 

acquire resistance through hyperactivation of growth factor signaling in a manner that 

does not involve ER activation. Indeed, preclinical data has demonstrated that increased 

growth factor signaling from EGF, IGF-1, and TGFb treatments can downregulate ER 

protein expression [183-185]. This is further corroborated with studies which 

overexpressed constitutively active forms of HER2, MEK1 and Raf1, resulting in a 

decrease in ER levels and subsequent downstream signaling [186-188].  

The actions of the ER can also be enhanced by activating mutations. These appear 

to be more prevalent after the use of AIs as compared to tamoxifen. With the continued 

use of AIs as standard of care, the emergence of gain of function point mutations in the 

ligand binding domain of ESR1 which confer resistance to AIs is now seen in 40% of 

metastases. The two most common of these being Y537S, and D538G (ERY537S, and 

ERD538G ), accounting for 70% of the mutations seen in ESR1 in metastatic tumors [189-

192]. When expressed at high levels, these mutations decrease the efficacy of the 

currently approved endocrine therapies. However, a study from our lab, revealed that the 



 

84 

actions of the mutants are dependent upon their ratio to ERWT, and that the decreased 

potency of most antagonists against these two mutations can be abrogated if significant 

exposure is achieved in tumors to offset this decreased potency [193]. Therefore, 

increasing overall tumor exposure is a focus in the development of novel antiestrogens. 

Of note, the same study also identified a SERM, lasofoxifene, the antagonist activity of 

which was not affected by the Y537S, and D538G mutations [193], suggesting that it’s 

possible to develop mechanistically/structurally different SERMs to treat tumors with the 

ESR1 mutants. Additional new approaches are now in clinical development to try to 

address this decreased affinity of compounds to the ESR1 mutants, one being the use of 

Selective Estrogen Receptor Covalent Antagonists (SERCAs) [194, 195]. One SERCA is 

currently in clinical trials (NCT03250676) for patients progressing on endocrine therapy 

with metastatic breast cancer.  This is an interesting approach as the covalent binding will 

mitigate the reduced affinity of the ligand to the mutants, but as this first SERCA utilizes 

a backbone similar to tamoxifen, there is concern about progression where the receptor 

recognizes this ligand as an agonist, as is seen with tamoxifen. 

Beyond cellular alterations which modify the actions of ER itself, in resistance, 

the activity of additional pathways unrelated to ER signaling may become upregulated, 

providing an escape for the cells despite inhibition to the ER axis. With increased 

activation of these parallel signaling pathways, this can also create collateral 

vulnerabilities if the cells are overly reliant upon these escape routes. A schematic 

outlining the various routes by which resistance to endocrine therapy can emerge is 

presented in Figure 14. With this in mind, the work discussed in the subsequent sections 
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set out to determine what common pathways manifest after endocrine therapy, and 

whether any of these could be therapeutically exploited to provide benefit in the setting of 

endocrine therapy resistance.  

 

 

Figure 14: Estrogen Receptor Action and Common Resistance Pathways to 
Endocrine Therapy 

The emergence of resistance to endocrine therapies remains a problem to durable 
clinical response in ER+ breast cancer. This schematic details the common pathways that 
emerge to confer resistance to endocrine therapies. These are highlighted in red boxes. A 
switch to recognizing a SERM as an agonist instead of antagonist, activating point 
mutations in the ligand binding domain that confer constitutive activity, cross-talk with 
growth factor signaling to activate ER, and upregulation of parallel signaling pathways to 
compensate for inhibition of ER are all common resistance mechanisms.   
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2.3 GRHL2/LYPD3/AGR2 Signaling Axis and Breast Cancer Progression 

This section begins with work done in collaboration with another member in the 

McDonnell Lab, Dr. Kimberly Cocce. As just discussed, the utility of endocrine therapies 

in luminal breast cancers is limited by the almost inevitable development of resistance. 

Given this, in this work we undertook a study to identify and exploit targetable 

vulnerabilities that were manifest in endocrine therapy resistant disease. The most 

significant findings that emerged from this work are described in manuscript titled, “ The 

Lineage Determining Factor GRHL2 Collaborates with FOXA1 to Establish a Targetable 

Pathway in Endocrine Therapy-Resistant Breast Cancer” [156] (citation below). This 

collaboration resulted in the identification of the GRHL2/LYPD3/AGR2 axis as a 

targetable node in endocrine therapy resistant luminal breast cancer the exploitation of 

which led to two new approaches to inhibit tumor growth. The portions of this work 

discussed here are those which focus on the downstream actions of GRHL2 through 

LYPD3, as these findings were the impetus for the later studies conducted which probed 

LYPD3 signaling and how this impacted tumor cell biology. Subsequent sections of this 

chapter will discuss the ongoing work to uncover LYPD3’s role in metastasis. 

 

 

Cocce KJ, Jasper JS, Desautels TK, Everett L, Wardell S, Westerling T, Baldi R, 

Wright TM, Tavares K, Yllanes A, Bae Y, Blitzer JT, Logsdon C, Rakiec DP, Ruddy 

DA, Jiang T, Broadwater G, Hyslop T, Hall A, Laine M, Phung L, Greene GL, Martin 

LA, Pancholi S, Dowsett M, Detre S, Marks JR, Crawford GE, Brown M, Norris JD, 
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Chang CY, McDonnell DP, The Lineage Determining Factor GRHL2 Collaborates with 

FOXA1 to Establish a Targetable Pathway in Endocrine Therapy-Resistant Breast 

Cancer. Cell Rep, 2019. 29(4): p.889-903 e.10. 

2.3.1 LYPD3: a Targetable Downstream Mediator of GRHL2 Signaling 

Upon looking at the global chromatin landscape in models of endocrine therapy 

resistance, Dr. Cocce discovered that as luminal breast cancers develop endocrine therapy 

resistance, they adopt a novel genetic signature which is driven by enhanced actions of 

Grainyhead- Like Transcription Factor 2 (GRHL2) cooperating with the transcription 

pioneering factor FOXA1. Using immunohistochemical staining (IHC) of tissue 

microarrays we demonstrated that increased levels of GRHL2 track with reduced time to 

recurrence in postmenopausal breast cancer patients on endocrine therapy (Figures 15A 

and 15B).  
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Figure 15: Increased GRHL2 Protein Expression Is Associated with 
Tamoxifen Resistance and Decreased Time to Recurrence 

(A) Representative immunohistochemistry examples (with scores 1, 2, and 3; 1 = low, 3 
= high) from breast tumor tissue microarray stained with GRHL2 antibody. Scale bar, 
200 μm. 
(B) Kaplan-Meier estimator of time to recurrence (RFS, months) of tumors derived from 
patients with ER-positive disease, stratified on the basis of GRHL2 protein expression. 
Statistical significance was determined using log rank test, with p = 0.013. n = 47. 
Because of the small sample size and no events at level 1, hazard ratios are not estimable. 

 

 

As GRHL2 is not seen as a pharmacologically targetable protein by small 

molecules (as yet), we investigated whether there were proteins/processes downstream of 

GRHL2 which could be targeted for therapeutic intervention. To identify these possible 

targets, we mined the datasets generated in this study for genes (1) that were associated 

with a FOXA1 binding event (within 10 kb) and whose expression in our tamoxifen 

resistant cell line (TAMR) was increased relative to the hormone therapy sensitive 
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parental line (MCF7-WS8), (2) exhibits increased H3K27Ac (a measure of enhancer 

activity), and which overlaps with a GRHL2 binding event; and (3) whose expression 

was decreased upon siRNA-mediated knockdown of GRHL2 relative to siCtrl in TAMR 

cells. The expression of genes which met these criteria were further evaluated for their 

expression in MCF7-WS8 and TAMR tumor models (Figure 16A, B). This analysis led 

to the identification of many potential mediators. One of particular interest was 

Ly6/PLAUR domain-containing protein 3 (LYPD3, also known as C4.4A) as this protein 

is expressed on the cell surface, thus making a likely target. Further, our lab has 

previously shown that expression of its ligand, the disulfide isomerase Anterior Gradient 

2 (AGR2), is highly induced by estradiol in breast cancer cells and tumor xenografts, but 

in endocrine therapy resistance it escapes regulation by ER and helps drive a more 

malignant phenotype in these cells [196].  
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Figure 16: Identification of Potential Downstream Mediators of GRHL2 

(A) Heatmap indicating relative mRNA expression of genes in TAMR xenograft tumors 
treated with tamoxifen relative to MCF7-WS8 xenograft tumors treated with estradiol, 
which meet the following criteria: (1) within a 10 kb window of a FOXA1 binding event 
that is increased in TAMR cells associated with a significant increase in H3K27Ac 
relative to MCF7-WS8 and overlaps with a GRHL2 binding event; (2) the expression of 
which is increased in TAMR versus MCF7-WS8; and (3) the expression is decreased 
with siGRHL2 relative to control siRNA in TAMR cells on the basis of RNA-seq. 
(B) LYPD3 mRNA was assessed in MCF7-WS8 and TAMR tumors; n = 3 xenograft 
tumors per group. Error bars are SEM. 

 

LYPD3 is a glycophosphatidylinositol (GPI) anchored protein that associates with 

lipid rafts on the surface of cells. The few studies that have examined the function of this 

protein have shown it to associate with exosomes, integrins, and other adhesion 

molecules; however, functional characterization of this protein is still not complete [197, 

198]. While the role(s) of LYPD3 in tumor progression are presently unclear, its 

expression strongly correlates with metastasis in various tumor types [156, 199-201]. The 

presence of LYPD3 is a marker for poor prognosis not only in breast cancer, but also in 

pancreatic, renal, colorectal and non-small cell lung cancer [199, 202-205]. One study in 
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pancreatic cancer saw a delay in development of metastases after genetic knockdown of 

LYPD3[198]. Additionally, in the setting of pancreatic cancer, the use of monoclonal 

antibodies targeting LYPD3 significantly impaired primary tumor growth [206]. LYPD3 

is also poorly expressed in nonmalignant tissues, being preferentially expressed on cancer 

cells, making it an ideal drug candidate. As such some companies have started to develop 

auristatin based antibody-drug-conjugates which target LYPD3 to deliver the toxic 

payload specifically to cancer cells[207]. Bayer pharmaceuticals has seen success 

utilizing this approach in preclinical models of NSCLC. 

Given this information, we wanted to see if GRHL2 did indeed regulate LYPD3 

expression in models of endocrine therapy resistance and whether targeting this protein 

could hamper tumor growth in breast cancer. Using siRNA targeting GRHL2 we showed 

that LYPD3 expression is dependent on GRHL2, at both the RNA and protein levels 

(Figure 13A, B). IHC analysis of LYPD3 staining on patient tissue microarrays revealed 

that the presence of LYPD3 staining negatively correlates with time to recurrence (Figure 

13C, D).  
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Figure 17: LYPD3 is a GRHL2 regulated Protein Which is Overexpressed in 
Endocrine Therapy Resistance and Associates with Decreased Time to Recurrence 

LYPD3 mRNA (A) and protein (B) expression in TAMR cells following GRHL2 
knockdown. RNA expression was assessed using qPCR, with the bars representing the 
fold change in CT values from three triplicate wells per condition, with error bars 
representing SEM. Protein was assessed using western blot using the indicated 
antibodies. Significance was determined using one-way ANOVA with Bonferroni’s test. 
*p < 0.05. This experiment was repeated three times with similar results, and 
representative data are shown. 
(C) Representative immunohistochemistry examples from breast tumor tissue microarray 
stained with LYPD3 antibody. Scale bar, 200 μm 
(D) Kaplan Meier-estimator of time to recurrence (RFS, months) of tumors derived from 
patients with ER-positive disease, stratified on the basis of LYPD3 protein expression (0 
= no staining, 1 = positive staining). Statistical significance was determined using log 
rank test, with p = 0.011, n = 47. Hazard ratio (HR) was determined using univariate Cox 
proportional-hazards model (p = 0.016). 
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To test whether there was functional benefit to inhibiting this protein, siRNAs 

targeting LYPD3 were utilized to inhibit its expression. It was observed that each of three 

different sequences targeting LYPD3 significantly impaired cell proliferation (Figure 18 

A). Working with a collaborator at Viba Therapeutics, we were able to show that anti-

LYPD3 or anti-AGR2 monoclonal antibodies significantly inhibited TamR xenograft 

primary tumor growth (Figure 18B, C respectively). Of clinical relevance, both 

treatments were as effective as the selective estrogen receptor downregulator (SERD) 

fulvestrant, which is the current standard of care for patients who have progressed on 

tamoxifen or aromatase inhibitor therapy. However, no benefit was seen by combining 

LYPD3/AGR2 inhibition with fulvestrant.  

 

 

Figure 18: LYPD3 as a Candidate Drug Target for the Treatment of 
Aggressive Luminal Cancer 

(A) TAMR cells were transfected with siCtrl or three unique siRNA sequences targeting 
LYPD3 and monitored for 9 days. Individual points on the curve represent the mean 
relative fluorescent intensity of triplicate wells per condition on that day. Error bars 
calculated as SEM. The experiment was repeated three times with similar results, and 
representative data are shown.  
(B) Tamoxifen-treated J:nu mice bearing TamR xenograft tumors were randomized to 
treatment with 45 mg/kg IgG, 15 mg/kg anti-AGR2 (top), or 45 mg/kg anti-LYPD3 
(bottom) antibodies intraperitoneally (i.p.) twice weekly, with groups further subdivided 
to receive subcutaneous (s.c.) injection of corn oil or 25 mg/kg fulvestrant. To facilitate 
interpretation, data for anti-AGR2 and anti-LYPD3 are presented in separate graphs, with 
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controls (IgG and fulvestrant administered alone) included in both graphs. Data presented 
indicate the average tumor volume for each group (mean ± SEM) at each time point of 
tumor measurement. Two-way ANOVA analysis followed by Bonferroni multiple-
comparison test detected significant differences between the IgG control and all treatment 
groups between days 14 and 28 (*p < 0.05). 

 

We also showed that LYPD3 is significantly upregulated in a xenograft model of 

recurrence from aromatase inhibitor therapy, termed LTED for Long Term Estrogen 

Deprivation (Figure 19A, B). Additionally, the anti-LYPD3 and anti-ARG2 monoclonal 

antibodies also demonstrated efficacy in this model, with a significant reduction in tumor 

doubling time (Figure 19C). 

 

Figure 19: Targeting LYPD3 is Efficacious in Models of Long Term Estrogen 
Deprivation 

(A and B) LYPD3 mRNA (A) and protein expression (B) was assessed in LTED tumors 
and compared with representative samples of MCF7-WS8 and TAMR tumors. Each bar 
indicates an independent biological replicate and plotted as mean fold change ± SD (three 
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technical replicates). Asterisk indicates samples with mRNA expression significantly 
different (p < 0.05) than a representative MCF7-WS8 control tumor sample. 
(C) Ovariectomized J/nu mice bearing LTED (resistant to long term estrogen withdrawal) 
xenograft  tumors were randomized to treatment with 45 mg/kg IgG or LYPD3 antibody. 
Data presented indicate the average tumor volume for each group (mean +/- SEM) at 
each time point of tumor measurement (left). Time to progression analysis (Kaplan-
Meier) analysis was conducted using 2X tumor volume (twice the tumor volume at time 
of randomization) as an endpoint(right). High variability confounded the results of 2-way 
ANOVA analysis, and therefore no significant differences were detected between 
treatment groups. Time to progression analysis revealed a significant (p = 0.0105) delay 
in tumor progression. 

 

 

This work revealed that looking outside of ER signaling in the context of 

endocrine therapy resistance can identify collateral vulnerabilities that arise from the 

development of resistance, and that they can be therapeutically exploited. As LYPD3 is 

primarily expressed in cancer cells, it is a very promising target for cancer therapy. While 

we found this novel signaling axis from our work investigating endocrine therapy 

resistance in luminal breast cancer, LYPD3 and AGR2 are seen to be upregulated and 

track with prognosis in other cancers beyond breast cancer, and thus there may be utility 

in LYPD3/AGR2 targeting therapies beyond the scope of endocrine therapy resistance. 

Indeed, these LYPD3/AGR2 targeting antibodies were also shown to inhibit tumor 

growth in models of pancreatic cancer. In collaboration with Viba therapeutics we are 

continuing the development of these monoclonal antibodies against LYPD3 and AGR2 

and aim to move into clinical trials in the near future.  
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2.3.2 LYPD3 and Metastasis 

While it was exciting to find a targetable node that is efficacious against primary 

tumor growth in endocrine therapy resistant luminal breast cancers, it is the metastasis 

that ultimately kills a patient, and thus finding targets which can affect metastatic 

outgrowth and progression would have considerable clinical utility. LYPD3 expression 

strongly correlates with metastasis, as we saw that its expression in tissue microarrays 

negatively correlated with time to progression (Figure 4D,E) in breast cancer, and others 

have shown that this is the case in other models of cancer beyond breast cancer, including 

lung and pancreatic cancer [199, 206]. Expression of LYPD3 is also often found at the 

leading edge of metastatic lesions [204, 205]. As mentioned earlier, knockdown of 

LYPD3 in a model of pancreatic cancer significantly delayed the appearance of 

metastases [198]. Therefore, the question of whether targeting LYPD3 could inhibit 

metastasis in relevant models of breast cancer was next addressed.  

Building on the findings from our study of GRHL2 and LYPD3 in endocrine 

therapy resistance, we next evaluated whether LYPD3 inhibition in vitro would affect the 

migration of cells in transwell assays. Targeting LYPD3 expression using siRNAs 

significantly decreased levels of LYPD3 and resulted in significant reductions in 

migration of the TamR cells (Figure 20A, B).  
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Figure 20: Inhibition of LYPD3 Affects Migratory Ability of Cells 

(A) Western blot showing knockdown efficiency of siRNA targeting LYPD3 in TamR 
cells 
(B) TamR cells were treated with the three different siRNA in (A) and the following day 
serum starved for 24hrs. Cells were subsequently plated on Falcon cell culture inserts in 
duplicate and migrated toward 8% FBS in DMEM/F12 media for 18hrs. Number of 
migrated cells per condition are represented in (B). Asterisks indicates samples with total 
migrated cells significantly different (p < 0.05) than siControl treated cells. 
 

This finding supported a role for this protein in metastasis, but our previous work 

with this model revealed the TamR cells are poorly metastatic, generally only forming 

micrometastases. In fact, none of the most commonly used luminal breast cancer models 

readily metastasize, so a metastatic model which expressed LYPD3 was needed to 

evaluate LYPD3’s role in metastasis in vivo. Upon screening various cell lines known to 

be metastatic, it was found that LYPD3 is expressed at appreciable levels in the murine 

PY230 and 4T1 breast cancer models, as well as in the PC9 model of human lung cancer 

(Figure 21A). Intriguingly, its expression was dramatically increased in a highly 

metastatic variant of PY230 that we developed in our laboratory, which is resistant to the 

growth inhibitory activities of 27-hydroxycholesterol (27HC), the most abundant 
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oxysterol present in the serum of hypercholesterolemic patients (Figure 21B). Variants of 

4T1 which are sensitive and resistant to 27HC were also queried for differences in 

LYPD3 expression levels, but its expression remained consistent in the 4T1 setting. PC9 

cells readily metastasize throughout the body, and the PC9-BRM3 variant was isolated 

from brain metastases and has a tropism to again preferentially metastasize to the brain if 

injected into an animal again. LYPD3 levels were similar between these two variants of 

PC9 cells. (Figure 21A).   

 

 

Figure 21: LYPD3 Expression in Various Metastatic Cancer Models 

(A) LYPD3 protein levels in various metastatic cancer models. 
(B) LYPD3 protein levels are enriched in highly metastatic variant of PY230 cells. Two 
separate clones of highly metastatic PY230 cells are shown compared to parental PY230 
cells. Lungs from mice injected via tail vein with 27HC sensitive parental cells or 27HC 
resistant PY230 cells. 
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As the PY230 cells that are resistant to 27HC (PY230-27HCR) were particularly 

enriched in LYPD3, they were selected for the first metastatic studies to assess the role of 

LYPD3 in metastasis. Stable LYPD3 knockdown cells were generated in this PY230-

27HCR model utilizing shRNAs. shRNA sequence-B had the greatest knockdown 

efficacy at both protein (Figure 22A) and RNA level (Figure 22B) so cells expressing this 

shRNA were selected for in vivo studies. These cells were also engineered to express 

luciferase so that in vivo imaging could be performed to monitor metastatic progression 

and total burden. Control or shLYPD3-PY230-27HCR cells were injected via tail vein 

into nu/nu mice, and the mice were imaged via in vivo imaging once per week. Imaging 

revealed that mice injected with LYPD3 knockdown cells had significantly lower 

luciferase signal than those injected with control cells, indicating lower metastatic 

burdens (Figure 22C, D). The size of the metastatic nodules on the lungs were compared 

between groups and although the overall number of nodules between the groups was 

similar (Figure 22E), those in the LYPD3 KD group were significantly smaller in size 

(Figure 22F). This suggests that LYPD3 may not affect seeding of metastases, but instead 

influences the ability of the cells to outgrow once they have established within the 

metastatic niche. Therapeutically, it is very difficult to stop the seeding of metastases as 

this has likely already occurred by the time the patient seeks treatment, but stopping or 

slowing the outgrowth of the metastases is a viable strategy, and thus these results are 

very encouraging.  
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Figure 22: LYPD3 Knockdown Affects Outgrowth of Metastatic Nodules in 
the Lung 

(A and B) Knockdown efficiency of various shRNA targeting LYPD3 in PY230 cells at 
the protein (A) and RNA level of selected sequence shLYPD3-B (B). 
(C) Control or LYPD3 knockdown PY230 cells were injected via tail vein into nu/nu 
mice and total metastatic burden measured by in vivo imaging on IVIS machine via retro-
orbital injection of luciferase once per week. Images of tumor burden from last day of 
study. 
(D) Quantification of luciferase signal. Points on graph represent the average signal per 
group with error bars as SEM. Two-way ANOVA analysis followed by Bonferroni 
multiple-comparison test detected significant differences at day 35 between control and 
LYPD3 knockdown cells (p<0.05).  
(D) Metastatic nodules were counted for each lung and the total numbers per lung are 
plotted for each treatment group.  
(E) The size of the metastatic nodules in the lungs were assessed and put into categories 
of >2mm in size or <2mm. The percentage of the total nodules per lung which where 
>2mm are plotted for each treatment group. Unpaired two-tailed T-test analysis detected 
significant difference between the groups (p<0.05) 
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2.3.3. LYPD3 and Ferroptosis 

While it appears that LYPD3 is involved in the progression of metastases, there is 

little knowledge in the field about how it is contributing to these processes. Querying the 

Cancer Therapeutics Response Portal (CTRP) (Broad Institute), we found that expression 

of LYPD3 or AGR2 correlates positively with resistance to drugs which induce 

ferroptosis (RSL3, ML210, ML162 and erastin) which in turn tracks with sensitivity to 

receptor tyrosine kinase inhibitors (RTKis), particularly EGFR inhibitors (Figure 23). 

This was intriguing as studies have shown that therapy-resistant cancer cells that exhibit 

characteristics of a mesenchymal state are heavily reliant on pathways that protect against 

ferroptosis, thus rendering them highly susceptible to inhibitors targeting these pathways 

[208-210]. 

 

Figure 23 Expression of LYPD3 and AGR2 correlates positively with 
sensitivity to tyrosine kinase inhibitors and resistance to ferroptosis inhibitors 

Analysis was done using the Cancer Therapeutics Response Portal from the Broad 
Institute: https://portals.broadinstitute.org/ctrp/?page=#ctd2BodyHome 
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Ferroptosis is a form of regulated necrotic cell death characterized by iron-

dependent accumulation of lipid-derived reactive oxygen species (ROS) in cells [211]. A 

complex interplay between cysteine metabolism, iron, and lipids regulates this cell death 

pathway. When phospholipid hydroperoxides accumulate in a cell, they are able induce a 

catalytic reaction in the presence of iron, which ultimately leads to cell death. Central to 

these processes is the selenoprotein glutathione peroxidase 4 (GPX4), an enzyme that 

reduces peroxidized phospholipids converting them to less toxic lipid alcohols. To 

accomplish this, GPX4 oxidizes two molecules of GSH. As generation of GSH is 

dependent on the import of cystine into cells, and its conversion into cysteine through the 

transulfuration pathway, the ability of GPX4 to protect cells from lipid derived ROS is 

directly linked to cysteine metabolism in cells.  Intracellular cystine levels are regulated 

by the activity of the cystine-glutamate antiporter (system xc-).  The gene Slc7a11 

encodes a subunit of the system xc-  and is thus considered a key upstream mediator of 

ferroptosis sensitivity. Repression of SLC7A11 has been shown to be sufficient in some 

cellular contexts to sensitize cancer cells to an oxidant insult, making them prone to 

undergo ferroptosis. The protein p53 is a potent tumor suppressor, and of relevance to 

this pathway, has been shown to suppress tumor growth by binding to the promoter of 

Slc7a11 and inhibiting its expression, which in turn induces sensitivity to ferroptosis 

[212].  Another key upstream mediator of this process is acyl-CoA synthetase long chain 

family member 4 (ACSL4). This enzyme is responsible for the conversion of 

polyunsaturated fatty acids (PUFAs) into fatty acyl-CoA esters. This is important for 

normal lipid biosynthesis and fatty acid degradation, but if oxidation of PUFAs 
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accumulate above a certain threshold, this triggers the ferroptosis cascade. Exactly how 

this leads to cell death is not fully defined, but one possible mechanism is the amassing of 

truncated phospholipids in the plasma membrane, ultimately leading to rupture[213]. 

Another potential mechanism is the inactivation of pro-survival proteins by lipid-derived 

electrophiles [214].  The trafficking of transferrin into the cell through the transferrin 

receptor (Trfc), coupled to the degradation of ferritin via ferritinophagy is also seen as a 

key mediator of sensitivity to ferroptosis as this process determines the amounts of 

available iron in the cell, which is needed to induce ferroptosis. As cancer cells progress 

to a more malignant state, metabolic rewiring often occurs to help them survive anoikis 

and the stress imposed upon them by different drug treatments. It appears that in such 

circumstances, cells can adopt a mesenchymal phenotype, and that this is associated with 

a metabolic state highly dependent on pathways which protect the cell from ferroptosis. 

Given LYPD3’s association with poor prognosis, metastasis, and its expression 

correlating with resistance to GPX4 inhibitors, it suggests LYPD3 may be involved in the 

regulation of ferroptosis in these more advanced cancers. 

To test the potential link between LYPD3 and ferroptosis, sensitivity to GPX4 

inhibition was tested in the presence or absence of LYPD3. PY230-Ctl or PY230-

LYDP3-KD cells were treated with arachidonic acid to induce lipid ROS, followed by 

exposure to GPX4 inhibitors RSL3 or ML210. Knockdown of LYPD3 did indeed 

sensitize them to ferroptosis inducers RSL3 and ML210 as evidenced by a decrease in 

cell numbers as assessed by DNA content (Figure 24A). This effect was rescued by 
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addition of the ferroptosis inhibitor ferrostatin-1, demonstrating that this cell death was 

indeed due to ferroptosis (Figure 24B).  

To uncover how LYPD3 may be regulating sensitivity to ferroptosis we asked 

whether LYPD3 knockdown affects the expression of any key genes in the ferroptosis 

cascade (Figure 24C).  Notably, we observed that LYPD3 knockdown decreases the 

levels of Slc7a11, while increasing levels of Acsl4 and Tfrc. These changes suggest that 

LYPD3 inhibition impacts the ferroptosis cascade at multiple key regulatory nodes. As 

LYPD3 is a GPI-anchored protein, it does not have a cytoplasmic tail to signal internally 

within the cell. Therefore, how LYPD3 knockdown would elicit these effects remains to 

be determined, but as LYPD3 has been shown to associate with integrins, it is possible 

that LYPD3 can serve as a scaffold to bring the appropriate integrins into proximity, 

which then allows for transactivation and induction of downstream signaling cascades. 

LYPD3 is known to interact with a6b4 integrin, and this integrin has been shown to 

activate Src [198]. Src can inhibit p53, which has been shown to repress the expression of 

Slc7a11 [212, 215]. Thus, signaling through LYPD3 may relieve p53’s repression of 

Slc7a11, leading to an increase in cystine import into cells and glutathione synthesis, 

providing a protective mechanism to counteract ferroptosis.  

 



 

105 

 

Figure 24: Knockdown of LYPD3 Sensitizes Cells to Ferroptosis 

(A) PY230 cells were treated with GPX4 inhibitors (RSL3 or ML210) and 15uM 
arachidonic acid (AA) to induce ferroptosis. Cells were significantly more sensitive to 
ferroptosis upon LYPD3 KD. (B) Treatment with 5µM ferrostatin-1 rescued the cell 
death, confirming mechanism of cell death as ferroptosis.  
(C) LYPD3 KD in Py230 cells alters RNA levels of key genes in ferroptosis pathway.  
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To confirm the effect seen with the knockdown of LYPD3, cell lines which stably 

overexpress LYPD3 were generated to perform rescue experiments. The shRNA utilized 

to knockdown LYPD3 targets the 3’ UTR, so the overexpression plasmid should not be 

affected. LYPD3 addback cell lines were generated in the background of the shRNA to 

rescue the phenotypes previously seen in metastasis, and ferroptosis sensitivity and gene 

regulation. The LYPD3 overexpression construct was also engineered into the control 

cells with no LYPD3 knockdown to assess whether overexpression of LYPD3 promotes 

metastatic progression and/or increased resistance to ferroptosis inducing agents. 

Overexpression levels can be seen in Figure 25, with overexpression as either an 

untagged protein (labeled LYPD3) or with an N-terminal HA tag (labeled N-HA-

LYPD3).  

 

Figure 25: Overexpression Models of LYPD3 

(A) LYPD3 overexpression stable cell lines were generated in the shControl or shLYPD3 
knockdown lines used for the metastasis studies. Two overexpression variants were 
generated, one with untagged LYPD3 overexpressed (labeled LYPD3), and another with 
an N-terminal HA tag (labeled N-HA-LYPD3). Overexpression of Gal4-DBD was used 
as a control overexpression plasmid.  
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Metastasis studies with the overexpression rescue and overt overexpression lines 

are currently underway, and luciferase signal currently indicates that LYPD3 

overexpression rescues LYPD3 knockdown and overexpression without knockdown 

promotes more metastasis (data pending). To date, the only hint of function attributed to 

LYPD3 in cancer is with adhesion [197], and while the protein may have multiple 

functions, this work highlights a completely novel mechanism of LYPD3’s contribution 

towards metastasis.  

 

2.3.4 Altered Glycosylation of LYPD3 in Disease Progression 

These next topics discussed have emerged from the results of preliminary 

experiments that highlight some interesting aspects of LYPD3 function/biology that 

warrant further investigation.  

An interesting finding when working with this protein LYPD3 was that it is a 36 

kDa protein, but in most models tested, it migrates at around 75 kDa on western blots, 

suggesting that it is highly post-translationally modified. Perhaps even more interesting 

was that this post-translational modification pattern changed as cells adopted a more 

malignant state. As illustrated in Figure 26A, MCF7 parental cells have a form of LYPD3 

which migrates at 75 kDa on western blot, but the band appears as a less definite smear 

when compared to proteins from an MCF7 variant that grows in vivo and was used to 

generate our tamoxifen resistant model (TamR). The band corresponding to LYPD3 is 

even broader in extracts from TamR cells. We confirmed that this band was indeed 

LYPD3 as the signal was lost after siRNA treatment with three different sequences 



 

108 

targeting LYDP3 (Figure 20A). Multiple antibodies against LYPD3 also produced signal 

at the same molecular weight, further confirming that this signal corresponds to LYPD3. 

This trend of increasing modification can also be seen in the PY230 model where the 

parental line which is sensitive to 27HC is poorly metastatic, but as it becomes resistant 

to 27HC and more metastatic, there is a dramatic change in levels and modification of 

LYPD3 (Figure 26B).  

 

Figure 26 Post-translational Modification of LYPD3 is Altered as Cells 
Adopt More Malignant State 

(A) Banding pattern of LYPD3 on western blot becomes more broad in TamR model 
compared to treatment sensitive parental lines MCF7 and WS8. 
(B) This gain in post-translational modification is also seen in the PY230 model with the 
more metastatic line having higher levels of LYPD3 and a broader signal on western blot. 
(C) The gain of post-translational modification on LYPD3 is only seen in cells which 
have undergone selection in vivo. 



 

109 

A further layer of complexity is that intriguingly, this glycosylation only appears 

to occur after the cells have been under stress/selection in vivo.  The TamR cell model 

was generated by growing the WS8 cells in vivo with tamoxifen until cells grew out 

despite the presence of tamoxifen. The extensive glycosylation is only seen in the TamR 

setting, and not the parental WS8 cells. The LTED model which was also derived from 

WS8, was generated by growing these cells as xenografts in ovariectomized mice until 

they could sufficiently grow without estrogen stimulation. These cells also have an 

extensive post-translational modification similar to TamR cells  (Figure 19B). The 

PY230-27HCR cells were made resistant in vitro but then injected via tail vein into mice 

where they metastasized to the lungs. Cells were isolated from these metastatic nodules to 

make a lung metastatic version of PY230-27HCR. When LYPD3 signal is compared 

between the cells which were made resistant in vitro but never passaged through an 

animal, versus the cells isolated from the lung metastases, the dramatic increase in 

LYPD3 levels and post-translational modification is only seen in the cells isolated from 

the lung metastases (Figure 26C).  Further illustrating this point, the 27HC resistant 4T1 

cells were never passaged through an animal and they have a similar LYPD3 signal to the 

sensitive cells when assessed via western blot (Figure 21A). Collectively, as this gain in 

modification is preferentially seen after in vivo exposure, this suggests that this 

modification likely contributes favorably to cell survival in vivo.  

LYPD3 is known to be extensively modified with both N- and O-linked 

glycosylations [203, 216]. Based on this knowledge from other cancer cell backgrounds 

and the smear-like appearance of the western blot signal, glycosylation was a likely 
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candidate for the observed post-translational modifications. While LYPD3 has been seen 

to have glycosylation in other cancer types, this has not been described in breast cancer; 

nor has the differential modification we see as disease progresses been described in any 

cancer. This is particularly interesting as glycosylation is likely to play a key role in 

regulating the function of LYPD3 as it does for other proteins. For example, OGlcNAc-

glycosylation of beta-catenin has been shown to regulate its nuclear localization and 

transcriptional activity [217]. Additionally, glycosylation of PDL1 stabilizes the protein 

and therefore contributes to immune suppression [218]. Hence, this altered modification 

of LYPD3 likely affects its functionality. To test whether LYPD3 is indeed modified via 

glycosylation, cell lysates were incubated with enzymes which preferentially cleave N-

linked or O-linked glycosylations and then analyzed by western immunoblot. A change in 

migration after a particular glycosidase treatment indicates that there were modifications 

with N- or O-linkages. N-linked glycosylations were removed by incubating lysates with 

PNGase F. O-linked glycosylations were removed by neuraminidase treatment followed 

by O-glycosidase treatment. As illustrated in Figure 27, both MCF7 and TamR cells have 

glycosylated LYPD3 as the signal migrates at a lower molecular weight after glycosidase 

treatments, but interestingly, the types of modifications appear to be different as the 

LYPD3 banding pattern is unique after each glycosidase treatment in these two cell lines.   
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Figure 27: Glycosylation Modifications on LYPD3 are Unique in TamR and 
Parental MCF7 Cells 

 
MCF7 or TamR cells lysates were treated with glycosidases to remove both N-linked and 
O-linked glycosylations. PNGase F was utilized to removed N-linked glycosylations and 
neuraminidase treatment followed by O-glycosidase treatment was used to remove O-
linked glycosylations. Lysates were then run on western blot and probed for LYPD3. The 
signal migrates at lower molecular weights after glycosidase treatment indicating the loss 
of sugar chains and that LYPD3 is glycosylated in these cell lines. The differences in 
banding patterns with the various glycosidase treatments between the two cell lines 
indicates that different sugar chains are attached in the TamR model compared to MCF7. 

 
 

Beyond altering normal functions of the protein, this extensive glycosylation 

could also affect the ability of therapeutic agents to target this protein. As described 

earlier, monoclonal antibodies have been designed against LYPD3 and we have shown 

that they are effective at inhibiting primary tumor growth in models of endocrine therapy 
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resistance. Bayer has also developed an auristatin based antibody drug conjugate (ADC) 

targeting LYPD3. Both of these therapies rely on an antibody’s ability to recognize an 

epitope on the protein. With such extensive glycosylation and potentially additional 

modifications on the protein, this could occlude regions of the protein, making it no 

longer recognizable by the antibody. While Bayer had success in preclinical models of 

NSCLC with their LYPD3-ADC, it is currently unknown whether there will be success in 

the clinical setting. As we see this modification of LYPD3 changing as the cancers 

progress, it is possible that tumors from patients likely also have differing modifications, 

and perhaps should be screened for this prior to receiving antibody therapy, to ascertain 

that their tumor cells can indeed be recognized by the antibody. If antibody based LYPD3 

therapies are going to progress, this is a major hurdle which will need to be addressed.  

2.3.5 LYPD3 as an Extracellular Protein 

Another interesting observation about LYPD3 biology we observed that could 

also affect therapeutic targeting of this protein is that it is on the cell membrane, but is 

also released extracellularly and present in cell culture media. LYPD3 is known to be 

cleaved by the metalloproteases ADAM10 and 17 as well as phospholipases [203, 216, 

219, 220]. To see if there was differential cleavage between endocrine therapy sensitive 

and resistant cells, cell culture media was collected from MCF7 and TamR cells and 

incubated with resin to bind extracellular proteins. These extracellular protein lysates 

were compared with whole cell lysates of the cells to gain perspective on relative levels. 

Note that the amount of whole cell lysate loaded per well was 1/5th of the total cell lysate, 

and the extracellular protein lysate was ½ of the total collected lysate. Additionally, the 
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cells were cultured in both media with full FBS and phenol-red (which activates ER), as 

well as white media (no phenol-red) with 2X charcoal stripped serum (charcoal stripping 

removes estrogen from serum, but also removes growth factors). TamR cells had 

significantly more extracellular protein than MCF7 cells, but this was mainly true in the 

red media-FBS condition (Figure 28).  

 

Figure 28: LYPD3 is Shed from Cells and Present in Cell Culture Media  

Equal numbers of MCF7 and TamR cells were cultured in both media with full FBS and 
phenol-red (which activates ER), as well as white media (no phenol-red) with 2X 
charcoal stripped serum and culture media collected after 48hrs to assess for extracellular 
LYPD3. Cell culture media was incubated with StrataClean resin and then resin slurry 
loaded onto SDS-PAGE gel for western blot analysis. Whole cell lysates (WCL) from the 
cultured cells were also run via western blot to serve as a control to compare extracellular 
LYPD3 levels relative to cellular levels. 1/5 of the total WCL was loaded per lane and ½ 
of the resin slurry per condition loaded per lane. TamR cells have more extracellular 
LYPD3 (labeled E) compared to MCF7 cells, and this was particularly true in the phenol-
red-FBS media condition.  

 

This was a very preliminary experiment which needs further characterization, but 

it suggests that either activation of the estrogen receptor and/or growth factors are needed 
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to induce this cleavage in TamR. Whether this extracellular form of LYPD3 has function, 

or whether this cleavage occurs to stop LYPD3 signaling, and whether this potential 

function is different than that of the membrane bound form is still unknown. This cleaved 

form of LYPD3 could travel to distant sites from the cell of origin and induce effects in a 

new environment, or therapeutically, it could act as a sponge and soak up drug, thus 

limiting the amount available to bind GPI-anchored-LYPD3. Therefore, it will be 

important to characterize if this cleavage happens in patients, whether this cleaved form 

of the protein is stable in patients, and also if there is functionality to this cleaved form.  

Collectively, this work has identified the increase in activity of the 

GRHL2/LYPD3/AGR2 axis as a common occurrence in the development of endocrine 

therapy resistance in breast cancer. It demonstrated that LYPD3 and its ligand AGR2 can 

be therapeutically targeted by neutralizing monoclonal antibodies, and that their 

inhibition significantly impairs primary tumor growth. LYPD3 was also shown to play a 

role in metastasis progression, with knockdown of LYPD3 hindering outgrowth of 

metastatic nodules in the lung. The increased sensitivity to GPX4 inhibition and 

ferroptosis after LYPD3 knockdown combined with alteration of key upstream 

modulators of the ferroptotic cascade after LYPD3 knockdown, points to a potential 

mechanism of how LYPD3 is contributing towards metastatic progression. Additional 

studies revealed the complexity of LYPD3 regulation and function as it is extensively 

post-translationally modified, and contains both membrane bound and extracellular 

forms. Future studies to further define how this protein is regulated and how it signals 
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will enable better understanding of this novel signaling pathway, which will inform upon 

how to best target it therapeutically.   
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4. Conclusions  
This chapter will discuss the future areas of study which would further our 

understanding of the findings described in this thesis. Mechanistic studies to further 

understand the differences between AR degradation vs. inhibition and how this affects 

DNA repair are discussed, followed by discussion of the therapeutic implications of 

modulating AR to induce a vulnerability , increased susceptibility to agents that increase 

DNA damage, and implementation of this strategy in cancers other than prostate cancer.  

The plasticity changes that occur after AR degradation are discussed and the potential 

implications that this activity has on the development of neuroendocrine prostate cancer 

is considered. How this increase in plasticity and cellular rewiring seen after endocrine 

therapies can lead to a sensitivity to GPX4 inhibition and ferroptosis is also outlined, 

followed by some opinions as to how this could affect the immune microenvironment, 

and whether this could be leveraged to enhance the activity of immunotherapies.  

 

4.1 Understanding the Mechanisms by which AR Degradation Impacts 
FOXM1 Signaling and Activity 

This work assessing AR inhibition via degradation or competitive inhibition 

proposed a model wherein FOXM1 cooperates with AR to regulate the expression of 

DNA repair genes. AR and FOXM1 have been shown to both regulate expression of the 

gene CDC6, and that maximal transcriptional induction is achieved when both AR and 

FOXM1 physically interact and bind to the promoter region of CDC6.  Our analyses 

identified numerous AR and FOXM1 motifs located in the regulatory regions of DNA 
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repair genes that display altered chromatin accessibility after AR inhibition.  It seems 

likely, therefore that these genes are regulated in a manner that is similar to CDC6. In 

support of this hypothesis, we observed that AR degradation achieves greater repression 

of these genes than that observed upon Enz treatment suggesting there may be a need for 

AR to be physically present to induce expression of these genes. To further support this 

model, transcriptional reporter assays could be used to define the DNA elements that are 

required to support  AR and FOXM1 dependent transcription of these DNA repair genes, 

and whether there is added effect when both are present. The utilization of agents to 

inhibit FOXM1 without AR inhibition would also further define the role that each of 

these proteins play in the regulation of DNA repair genes. To achieve this, the FOXM1 

inhibitor siomycin A, or siRNA targeting FOXM1 could be used. Overexpression of 

FOXM1 as a means to overcome AR inhibition should also be explored. Co-IP 

experiments with AR and FOXM1 would confirm the findings that AR and FOXM1 do 

physically interact and further support our working model.  

In this study we demonstrated that AR inhibition decreases both FOXM1 mRNA 

expression and protein. While transcriptional effects can be attributed to the changes we 

observed on known FOXM1 transcriptional regulators (AURKA and E2F1), and this in 

turn can affect protein levels, but it is also possible that AR inhibition affects FOXM1 

protein levels and/or activity through other regulation pathways beyond effects on 

FOXM1 transcription. FOXM1 is known to be post-translationally modified, and many 

of these modifications affect the stability  of the protein. CHEK2 phosphorylates 

FOXM1, which increases FOXM1 stability and nuclear translocation [166, 221]. CHEK2 
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mRNA levels do indeed decrease after AR inhibition. Cytoplasmic vs. nuclear subcellular 

fractionations should be undertaken to assess whether AR inhibition also affects 

localization of FOXM1 and whether some differences in effects seen with Enz vs. 

PROTAC could be due to mislocalization of this factor.  

FOXM1 has 4 isoforms, FOXM1a, FOXM1b, FOXM1c, and FOXM1d. This is 

the result of two exons, Va and VIIa, being alternatively spliced. FOXM1a contains both 

exons Va and VIIa and lacks transcriptional activity, FOXM1b (which contains neither 

exon Va nor VIIa), FOXM1c (no VIIa) and FOXM1d (no Va) are all transcriptionally 

active [221]. FOXM1c contains an ERK1/2 target sequence that was shown to be 

important for activating its transcriptional activity, whereas FOXM1b exhibits 

constitutive activity. Whether all isoforms are involved in the regulation of DNA repair 

genes, or if this activity can be attributed to a specific isoform is a question that remains 

to be answered. We observed significant expression of both FOXM1b and FOXM1c in 

LnCap cells. AR inhibition with either Enz or PROTAC decreased the expression levels 

of FOXM1b and FOXM1c to comparable degrees. Overexpression studies with specific 

isoforms would reveal whether both FOXM1b and FOXM1c are involved in the 

regulation of DNA repair genes.  

Another future area of study that emerged as a result of this work is the potential 

for FOXM1 cooperation with AR splice variants. In our animal study, AR splice variants 

emerged in treated tumors throughout the study, migrating via western blot at a molecular 

weight which would suggest this splice variant is AR-V7. AR-V7 is a variant of AR that 

has a truncation in the ligand binding domain, thus rendering ligands targeting this pocket 
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ineffective. The emergence of AR-V7 is seen in advanced prostate cancers and has been 

suggested to help drive resistance, as it is associated with progression and shortened 

duration of response. It is possible that AR-V7 still needs full length AR to function, 

through formation of an AR-wt/AR-V7 dimer. Our EnzR xenograft model showed the 

utility of combining Enz and Ola treatments despite the presence of AR-variants. It is 

possible that AR-V7 (or the variant present in our study) needs AR-wt to fully function, 

so Enz was able to still elicit effects through the AR-wt half of the AR dimer. Further 

studies would be needed to support this, but transcriptional studies in which only AR-V7 

was transfected with FOXM1 versus a combination of AR-wt and AR-V7 would reveal 

whether AR-V7 alone was able to help regulate DNA repair genes in cooperation with 

FOXM1. It is also possible that AR-V7 does not need AR-wt to function, but this variant 

may not be able to interact with the same partners as AR-wt. Experiments testing whether 

AR-V7 could Co-IP with FOXM1 and whether this changed if AR-wt was also present 

would be very informative as to the functions of AR-V7. As generation of AR splice 

variants, particularly AR-V7,  is seen as a driver of endocrine therapy resistance in 

prostate cancer, further investigation into this space would help our understanding of the 

biology of these splice variants. 

Beyond the future mechanistic directions of this story in prostate cancer, there are 

additional therapeutic avenues which can also be explored. 
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4.2 AR Degradation in combination with DNA damaging agents has 
potential for enhanced responses 

In this work we have shown the utility of degrading AR in sensitizing prostate 

cancer cells to DNA damage via PARP inhibition. However, as evidenced by our 

RNAseq data, AR inhibition, especially via degradation, suppressed a multitude of DNA 

damage response genes, demonstrating that the effects are not limited to one repair 

pathway. Therefore, potential benefit may be gained by the combination of AR 

degradation strategies with alternative forms of treatment that cause DNA damage. A 

study investigating the features of patients who were termed exceptional responders 

determined that one mechanism in common to many exceptional responders was having 

multiple mutations within redundant pathways [222]. For example, in a retrospective 

study one patient with metastatic HER2+ breast cancer had a complete response to the 

combination of trastuzumab, carboplatin, and docetaxel, which has lasted 7 years. BRCA 

pathway mutations sensitize cells to platinum based anti-neoplastic drugs, but rarely 

produce exceptional response in the metastatic setting [223]. In this case, the patient had 

deletion or mutations in not just one BRCA protein, but in BRCA1, BRCA2, and BRIP1. 

The exceptional response of this patient was considered to be a function of the triple 

deficiency in the BRCA pathway. Further, another exceptional responder in this study 

was seen in response to temezolomide treatment as this patient had a rare genetic 

vulnerability which simultaneously inactivated the two pathways which can repair DNA 

lesions induced by temezolomide. Our work demonstrates that AR degradation in 

prostate cancer cells mimics this effect, suppressing many nodes of the same pathway. As 
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AR inhibition is able to suppress many DNA repair pathways, it is conceivable that 

similar effects as this could be seen from utilizing an AR degrader to affect the DNA 

damage response. Another method of action identified from this study of exceptional 

responders was that often times, exceptional response can be achieved because of 

engagement of the immune system. Two exceptional responder patients (one ovarian 

cancer, one glioma) had mutations in the POLE gene which inhibited its proofreading 

capabilities. Mutations in POLE have been shown to result in ultramutated genomes 

[224], and indeed tumors from these patients had roughly 100-fold higher mutational 

burdens than other tumors of the same subtype without the POLE mutation. 

Hypermutation signatures resulting from POLE defects have been linked with immune 

recognition of these neoadjuvants [225].  AR degradation also inhibits POLE. While this 

would not affect the proofreading capacity of POLE, it would affect levels of POLE to 

participate in base excision repair. This in combination with the widespread inhibition of 

DNA repair will ultimately lead to an accumulation of mutations and DNA lesions in the 

cancer cells, potentially enabling engagement of the immune system.  This dual effect of 

preventing repair of damaged DNA and resultant immune recognition has the potential to 

synergize with DNA damaging chemotherapeutic agents and incur more efficacious 

responses for patients.  

 

4.3 AR Targeted Therapies in Cancers Beyond Prostate Cancer 

These pathways of DNA damage response are integral to every cell type, and thus 

targeting AR to induce a vulnerability, increased susceptibility to DNA damaging agents, 
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could be applied to other cancers that express this receptor. Because we observed DNA 

repair defects with Enz treatment even in models of enzalutamide resistance, these 

actions on DNA repair pathways could be uncoupled from proliferation, and thus could 

have utility in cellular contexts in which AR is not necessarily the oncogenic driver, but 

its presence could be leveraged therapeutically.  

4.3.1 AR Targeted Therapies in Breast Cancer 

One potential opportunity for intervention using AR inhibitors would be in breast 

cancer. However, the biology of AR in breast cancer is very complex, with differences in 

response to AR modulators seen in ER-positive and ER-negative cancers. Therefore, 

careful consideration of tumor phenotype will need to be assessed when deciding which 

methods are employed to leverage the actions of AR in breast cancer. 

4.3.1.1. AR Targeted Therapies in ER- Breast Cancer 

In the setting of ER- breast cancer, AR is expressed in 15-30% of cases, and a 

subtype of TNBC has now been established that is positive for AR [226-228], referred to 

as luminal androgen receptor (LAR) subtype[229]. Targeting AR in this cancer subtype 

has been shown by multiple groups to be an effective strategy in preclinical models [230-

232]. These studies reported that Thirty percent of these samples had ERb expression, 

and ERb has been shown to increase the efficacy of antiandrogens in AR+ TNBC [228, 

233], however there is debate whether the antibodies which detect ERb are truly specific, 

and thus these findings being attributed to ERb actions should be interpreted with 

caution. Further, a Phase II clinical trial (NCT01889238) for women with advanced AR+ 
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TNBC tested the use of enzalutamide and found that there was clinical benefit for these 

patients. Of note, 47% of the 118 enrolled patients had an AR related gene signature, and 

these were the patients that had the best clinical outcomes. The median progression free 

survival (mPFS) of these groups was 32 weeks for the group with AR related gene 

signature and 9 weeks for the group with AR expression but no AR related gene 

signature[234]. This highlights that it should be AR activity rather than presence of 

receptor that is used to stratify patients for treatment as the two markers do not always 

coincide. Whereas enzalutamide treatment showed efficacy, a study utilizing abiraterone 

acetate did not yield as promising of results. The mPFS of this study was only 11.2 weeks 

[235]. This study only utilized AR expression via IHC as the marker for inclusion in the 

study, with no assessment of AR activity, which could contribute towards the lack of 

efficacy compared to the enzalutamide trial. Alternatively, this difference could perhaps 

be due to their mechanism of action; Enzalutamide is a higher affinity AR antagonist, 

which abiraterone is a CYP17 inhibitor that blocks androgen production while also 

possessing activity as a low affinity AR antagonist. Additionally, the need to co-

administer corticosteroids with abiraterone acetate could then be affecting other actions 

in the body which are not seen with Enz treatment. Further, Enzalutamide is also known 

to have many off target effects, so the increased efficacy of Enz being resultant from 

these neomorphic actions cannot be presently ruled out. Therefore, the use of an AR 

degrader in studies of AR+ TNBC would provide a cleaner system to address the 

question of AR’s contribution in this disease setting.  Beyond the actions of AR on cell 

growth in TNBC, AR inhibition by enzalutamide or the CYP17A1 inhibitor seviteronel 
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has been shown to sensitize TNBC cells to radiation [236, 237]. This supports that the 

use of an AR PROTAC/degrader would sensitize the cells to DNA damaging agents.  

4.3.1.2 AR Targeted Therapies in ER+ Breast Cancer 

In the ER+ breast cancer setting, AR has actually been shown to have a tumor suppressor 

role, counteracting the actions of ER. A recent report demonstrated that agonism of AR 

leads to competition with ER for genomic binding and rearrangement of the localization 

of ER on the chromatin, with AR binding to sites previously occupied by ER [238]. This 

tempered ER proliferative actions, as well as induced AR regulated tumor suppressor 

genes SEC14L2, ZBTB16, and EAF2 . This had therapeutic effect as activation of AR 

with DHT or the selective androgen receptor modulator (SARM) enobosarm significantly 

impaired primary tumor growth in multiple in vivo models, including PDX models, as 

well as endocrine therapy resistant models. These endocrine therapy resistant models 

included resistance through ER mutations as well as tamoxifen resistance. Enzalutamide 

did not counteract E2 stimulated growth in these models, but did attenuate the growth 

inhibitory effects seen from DHT treatment. This study also demonstrated that SARM 

treatment outperformed the CDK4/6 inhibitor Palbociclib as a single agent, and there was 

added benefit to combining these two treatments [238]. This in-depth study strongly 

indicates that in the presence of ER, an AR agonist/SARM should be utilized to 

counteract the actions of ER. While the best way to modulate AR is different between 

ER+ and ER- breast cancers, utilizing AR to sensitize cells to DNA damaging agents is 

still a promising treatment in the setting of ER+AR+ breast cancers as DNA repair 

pathways are downregulated with AR inhibition, but also at high concentrations of 
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androgens. The concentrations of DHT used in the studies to inhibit ER+ breast cancer 

cell growth fall within the range that would repress DNA damage response genes, and 

thus would still induce this vulnerability to DNA damaging agents. Of clinical 

significance, upon breast cancer metastasis, ER expression is often lost [228], but AR 

expression remains, thus targeting AR in this way could provide a novel treatment option 

for patients with metastatic disease. Further studies will need to be conducted to 

determine if in ER-AR+ metastatic disease that these cells behave more similar to AR+ 

TNBC (inhibiting AR is preferred over AR activation), or if there are other inherent 

features established in these cells which would still dictate that AR agonism is the best 

therapeutic option. 

 

4.3.1.3 Contributors to AR and ER Activity Need to be Considered 

As just discussed, the presence of ER or AR in a tumor does not always indicate activity, 

and better clinical outcomes were achieved when patients were stratified based on 

receptor activity level rather than IHC expression alone [234]. Factors that impact 

receptor activity should therefore also be taken into account when assessing these 

treatments. Key transcription factors, such as FOXA1, have been shown to alter activities 

of ER and AR. In ER+ breast cancer FOXA1 can alter the ER transcriptome and 

contribute to endocrine therapy resistance [156, 239]. Additionally, patients with AR+ 

FOXA1+ TNBC had significantly shorter progression free survival  and worse prognosis 

than patients with other biochemical characteristics  (ie. AR+FOXM1- TNBC) [240]. 

This has been attributed to the fact that FOXA1 recruit AR to ER-binding sites and drives 
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a similar signaling program as ER. Therefore, detailed studies of the molecular 

backgrounds in cancers that respond well to these treatments will be needed to ultimately 

identify subgroups of patients which may derive the most benefit from these AR 

treatments.  

 

4.3.2 AR Targeted Therapies in Ovarian Cancer 

Beyond breast cancer, AR is also expressed in ovarian cancer, and utilizing an AR 

degrader in this setting could also provide benefit. Indeed this receptor is expressed in 

greater than 60% of cases of ovarian cancer and is more prevalent than the estrogen or 

progesterone receptors [241]. Clinical trials testing first generation antiandrogens such as 

flutamide and bicalutamide in patients which had progressed on chemotherapy were 

unsuccessful. The use of Enzalutamide in another study had slightly better results with 

22% of patients remaining progression free at 6 months, but overall response to the drug 

was low. These studies however were assessing AR inhibitors as single agents. While it 

appears that AR does not contribute much to the progression of these cancers, it is 

possible that AR degradation would still hamper the DNA repair mechanisms and 

sensitize these patients to DNA damaging agents. Such a clinical trial is imminently 

possible, as DNA damaging agents, including olaparib and carboplatin are currently 

standard of care therapies in this cancer subtype. Of note, preclinical data has shown that 

AR expression decreases in ovarian cancer cells with increasing lines of therapy, so a 

screening of patients for AR expression and activity before stratifying to an AR targeting 

therapy would be prudent, or if possible, utilizing an AR targeting therapy concomitantly 
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with the earlier lines of cytotoxic chemotherapy. Additionally, as ER is also expressed in 

ovarian cancers, further studies to assess whether the differential effects of AR 

modulation that are seen in ER+ vs. ER- breast cancer are also present in the setting of 

ovarian cancer.  

 

4.3.3 AR Targeted Therapies in Lung Cancer 

Many lung cancers express AR. As many non-small cell lung cancers (NSCLC) 

are driven by EGFR, and EGFR signaling is known to cross talk with AR signaling, 

utilizing an AR degrader may have added benefit beyond the actions on DNA repair 

mechanisms. Studies have shown that AR cross talk with EGFR leads to p38MAPK-

activation of mTOR and cyclin D1 expression in NSCLC, which contributes to tumor 

growth. Therefore, utilizing an AR degrader would have added utility over an AR 

antagonist in this setting as it would remove the receptor from receiving activating inputs 

from growth factor signaling [242, 243]. ER is also expressed in lung cancers and 

therefore the concerns of understanding the interplay between AR and ER applies to this 

setting as well. 

 

4.4 Plasticity and NEPC 

A phenomena observed in prostate cancer progression is that after androgen 

targeted therapies, roughly 20% of patients will progress to develop a neuroendocrine 

phenotype, which is characterized as being highly aggressive, with metastasis to visceral 

organs, and dismal prognosis. As neuroendocrine cancers are rather rare, the relatively 
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high rate of progression to a subtype which has these features after AR inhibition has 

spurred the idea that AR inhibition facilitates this transition. AR is not the only 

determining factor, however, as 80% of patients do not progress to this form of prostate 

cancer, thus suggesting that key molecular events must take place to drive the cells in this 

direction. In our work with comparing AR inhibition with degradation, plasticity changes 

were observed after AR inhibition, with upregulation of mesenchymal markers such as 

VIM, and neuroendocrine markers such as TUBB3, and ENO2. AR degradation induced 

higher expression than competitive inhibition via Enz. This dedifferentiation seen after 

AR inhibition may prime the cells to then differentiate towards a neuroendocrine 

phenotype depending on the next stimuli or pressures they experience. 

The overall drivers of NEPC are still unclear, but a study which knocked out 

various genes to determine what was necessary to induce a neuroendocrine phenotype 

determined that p53 and Rb loss were both indispensable for the adoption of a 

neuroeondcocrine phenotype[127]. The addition of forced expression of myristoylated-

AKT (to mimic partial PTEN loss), c-MYC, and Bcl2 concomitantly with p53 and Rb 

loss further enhanced the efficiency of formation of neuroendocrine tumors from these 

cells. These cells were referred to as PARCB cells.  Interestingly, when they performed 

ATACseq to look at the chromatin alterations in these PARCB cells, LHX motifs were 

highly enriched in the gained accessible sites compared to epithelial prostate cancer cells. 

In our studies, LHX motifs were also enriched in gained chromatin sites after PROTAC 

treatment, but not with Enz treatment. Further, chromatin sites lost in PARCB cells were 

enriched for the EHF motif. EHF has been shown to be directly regulated by AR, with 
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AR promoting its expression. Loss of EHF relieves the repression of zeste homolog 2 

(EZH2) by EHF [244]. EZH2 catalyzes the addition of tri-methylation on lysine 27 of 

histone H3 (H3K27me3) at its target sites, resulting in inactivation of those sites. In this 

study, gained activity of EZH2 was associated with the development of a neuroendocrine 

state, as has been seen in additional studies from other groups [245]. This provides a 

mechanistic link of how AR inhibition could be contributing towards the development of 

NEPC. However, some of the models in this study had low EHF levels but no 

neuroendocrine features, reinforcing the necessity of other factors such as p53 and Rb 

loss. What induces the loss of function of these factors in the neuroendocrine setting is 

still unclear. 

The hints of neuroendocrine features emerging in prostate cancer cells after 

PROTAC treatment warrants further studies of effects on AR degradation on progression 

towards NEPC. If degradation of the receptor does indeed prime the cells to more readily 

adopt a neuroendocrine phenotype, then it could be argued that AR-PROTACs will need 

to be administered with a cotreatment, such as DNA damaging treatment, to rapidly kill 

the cancer cells, rather than utilizing PROTACs as a single agent which could allow for 

development of additional genetic alterations that could commit these cells to a 

neuroendocrine phenotype. Alternatively, if EHF could be restored after AR inhibition, 

then this may mitigate the problem. Additionally, other studies we have performed 

looking at the biphasic regulation of certain genes by the androgen receptor at low and 

high androgen concentrations revealed that at extremely low concentrations of androgens 

(0.01nM R1881) that proliferation markers such as CDC6 and E2F1 are still active, but 
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the cells also start to express neuroendocrine markers TUBB3 and ENO2 at this low 

androgen condition. This is creating a situation where the cells are plastic, yet still able to 

proliferate, which is a very dangerous combination for patients. This suggests that when 

AR targeted therapies are being utilized, they need to completely eliminate AR signaling. 

If residual low level signaling is able to be active, this creates this plastic, yet 

proliferative condition, which is likely primed to adopt a more malignant state, such as 

neuroendocrine prostate cancer. These concerns also apply to the strategy of using of AR 

PROTACs in lung cancer to sensitize them to DNA damaging agents. Neuroendocrine 

tumors develop from lung cancers as well, and there is the potential that AR inhibition in 

this setting could have similar effects to those seen in prostate cancer with regards to 

enhancing development of a neuroendocrine subtype. The ability of AR-PROTACs to 

induce plasticity so effectively can be a risk to development of a neuroendocrine 

phenotype, but as the molecular mechanisms driving the progression to these 

neuroendocrine cancers is still poorly understood, the use of AR-PROTACs could 

provide a tool to study this process. The poor prognosis of patients who have progressed 

to neuroendocrine prostate or lung cancers is partially attributable to the lack of 

understanding of the drivers of these subtypes, so uncovering the molecular signaling 

would inform upon new treatment strategies for these patients.  

4.5 Ferroptosis and Endocrine Therapies 

While increased plasticity after AR inhibition could prime cells towards adoption 

of a neuroendocrine state, increased plasticity has also been linked to multidrug 

resistance and rewiring of metabolism. These alterations provide the cell with protection 
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from targeted therapy, but to be able handle these cellular alterations, these cells often 

become exceedingly reliant on the GPX4 antioxidant system [208].  Such cells are 

extremely sensitive to GPX4 inhibition and subsequent ferroptotic cell death. Indeed, AR 

inhibition has been linked to ferroptosis sensitivity in prostate cancer cells. One study 

revealed this was a result of extensive lipid remodeling after exposure to Enzalutamide. 

AR inhibition led to increased desaturation and acyl chain length of membrane lipids, and 

this increase in polyunsaturated fatty acid (PUFA) levels in the membrane enhanced 

membrane fluidity and increased lipid peroxidation. The cells are reliant on GPX4 to deal 

with these oxidized lipids, and thus hypersensitized to GPX4 inhibition [246]. Another 

study linked AR to ferroptosis through its actions on the gene DECR. DECR is the rate-

limiting enzyme for oxidation of polyunsaturated fatty acids (PUFAs), and is also 

negatively regulated by AR. It is found to be highly upregulated in prostate cancer and 

associated with worse relapse free survival. This study showed that downregulation of 

DECR led to cellular accumulation of PUFAs, enhanced mitochondrial oxidative stress 

and lipid peroxidation, and induced ferroptosis. This study argues that DECR may be 

involved in resistance to antiandrogen therapy and that targeting it in advanced prostate 

cancer would be a beneficial therapeutic strategy [247].  

In preliminary experiments with PROTACs we observed that AR inhibition via 

PROTAC sensitized LnCap cells to GPX4 inhibition, resulting in significant cell death as 

assessed by Annexin V and SYTOX staining. This effect could be rescued by ferrostatin-

1. Thus, it appears that AR-PROTACs do synergize with GPX4 inhibition and further 

studies into this molecular mechanism are warranted. PROTAC treatment may act 
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similarly to the studies mentioned above, but also may engage additional pathways which 

could be contributing to the induction of ferroptosis. One of these potential pathways is 

through modulating FLT3. FLT3 is also involved in lipid peroxidation and inhibitors of 

FLT3 have been shown to protect neurons from glutamate toxicity by preventing lipid 

peroxidation [248]. We observed a dramatic increase in FLT3 after AR inhibition with 

PROTAC treatment, seeing a 9-fold increase in FLT3 mRNA transcript levels, suggesting 

that these cells would then be very sensitive to GPX4 inhibition due to enhanced lipid 

ROS generation from FLT3. 

Another pathway which could be contributing to PROTAC’s efficacy of 

sensitizing cells to GPX4 inhibition could be through FZD7. A study in ovarian cancer 

found that cells that upregulate FZD7 were more resistant to oxidative stress induced by 

platinum-based chemotherapies. This was due to FZD7 upregulating oncogenic factor 

Tp63, which led to upregulation of glutathione metabolism pathways, including GPX4. 

FZD7 is significantly increased after PROTAC treatment in our LnCap cells, being 

upregulated 6-fold.  

Yet another way AR may influence sensitivity to ferroptosis is through regulation 

of MUC1. AR has been shown to directly regulate MUC1 by binding to its promoter and 

inhibiting its expression. MUC1 expression has been linked to cancer progression in 

numerous cancer models and tracks with poor prognosis [249]. Directly relating to the 

studies discussed in this thesis work, MUC1 is overexpressed in castration resistant 

prostate cancer and found in metastases [250, 251]. MUC1 was shown to promote 

stemness in NEPC through interacting with E2F1 to induce expression of embryonic stem 
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cell esBAF components BRG1, ARID1A, BAF60a, BAF155, and BAF170, and through 

its complex formation with BAF to induce NOTCH1 and NANOG. Thus, AR inhibition 

relieves repression on MUC1, allowing for it to contribute towards stem-like phenotypes, 

which is often linked to GPX4 dependence. Interestingly, in TNBC, MUC1 has been 

shown to form a complex with CD44 variant (CD44v) and xCT, which stabilizes xCT in 

the cell membrane.  This was shown to protect the cells from treatment with erastin 

(inhibitor of system Xc-) [252]. This follows what is typically seen in mesenchymal cells, 

with upregulation of pathways to resist therapy, but that these alterations are largely 

dependent upon GPX4 activity to counteract the oxidative stress. Thus, AR may act on 

many nodes which tie into GPX4 dependence and characterization of this signaling 

pathway could inform the design of the best combination therapies. As platinum based-

chemotherapeutics induce oxidative stress, and cooperate with AR PROTACs’ actions on 

DNA repair pathways, a combination of AR-PROTAC + platinum-based chemotherapy + 

GPX4 inhibitor may synergize exceptionally well.  

Linking with the phenotypes seen in our TamR study and the LYPD3/AGR2 axis, 

MUC1 is upregulated in the TamR cells relative to their parental WS8 cells. Further, as 

LYPD3 and its ligand AGR2 were found to be associated with resistance to GPX4 

inhibitors, AGR2 has actually been shown to be involved in the folding of MUC1 as it 

passes through the endoplasmic reticulum and is both necessary and sufficient for MUC1 

expression in pancreatic cancer cells [253]. As LYPD3 knockdown was shown to affect 

levels of Slc7a11, a component of the system XC-, and sensitize breast cancer cells to 

GPX4 inhibition, this is a particularly interesting connection between AGR2 and MUC1. 
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Perhaps LYPD3 may mediate these effects through interactions with MUC1.  

Additionally, LYPD3 and AGR2 expression also correlated with sensitivity to RTK 

inhibitors. Tumor associated MUC1 has been demonstrated to be involved with 

transducing signaling from many RTKs [249], including constitutively associating with 

ERBB2, leading to the targeting of MUC1–γ catenin complex to the nucleus, resulting in 

the activation of Wnt signaling [254]. Therefore, if LYPD3/AGR2 are exerting their 

effects on ferroptosis through MUC1, this would track with sensitivity to RTKi’s through 

MUC1’s involvement in transducing RTK signaling, and the correlation with resistance 

to GPX4 inhibitors since MUC1 can provide some protection by stabilizing xCT and thus 

enabling enough cystine substrate be available for the residual GPX4 which is still 

functional.  

 

4.5.1 Ferroptosis and the Immune Microenvironment 

When cells die of apoptosis, they are cleared by the immune system, and this is 

mediated by various signals which are released from the dying cells. These include 

chemoattractants to recruit immune cells to the appropriate site, as well as surface 

molecules which identify the cell as the one needing to be cleared. There is some 

evidence that ferroptotic cells are able to recruit and activate innate immune cells [255, 

256]. They have also been seen to be efficiently engulfed by phagocytosis [257]. This 

suggests these attractant and identification signals are also present when cells undergo 

ferroptotic cell death, but the exact molecules involved in this setting is still unknown. 

One way which innate immune cells become activated is through binding of damage 
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associated molecular patterns (DAMPs) to their pattern recognition receptors (PPRs) 

[258]. This induces the innate immune cell to release other pro-inflammatory signals into 

the environment and induce phagocytosis of the target cell. The release of the DAMP 

high mobility group box 1 (HMGB1) is known to be required for immunogenicity of 

apoptotic cell death, and it has been shown to be released by ferroptotic cells as well 

[259]. Ferroptotic cells also release eicosanoids, which are lipid signaling molecules 

generated from the oxidation of PUFAs. The release of 5-hydroxyeicosaotetraenoic acid 

(5-HETE), 12-HETE, and 15-HETE has been seen after the depletion of GPX4, as well 

as prostaglandin E2 (PGE2) [256]. Eicosanoids are known to both promote and inhibit 

immune responses, so it is currently unclear how the combination of immune modulatory 

signals released by ferroptotic cells will impact crosstalk with the immune system, 

especially in a cancer setting. A recent study found that ferroptotic cells induced 

maturation of bone marrow derived dendritic cells (BMDCs) and were efficiently 

phagocytosed.  Further, when mice were “vaccinated” with ferroptotic cancer cells, this 

effectively primed the immune system and prevented tumor growth when the mice were 

challenged with tumor cells again at a later time. This protection effect was not seen in 

immune deficient mice, further supporting the role of ferroptotic cells influencing 

adaptive immunity [260].  

Inducing ferroptotic cell death as a treatment strategy for cancer could result in 

immune recruitment to the tumor as a result of the signals released by the dying cancer 

cells. This could then provide an opportunity to then employ immune checkpoint 

blockade therapies such as the PD-1 inhibitor Pembrolizumab, to further enhance the 
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immune actions against the tumor cells. PD-1 inhibitors are only effective if there is T 

cell infiltration into the tumor microenvironment, which has proven an obstacle for the 

utilization of this therapy in tumors classically lacking immune infiltration and therefore 

dubbed as “cold tumors”. Luminal breast and prostate cancers typically fall into this cold 

tumor category, and thus immunotherapies have not been extensively utilized in these 

settings. Induction of ferroptotic cell death could thus be a way to attract immune cells 

into the tumor microenvironment of these cold cancers. Yet, even in settings which have 

extensive immune infiltration, immune checkpoint therapy is not always effective, with 

only ~30% of patients responding well to immune checkpoint blockade [261-263]. 

Induction of ferroptosis in this setting could help induce more immune responses and 

sensitize these patients to PD-1 therapies. Hence, utilizing endocrine therapy in 

conjunction with GPX4 inhibitors to promote ferroptosis could enhance 

immunotherapies. However, despite the potential benefits in mounting anti-tumor 

immune responses, it is well documented that chronic inflammation leads to immune 

tolerance and can create a tumor immune microenvironment which actually promotes 

tumor growth. This could possibly occur after extensive death via ferroptosis, and thus 

would allow for better outgrowth of persistor cancer cells which remain after therapy. 

Therefore, it will be important to study the immune effects resulting from cancer 

therapies which induce ferroptotic death of the cancer cells. These immune effects will be 

dependent upon which signaling mediators are released from the dying cancer cells, and 

this is not a trivial question to deconvolute as many factors will tie into the responses of 

these cells. For example, different cancer types are known to release unique immune 
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modulatory signals and thus promote differing immune environments dominated by 

different immune cell populations. Exposure to previous lines of therapy will also induce 

cellular alterations to resist these treatments, and thus could affect which molecules are 

released after ferroptosis, in addition to the potential differences depending on which 

inducer of ferroptosis is used. Thus, detailed studies of these interconnected signaling 

pathways will be needed to understand the best way to harness the utilities of these 

therapies. 

 

4.6 Endocrine Therapy Effect on Immune populations 

Thus far the discussions of the actions of endocrine therapies have focused on the 

effects on the cancer cells, but many cells within the body also contain estrogen and 

androgen receptors, and thus will be affected by these endocrine therapies. Of particular 

interest to cancer biology is the effects of these treatments on immune cell populations as 

immune cells can either promote tumor clearance or provide a hospitable environment for 

the cancer to grow. Many descriptive studies of the effects of estrogens and androgens on 

immune phenotypes have been performed, which link hormones to immune effects. For 

example, there is a female gender bias in the incidence of autoimmune diseases. Many of 

these are B-cell driven before menopause and T-cell driven after menopause, suggesting 

a role of estrogens in regulating both B and T cells. Additionally, during pregnancy, 

when circulating estrogens and progestins are highest, women with autoimmune diseases 

can experience symptom amelioration which reappear soon after parturition. Broadly 

estrogens are considered more immunostimulatory than androgens, which are generally 
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considered to be immunosuppressive, but effects on specific immune cell populations is 

nuanced with differing effects in different disease settings. Recent clinical trials have 

been investigating the use of endocrine therapy in conjunction with immune checkpoint 

therapies. One immunotherapy has been approved for use in mCRPC, called Sipuleucel-

T. Sipuleucel-T is an autologous cellular immunotherapy for which dendritic cells are 

incubated ex vivo with a fusion protein consisting of prostate specific acid phosphatase 

(PAP) and granulocyte-macrophage colony-stimulating factor (GM-CSF). In the phase III 

trial (IMPACT; NCT00065442) patients receiving Sipuleucel-T had an increased median 

overall survival (OS) of 4.1 months compared to placebo-treated patients [103]. Trials 

with PD-1 and CTLA-4 inhibitors as single agents did not provide much benefit to 

prostate cancer patients, but when combined with enzalutamide, it was found that 

enzalutamide sensitized metastatic CRPC patients to anti-PD-1 checkpoint blockade 

[264, 265]. This treatment is currently in phase III trials (NCT03834493). There are also 

currently numerous trials investigating endocrine therapy with immunotherapy in the 

breast cancer space. A study evaluating the use of fulvestrant in combination 

pembrolizumab in ER+ HER2- metastatic breast cancer patients is currently in phase II 

(NCT03393845), and another testing fulvestrant with Palbociclib and avelumab is also 

underway (NCT03147287). An additional study is also investigating the use of aromatase 

inhibitors with pembroluzimab compared to doxorubicin with pembroluzimab in patients 

with metastatic breast cancer (NCT02648477). Comparing the results of these studies 

with aromatase inhibitors vs. fulvestrant in combination with immunotherapy will help 



 

139 

determine whether there are differential effects depending on whether the receptor is 

inactivated vs. degraded and thus gone from the cell.  

These results and ongoing studies suggest that there is the potential to leverage 

endocrine therapies to enhance responses to immunotherapies. However, as new 

endocrine therapies are developed, it will be imperative to perform detailed mechanistic 

studies of the various ways of inhibiting or activating the nuclear receptor of interest. 

SERMs and SARMs’ actions as agonists or antagonist are tissue dependent and thought 

to be governed by the available coregulators in those specific tissues. This is well 

documented with SERMs such as tamoxifen acting as an antagonist in breast initially, but 

as an agonist in bone, providing protective effects. Thus it is possible that these 

modulators may act as an agonist in one immune population and antagonist in another 

immune cell type. The ideal SERM or SARM would inhibit proliferation in breast or 

prostate cancer cells, but induce an overall immune stimulatory action in the immune 

compartment. This may be difficult to achieve as there are many immune cells present in 

the microenvironment and effects of the drug may have opposing effects in the various 

cell types. If antagonism is needed to elicit the desired effect in the immune cells, the use 

of an ER or AR degrader would mitigate the potential for agonistic activities in certain 

cell populations, but as we saw unique effects from degradation vs. competitive inhibition 

in the prostate cancer cells with an AR-PROTAC, the effects of removing the receptor of 

interest from various immune cell populations also needs to be further studied.  
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4.7 Conclusion 

Overall, this work has utilized large scale genomic profiling techniques to assess 

the changes that occur after endocrine therapy, and whether this is dependent upon the 

mechanism utilized to inhibit the nuclear receptor. Analysis of the genetic landscape after 

these treatments identified vulnerabilities that could be therapeutically exploited. It was 

found that AR degradation exposes a vulnerability to DNA damaging agents due to its 

extensive repression of genes involved in numerous DNA repair pathways, and was 

found to sensitize cells to PARP inhibition. Further studies combining other forms of 

DNA damage inducing agents with AR degradation are currently underway. The strategy 

of modulating AR to sensitize cells to DNA damaging agents has the potential to be 

effective in other cancer settings beyond prostate cancer as well.  

Our genomic analyses in endocrine therapy resistant breast cancer identified that 

the transcription factor GRHL2 becomes more active upon development of endocrine 

therapy resistance and inhibition of LYPD3 and AGR2 (two proteins involved in the 

downstream signaling of GRHL2) significantly altered primary tumor growth. Further 

studies into the biology of LYPD3 revealed that its knockdown slowed outgrowth of 

metastases. LYPD3 knockdown was also shown to affect key nodes of the ferroptosis 

cascade, and sensitize cells to GPX4 inhibition. Thus, it may be affecting metastatic 

outgrowth through altering sensitivity to ferroptosis. Future studies to further understand 

the molecular signaling of LYPD3 are underway in order to design the best therapeutic 

strategies to employ with this target.  
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Appendix: Materials and Methods 

A.1 Cell Culture 

MCF7-WS8 and its derivative, TAMR, cell lines were obtained as previously 

described [266, 267] and validated [196] and maintained in Dulbecco’s Modified Eagle 

Medium: Nutrient Mixture F-12 (DMEM/F12). MCF7 cells were obtained from 

American Type Culture Collection (ATCC) and maintained in the same media. TAMR 

cells were kept under constant selection with 100nM 4-OHT. All cell lines were 

supplemented with 8% fetal bovine serum (FBS) or twice charcoal-stripped FBS (CFS) 

(Hyclone Laboratories, Logan, UT), 0.1 mM non-essential amino acids (NEAA) and 

1 mM sodium pyruvate (NaPyr). LnCap, 22RV1, and 4T1cells were maintained in RPMI 

supplemented with 8% FBS + 0.1 mM NEAA and 1 mM NaPyr. PC9 cells were 

maintained in RPMI supplemented with 10% FBS + 0.225% d-glucose + 1 mM NaPyr+ 

10mM HEPES. VCAP and the enzalutamide resistant line derived from VCAP (EnzR) 

were maintained in DMEM supplemented with 8%FBS + 0.1 mM NEAA and 1 mM 

NaPyr. PY230 cells were maintained in F-12K media supplemented with 5% FBS and 

Mito+ Serum Extender (Corning, Cat# 355006). LnCap95 cells were maintained in RPMI 

supplemented with 8% 1X CFS +0.1 mM NEAA and 1 mM NaPyr. All cell lines were 

obtained from ATCC unless otherwise specificed and are regularly checked for 

mycoplasma contamination. 
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A.2 Chemicals 

ER ligands used for cell culture treatment were obtained from Sigma (St. Louis, 

MO) include: 17β-Estradiol [50-28-2] (E8875), Fulvestrant (ICI) [129453-61-8] (I4409), 

and 4-hydroxytamoxifen [68047-06-3] (H7904). AR ligand R1881 was purchased from 

PerkinElmer (Waltham, MA). Enzalutamide was purchased from Selleckchem. PROTAC 

was synthesized by Bristol Myers Squibb. Olaparib was purchased from Selleckchem.  

 

A.3 Antibodies 

The following antibodies were purchased from Santa Cruz Biotechnology: α-

Tubulin (E-19, R) (sc-12462-R) Lamin A (sc-20680)., Abcam: FOXA1 (ab23738), 

H3K27Ac (ab4729, for ChIP-qPCR), LYPD3 (Ab151709, for immunoblot/LiCOR), 

Sigma: H3K4Me2 (07-030), GRHL2 (HPA004820), LYPD3 (HPA041797, for IHC), and 

β-actin (AC15) (a5441), R&D Biosystems: Human C4.4a/LYPD3 (AF5428, 

immunoblot/ECL), Diagenode: H3K27Ac (C15410196, for ChIP-seq), Novus: AGR2 

(NBP1-40630), Cell Signaling Technologies: Phospho Histone H2A.X (Ser139) (20E3) 

Rabbit mAb (#9718S), FOXM1 (D3F2B) Rabbit mAb (#20459) AR antibody was a gift 

from Dean Edwards (Baylor College of Medicine) and has been previously published and 

validated [268]. 

AGR2 and LYPD3 monoclonal antibodies as produced and validated previously 

[206] for treatment of xenograft tumors were provided by Craig Logsdon at MD 

Anderson. Mouse IgG Isotype control (0107-01) was obtained from Southern Biotech. 
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A.4 RNA isolation and qPCR 

For cell line studies in breast cancer models with GRHL2 and LYPD3, cells were 

seeded in 12-well plates in phenol red-free media containing 8% CFS for 2 days and 

treated with ligands as indicated. After the indicated time period, cells were harvested 

and total RNA was isolated using the Aurum™ Total RNA Mini Kit (Bio-Rad, Hercules, 

CA). For prostate studies, cells were seeded in 6 well plates at a density of 6x104 

cells/mL in appropriate growth media containing 8% FBS, and concomitantly treated 

with AR inhibitor. For assays assessing the combination of AR and PARP inhibition, 

cells were allowed to grow for two days before addition of PARP inhibitor, and then 

allowed to grow for two additional days before harvesting and RNA isolation. For tumor 

tissue, tumors were dissected, and then snap frozen in liquid nitrogen. Tissue was then 

pulverized using mortar and pestle and then isolated. 500ng to 1ug of purified RNA was 

reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad). Reactions for qPCR 

were performed with diluted cDNA, specified primers, and iQ SYBRGreen supermix 

(Bio-Rad). Data are normalized to RPLP0 (36B4) housekeeping gene and presented as 

fold expression relative to controls, as previously described (Wright et al., 2014). 
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A.5 Oligonucleotides 

qPCR primer sequences can be found in Table 4 below and ATACseq indexing primers 

found in Table 5. 

Table 4: qPCR Primer Sequences 

 

 

Gene Name Forward (5'-3') Reverse (5'-3')

36B4 GGACATGTTGCTGGCCAATAA GGGCCCGAGACCAGTGTT
LYPD3 GTCACCTTGACGGCAGCTAA GTCTTGTTGCGGAGGTCAGA
GRHL2 AACAGGAAGAAAGGGAAAGGCCAGG TAGATTTCCATGAGCGTGACCTTG
PSA CCTCCTGAAGAATCGATTCC GAGGTCCACACACTGAAGTT
CDC6 TGAATGGCCATGGCTAAGCA GGAAGTTCAACAGCTGTGGC
DTL GTCTCCACACCCTGGCAACCT GCCCAACCCACCGTGGAAAGT
ENO2 AGGTGCAGAGGTCTACCATAC AGCTCCAAGGCTTCACTGTTC
TUBB3 GCCTCTTCTCACAAGTACGTG CCCCACTCTGACCAAAGATGAA
VIM CGA AAA CAC CCT GCA ATC TT AAC GGC AAA GTT CTC TTC CA
BRCA1 GAAACCGTGCCAAAAGACTTC CCAAGGTTAGAGAGTTGGACAC
BRCA2 TGCCTGAAAACCAGATGACTATC AGGCCAGCAAACTTCCGTTTA
BRIP1 GATGAGGGCGTAAGTGAAAAAGC CGTGAAGTTCCTTGGTTCATGTC
Chek1 CCAGATGCTCAGAGATTCTTCCA TGTTCAACAAACGCTCACGATTA
XRCC2 GTCTGGGACCGAGCTCCTTG TCCTGTTCCTTCTGGGCCAT
RAD51 CAACCCATTTCACGGTTAGAGC CTTCTTTGGCGCATAGGCAAC
PCNA CTGCAGATGTACCCCTTGTTGT ATCCTCGATCTTGGGAGCCA
BLM CGGTGATGGCTCTTACGGCCAC GCCATGGTGTCACATTCTCGCC
FANCA TTTGCTTGAGGTAGAAGGTCCA CCCGGCTGAGAGAATACCCA
POLD1 ATCCAGAACTTCGACCTTCCG ACGGCATTGAGCGTGTAGG
FOXM1 CGTCGGCCACTGATTCTCAAA GGCAGGGGATCTCTTAGGTTC
E2F1 ACG TGA CGT GTC AGG ACC T GAT CGG GCC TTG TTT GCT CT
AURKA GGAATATGCACCACTTGGAACA TAAGACAGGGCATTTGCCAAT

Human
qPCR Primers
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Table 5: Nextera PCR Primer Sequences for ATACseq Library Preparations 

 

 

A.6 siRNA Transfections 

For breast cancer experiments involving transient transfection of small interfering 

RNA (siRNA), validated siRNA or siRNA control were used as indicated and listed in 

oligonucleotide section. Cells were plated in phenol red-free DMEM/12 containing 8% 

charcoal-stripped serum (CFS), 0.1 mM NEAA and 1 mM NaPyr in the presence of 

60 nM siRNA or associated siRNA control for siGRHL2 or 30nM siRNA or associated 

siRNA control for siLYPD3 using Lipofectamine RNAi MAX as the transfection agent, 

according to the manufacturer’s recommendations. For qPCR and immunoblot analysis, 

cells were harvested following 3 days of transfection. For proliferation assays, cells were 

Name Sequence 5'-3'
701 CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGGAGATGT
702 CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGGAGATGT
703 CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGGAGATGT
704 CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGGAGATGT
705 CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGCTCGGAGATGT
706 CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGCTCGGAGATGT
707 CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGGAGATGT
708 CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGCTCGGAGATGT
709 CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGGGCTCGGAGATGT
710 CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTCTCGTGGGCTCGGAGATGT
711 CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTGGGCTCGGAGATGT
712 CAAGCAGAAGACGGCATACGAGATTCCTCTACGTCTCGTGGGCTCGGAGATGT
501 AATGATACGGCGACCACCGAGATCTACACTAGATCGCTCGTCGGCAGCGTCAGATGTG
502 AATGATACGGCGACCACCGAGATCTACACCTCTCTATTCGTCGGCAGCGTCAGATGTG
503 AATGATACGGCGACCACCGAGATCTACACTATCCTCTTCGTCGGCAGCGTCAGATGTG
504 AATGATACGGCGACCACCGAGATCTACACAGAGTAGATCGTCGGCAGCGTCAGATGTG
505 AATGATACGGCGACCACCGAGATCTACACGTAAGGAGTCGTCGGCAGCGTCAGATGTG
506 AATGATACGGCGACCACCGAGATCTACACACTGCATATCGTCGGCAGCGTCAGATGTG
507 AATGATACGGCGACCACCGAGATCTACACAAGGAGTATCGTCGGCAGCGTCAGATGTG
508 AATGATACGGCGACCACCGAGATCTACACCTAAGCCTTCGTCGGCAGCGTCAGATGTG
509 AATGATACGGCGACCACCGAGATCTACACCGTCTAATTCGTCGGCAGCGTCAGATGTG
510 AATGATACGGCGACCACCGAGATCTACACTCTCTCCGTCGTCGGCAGCGTCAGATGTG
511 AATGATACGGCGACCACCGAGATCTACACTCGACTAGTCGTCGGCAGCGTCAGATGTG
512 AATGATACGGCGACCACCGAGATCTACACTTCTAGCTTCGTCGGCAGCGTCAGATGTG
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allowed to grow for 9 days following transfection, as detailed in “proliferation assay”. 

For migration assay, cells were allowed to grow for 18 h following transfection, as 

detailed in “migration assay”. 

For prostate cancer experiments, siRNA or siRNA control were used as indicated 

and listed in oligonucleotide section. Cells were plated in appropriate growth media 

supplemented with FBS in the presence of 50nM siRNA or associated siRNA control 

using Dharmafect 1. Cells were collected after 4 days.  

 

siRNA sequences used, include: 

siCtrl No. 1 (Ambion/ThermoFisher, AM4611) 

siGRHL2 A (Ambion/ThermoFisher, 109594) 

siGRHL2 C (Ambion/ThermoFisher, 109596) 

siGRHL2 D (Ambion/ThermoFisher, 116387) 

siCtrl (QIAGEN, 1027310): 

siLYPD3 #1 (QIAGEN, Hs_LYPD3_1, SI03082072) 

siLYPD3 #2 (QIAGEN, Hs_LYPD3_2, SI03084291) 

siLYPD3 #3 (QIAGEN, Hs_C4.4A_2, SI00105707) 

Stealth RNAi™ siRNA Negative Control, Med GC (Invitrogen, 12935300) 

 siAR-19 (Invitrogen, Stealth, HSS100619) 

 siAR-72 (Invitrogen, Stealth, HSS179972) 

 siAR-73 ((Invitrogen, Stealth, HSS179973) 
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A.7 Proliferation assays 

TAMR cells were reverse transfected in triplicate with siRNA as indicated above 

at the time of plating into 96-well plate. For siGRHL2 and respective siCtrl, transfection 

was repeated on Day 3 by aspirating media suspension and re-transfecting with respective 

siRNA. For siLYPD3 and respective controls, transfection was carried out only on day 0. 

On collection day, media was decanted and plates were frozen at −80°C. Plates were 

thawed completely at room temperature after which 100ul of H2O was added to each well 

and incubated at 37°C for 1 hr. Plates were refrozen at −80°C, thawed at room 

temperature, and DNA content was detected using a Fluoreporter assay (Invitrogen) per 

manufacturer’s instructions. 

VCaP, EnzR (10,000 cells/well) or LNCaP (5,000 cells/well) were seeded in 96-

well plates containing regular FBS-containing media. The following day, the cells were 

treated as indicated with increasing concentrations of antiandrogens. After 2 days, 

different doses of Olaprib were added to the wells. Plats were collected on Day 7 (5 days 

after Olaparib treatment). Plates were processed as described for the TamR cells. For all 

assays, each sample was performed in triplicate, and the results from a representative 

experiment are shown. Results are expressed as relative fluorescence ± SE (n = 3). 

 

A.8 Migration Assays 

Cells were serum starved for 24 h with phenol red-free DMEM/F12, 0.1 mM 

NEAA and 1 mM NaPyr. Cells were subsequently plated on Falcon cell culture inserts 

(transparent PET membrane, 8.0 micron pore) (Corning) in duplicate and migrated 
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toward 8% FBS in DMEM/F12, 0.1 mM NEAA and 1 mM NaPyr for 18 h. Migrating 

cells were fixed with 10% formalin, stained with 1% crystal violet in PBS, and counted. 

 

A.9 Western Blot 

For cell line studies, cells were plated as described for RNA analysis, except for 

breast cancer studies, cells were plated in 6-well plates for protein collection, All plating 

done in 6-well plates for prostate studies due to low density seeding. Following treatment 

for the indicated time periods, cells were harvested in ice-cold PBS and lysed in RIPA 

Buffer (50 mM Tris-HCl pH 8.0, 200 mM NaCl, 1.5 mM MgCl2, 1% Triton X-100, 

1 mM EDTA, 10% glycerol, 50 mM NaF, 2 mM Na3VO4, and protease inhibitors (Sigma 

#8340-ML) while rotating at 4°C for 30 min. For tumor tissue, tumors were dissected, 

and then snap frozen in liquid nitrogen. Tissue was then pulverized using mortar and 

pestle and lysed in RIPA lysis buffer as above. 20-25μg of whole-cell extract was 

resolved by SDS-PAGE, transferred to a PVDF membrane (Bio-Rad) and probed with 

the appropriate antibodies. 

 

A.10 Tissue Microarray 

Tissue microarray was obtained from and prepared by the laboratory of JRM. 

Samples were acquired in compliance with the informed consent policy approved by the 

Duke University Institutional Review Board under the protocol Pro00012025, as 

previously published [269]. A total of 100 patient samples were assessed on the TMA. 

All samples were de-identified prior to receipt of materials. Samples were previously 
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evaluated and classified based on tumor and nodal stage, and estrogen receptor (ER), 

progesterone receptor (PR) status. An additional TMA from seventy-seven breast cancer 

patients diagnosed between 1981 and 2004 at the Royal Marsden Hospital, who had 

tissue available from both primary invasive tumor and subsequent invasive recurrence 

following adjuvant tamoxifen treatment were included to assess the expression levels of 

GHRL2 and LYPD3 in primary versus recurrent tumors [270, 271]. 

Immunohistochemistry (IHC) was performed on the prepared microarray slides using 

Biocare Medical Supply IHC staining kit, including Background terminator (BT967L), 

4+ Biotinylated Universal Goat Link (GU600H), 4+ Streptavidin HRP Label (HP604H), 

and Da Vinci Green Diluent (PD900L). Slides heated to 60°C for 1 h to melt paraffin, 

and then were deparaffinized in Clearify (MasterTech) and hydrated in a graded series of 

ethanol. Heat retrieval was performed using a sodium citrate buffer at a pH of 6 in a 

pressure cooker for 25 min and subsequently allowed to cool in sodium citrate to room 

temperature. Suppression of endogenous peroxidase was achieved using 3% hydrogen 

peroxide for 15 min. Background terminator was applied for 10 min. Slides were then 

rinsed for 15 min with tap water to remove residual hydrogen peroxide. Primary antibody 

staining was performed using GRHL2 (HPA0004820) at 0.05 mg/ml and LYPD3 

(HPA041797) at 0.4 mg/ml, diluted in Da Vinci Green antibody dilution solution with 

1% goat serum, at 4°C overnight. Tissue sections were washed with 3 times with Tris 

buffered saline with 0.1% polysorbate 20 (TBS-T), incubated with 4+ Biotinylated 

Universal Goat link at room temperature for 10 min, and then washed 3 more times with 

TBS-T. Immunoreactivity was detected using the Dako liquid DAB+ substrate 
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chromogen system, as follows: incubation with 4+ Streptavidin HRP for 10 min, rinse 3 

times with TBS-T, and incubation with DAB chromogen for 5 min. After washing, 

hematoxylin staining and Blue Nuclei staining were performed, followed by further 

washing, and stepwise dehydration with ethanol washes. Final steps include mounting 

and coverslip application. 

The degree of GRHL2 staining was scored by board certified pathologist (AH) in 

the Duke Department of Pathology, who was provided only the de-identified patient ID 

number and sample grid. Hemotoxylin & Eosin staining was used to confirm presence of 

carcinoma within the samples. Samples were then scored on a 0 (absent) to 3 (high) scale 

to reflect degree of staining. 

 

A.11 Stable Cell Line Generation 

LYPD3 stable knockdown cells were generated using plasmids from Dharmacon 

targeting mouse LYPD3 (Cat# 25214). The hairpin sequence is 

TTATTGACACCTTCCTGTG and is in the GIPZ backbone. Stable cell lines were 

generated via lentiviral infection with antibiotic selection.   

 

A.12 Xenograft Primary Tumor Studies 

All applicable international, national, and/or institutional guidelines for the care 

and use of animals were followed. All procedures performed in studies involving animals 

were in accordance with the ethical standards of the Duke University Institutional Animal 

Care and Use Committee. 
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For confirmation of TAMR model using cell lines, 2 days prior to cell injection, 

female J:nu mice, JAX stock #007850 (∼6 weeks of age) were ovariectomized under 

isoflurane anesthesia and tamoxifen pellets (5 mg/60 days from Innovative Research of 

America) were implanted. Log phase TAMR cells were injected as a 1:1 mixture of 

serum-free media and Matrigel, orthotopically subcutaneously under the second nipple. 

Tumors were measured 3X weekly (volume = l x w2 x 0.5) with concurrent weight 

monitoring. Following the final measurement, animals were euthanized and tumors were 

sterilely excised prior to being subdivided into ∼8 mm3 sections. These sections were 

then serially implanted under anesthesia into ovariectomized mice (prepared as above) 

receiving tamoxifen or no treatment and monitored for growth for the time indicated. 

For anti-AGR2 and anti-LYPD3 antibody treatment studies, tamoxifen stimulated 

TAMR tumors were initiated orthotopically by serial tumor transfer into female J:nu mice 

(∼6 weeks age), as indicated above. Briefly, ovariectomized recipient mice received no 

treatment or tamoxifen treatment via a timed-release pellet (5 mg/60 days from 

Innovative Research of America) implanted subcutaneously. Two days later, TAMR 

tumors (∼0.8cm3 volume) were sterilely excised from euthanized tamoxifen treated donor 

mice, diced to ∼2mm3 sections and implanted into the axial mammary gland of recipient 

mice under anesthesia using a 10 g trocar. Tumor growth was measured 3 times weekly 

by caliper. When tumor volume reached ∼0.15cm3 (∼20 days), mice were randomized to 

receive 45 mg/kg IgG, 15 mg/kg anti-AGR2 or 45 mg/kg anti-LYPD3 antibodies ip twice 
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weekly, with groups further subdivided to receive sc injection of corn oil or 25 mg/kg 

fulvestrant. 

Long-term estrogen-deprived (LTED) xenograft tumor model was derived by 

withdrawal of estradiol treatment of a growing (∼0.4 cm3 volume) MCF7-WS8 xenograft 

tumor engrafted into the axial mammary fat pad of an ovariectomized J:nu mouse. After 

tumor regression and stasis (18 weeks), this initial (parent) tumor re-entered exponential 

growth. When tumor volume reached ∼2 cm3 (37 weeks after estradiol withdrawal), the 

donor mouse was euthanized, and the tumor was resected, sectioned, and implanted 

(∼8 mm3 initial volume) into the mammary fat pad of ovariectomized (10 days prior) 6-

week old female J:nu mice. This xenograft model of estrogen withdrawal is continuously 

maintained via serial passage of tumor tissue as described above. Tumors were measured 

3 times weekly, concurrent with weight and behavior monitoring. When tumors volume 

reached ∼0.1cm3, animals were euthanized and tumors were harvested, as described 

above. 

 

For EnzR xenograft studies, intact male NSG mice were injected in the right flank 

with 2 million EnzR cells. Once tumors were palpable, mice were randomized to 

treatment with Veh, 30mg/mL Enz or 10mg/kg PROTAC. Groups were then further 

subdivided to receive either Veh or 50mg/kg Olaparib. Formulations were as follows: 

VHL - 5% ethanol/20% Solutol/75% D5W, where D5W = 5% dextrose in sterile H20, 

Enz – 5% DMSO/95% (1% CMC/0.1% Tween 80), Olap – 10% DMSO/15% PEG/75% 
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(1% CMC/0.1% Tween 80) Enzalutamide and Olaparib were dosed daily by oral gavage 

and the PROTAC was injected by IP daily. Doses of PROTAC were increased to 

20mg/kg on day 13, and then 30 mg/kg on day 28 as analyses of mice taken down 

halfway through the study showed that no AR degradation was being achieved with the 

current doses of PROTAC. Tumors were measured 3x per week. When tumors volume 

reached ∼0.1cm3, animals were euthanized and tumors were harvested, as described 

above. 

 

A.13 Metastasis Studies 

For LYPD3 metastasis studies, 6 week old female Nu/Nu mice from the Duke 

breeding core were inject via tail vein with 500,000 PY230 control or LYPD3 

knockdown cells resuspended in 200uL HBSS. There were 10 mice per group and 

progression of metastases was monitored via IVIS imaging from retro-orbital injection of 

luciferase.  Imaging was done once per week. Upon animal sacrifice, the lungs were 

harvested and the total metastatic nodules and percentage of nodules which were <2mm 

were quantified.  

 

A.14 Ferroptosis Assays 

PY230 cells were seeded in 96 well plates at 4x104 cells/mL in appropriate cell 

culture media. The next day cells were treated with 15uM arachidonic acid and allowed 

to grow for an additional 2 days. Then cells were treated with indicated concentrations of 

GPX4 inhibitors ML210 or RSL3. Ferrostatin-1 (5uM) was added to appropriate wells 
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just before addition of GPX4 inhibitors. Cells were allowed to grow for an additional 2 

days, after which plates were collected and processed as described in the proliferation 

assay section to measure DNA content.  

 

A.15 Deglycosylation Treatments 

A.15.1 Removal of N-linked Glycosylations  

PNGase F Treatment was used to remove N-linked glycosylations. 20ug of glycoprotein 

was combined with 1uL of glycoprotein denaturing buffer (10X) and volume brought up 

to 10uL with H2O. Reaction was then heated at 100°C for 10 minutes. Denatured 

glycoprotein was then chilled on ice and centrifuged for 10 seconds. The total reaction 

volume was then brought to 20uL with addition of 2uL GLycoBuffer 2 (10X), 2uL 10% 

NP-40, and 6uL H2O. One uL of PNGase F enzyme was then added and the reaction 

gently mixed. The reaction was incubated for 1hr at 37°C. Samples were then run via 

western blot. 

A.15.2 Removal of O-linked Glycosylations 

20ug of glycoprotein was denatured as described above. Then the reaction volume was 

brought to 20uL by adding 2uL 10X GlygoBuffer 2, 2uL 10% NP-40, 2uL 

Neuraminidase, H20, and 1-5uL O-glycosidase. The reaction was incubated at 37°C for 4 

hours. Samples were then run on western blot.  
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A.16 Isolation of Extracellular LYPD3 

To isolate and concentrate extracellular proteins in cell culture media to look for 

extracellular LYPD3, MCF7 or TamR cells were seeded in either white DMEM:F12 

supplemented with 8% 2X charcoal stripped CFS or 8% FBS and allowed to grow for 

two days. Upon harvesting, cell culture media was collected and incubated with 

StrataClean resin from Agilent Technologies rotating at 4 degrees for up to 6 hours. 

Tubes were then centrifuged to spin down resin, and supernatant discarded. Laemmli 

lysis buffer was added to resin slurry and samples boiled at 95 degrees for 10 minutes to 

denature proteins. One half of this lysate was loaded per well on SDS page for western 

blot analysis. Whole Cell Lysates were collected at the same time as media collection to 

determine relative levels of shed/extracellular LYPD3 to membrane bound LYPD3. One 

fifth of whole cell lysate collected was loaded per well on western blot. 

 

A.17 ATACseq 

A.17.1 Cell Treatment, Transposition, Library Prep, and Sequencing 

LnCap cells were plated at 6x104 cells/mL in 6-well plates in media containing 

RPMI supplemented with 0.1 mM non-essential amino acids (NEAA) and 1 mM sodium 

pyruvate (NaPyr) and 8% FBS or 8% 1X CFS. At time of plating cells were also either 

treated with DMSO, 10uM Enz, or 5uM PROTAC and allowed to grow for 4 days. Two 

6-wells were used per condition. On day 4, cells were washed with PBS, trypsinized, and 

washed again with PBS in preparation for transposition. The OMNI protocol was 

followed for ATACseq [272], but briefly, harvested cells were spun down at 500xg for 5 
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min at 4°C to pellet the cells. Supernatant was aspirated and pellets resuspended in 50uL 

cold resuspension buffer (RSB) (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2) 

containing 0.1% NP40, 0.1% Tween-20 and 0.01% Digitonin. Cell pellets were 

resuspended by gentle pipetting with wide bore tips and incubated on ice for 3 minutes. 

After 3 minutes, 1mL of cold RSB containing 0.1% Tween-20 was added to tubes, and 

tubes inverted 3 times to mix. Tubes were spun at 500xg for 10 min at 4°C. Supernatant 

was aspirated and pellets resuspended in 25uL 2x TD Buffer (Illumina Cat #FC-121-

1030, 20mM Tris-HCl pH 7.6, 10mM MgCl2, 20% Dimethyl Formamide). 2uL were 

taken out from each sample to assess nuclei quality and lysis efficiency, as well as count 

the total number of nuclei. 60,000 nuclei from each condition were then put into a new 

tube and volume brought up to 25uL with 2X TD Buffer. 25uL of transposition reaction 

mix (per reaction: 2.5 μL Tn5 Transposase (Illumina Cat #FC-121-1030 +16.5 μL 1X 

PBS+0.5 μL 10% Tween-20 +0.5 μL 1% Digitonin + 5 μL Nuclease Free H2O) was then 

added to each tube, totaling 50uL per sample. Reaction mixtures were gently pipetted and 

then incubated at 37°C for 30 min in a thermomixer shaking at 1000RPM. After 30min, 

enzymatic reaction was stopped and samples purified using the Qiagen MinElute Kit 

(#28204). Transposed DNA was eluted in 10uL Elution Buffer (10mM Tris buffer, pH 8). 

To make ATACseq libraries, purified DNA was then amplified via PCR with the 

following reaction conditions: 10 μL Transposed DNA+12.5 μL Nuclease Free H2O + 

2.5μL 25μM Customized Nextera PCR Primer-1 + 2.5μL 25μM Customized Nextera 

PCR Primer-2 + 25 μL NEBNext Ultra II Q5 Master Mix (Cat # M0544S), total 50uL per 
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reaction. Each sample has a unique combination of Primer 1 and Primer 2 to double index 

the samples. Primer sequences can be found in the Oligo Sequences Section and the 

Nextera PCR Primers 1 and 2 are labeled as i5 and i7 primers. The following PCR 

reaction was then run: (1) 72°C, 5 min, (2) 98°C, 30 sec, (3) 98°C, 10 sec, (4) 63°C, 30 

sec, (5) 72°C, 1 min, (6) Repeat steps 3-5, 4x, (7) Hold at 4°C. Next a qPCR side reaction 

was performed to monitor and stop amplification prior to saturation to reduce GC and 

size bias. The side reaction consisted of the following components: 5 μL 5 cycles PCR 

amplified DNA + 4 μL Nuclease Free H2O + 0.5 μL 50μM Customized Nextera PCR 

Primer 1 + 0.5 μL 50μM Customized Nextera PCR Primer 2 + 0.06 μL 100x SYBR 

Green I + 10 μL NEBNext Ultra II Q5 Master Mix, totaling 20uL per sample. The 

following qPCR cycling conditions were used: (1) 98°C, 30 sec, (2) 98°C, 10 sec, (3) 

63°C, 30 sec, (4) 72°C, 1 min, (5) Repeat steps 2-4, 19x, (6) Hold at 4°C. Once the side 

reaction was completed, the amplification curves of the samples were analyzed to 

determine the additional number of cycles needed for the remaining 45uL PCR reactions. 

This was determined by (1) Plot linear Rn vs. Cycle, (2) Set 5000 RF threshold, (3) 

Calculate the # of cycle that is corresponded to 1⁄4 of maximum fluorescent intensity. 

Then the remaining 45uL PCR reactions were run to their corresponding correct number 

of cycles. They were cycled as follows: (1) 98°C, 30 sec, (2) 98°C, 10 sec, (3) 63°C, 30 

sec, (4) 72°C, 1 min, (5) Repeat steps 2-4, x times, (6) Hold at 4°C. After PCR reactions 

were complete, the amplified library was purified using a 1:1 ratio of Ampure XP beads 

according to manufacturer instructions. The purified library was eluted in 20uL Elution 

Buffer (10mM Tris Buffer, pH 8). An aliquot of each sample was run on a TapeStation to 
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check for transposition efficiency before submitting for sequencing. Sequencing was 

performed using a NovaSeq 6000 using 50bp paired end reads with a read depth of 80 

million clusters per sample. To reduce potential variability from different flow cells, all 

samples were pooled together and split across multiple flow cells.  

Nextera PCR Primer barcodes and the corresponding samples are listed in Table 5 below. 

The full primer sequences can be found in the “Oligonucleotides” section. 

Table 6: Key to Barcode Labeling in ATACseq Library Preps 

 

 

i5 i7 i5 i7
rep 2_CFS+Veh 1.2 2.10 CTCTCTAT CGAGGCTG 

rep 2_CFS+0.01nM R1881 1.3 2.1 TATCCTCT TAAGGCGA 

rep 2_CFS+0.06nM R1881 1.4 2.2 AGAGTAGA CGTACTAG 

rep 2_CFS+1nM R1881 1.5 2.3 GTAAGGAG AGGCAGAA 

rep 2_CFS+Enz 1.6 2.4 ACTGCATA TCCTGAGC 

rep 2_CFS+VHL 1.7 2.5 AAGGAGTA GGACTCCT 

rep 2_FBS+Veh 1.8 2.6 CTAAGCCT TAGGCATG 

rep 2_FBS+Enz 1.1 2.7 TAGATCGC CTCTCTAC 

rep 2_FBS+VHL 1.2 2.8 CTCTCTAT CAGAGAGG 

rep 3_CFS+Veh 1.3 2.9 TATCCTCT GCTACGCT 

rep 3_CFS+0.01nM R1881 1.4 2.10 AGAGTAGA CGAGGCTG 

rep 3_CFS+0.06nM R1881 1.5 2.1 GTAAGGAG TAAGGCGA 

rep 3_CFS+1nM R1881 1.6 2.2 ACTGCATA CGTACTAG 

rep 3_CFS+Enz 1.7 2.3 AAGGAGTA AGGCAGAA 

rep 3_CFS+VHL 1.8 2.4 CTAAGCCT TCCTGAGC 

rep 3_FBS+Veh 1.1 2.5 TAGATCGC GGACTCCT 

rep 3_FBS+Enz 1.2 2.6 CTCTCTAT TAGGCATG 

rep 3_FBS+VHL 1.3 2.7 TATCCTCT CTCTCTAC 

rep 4_CFS+Veh 1.1 2.1 TAGATCGC TAAGGCGA 

rep 4_CFS+0.01nM R1881 1.2 2.2 CTCTCTAT CGTACTAG 

rep 4_CFS+0.06nM R1881 1.3 2.3 TATCCTCT AGGCAGAA 

rep 4_CFS+1nM R1881 1.4 2.4 AGAGTAGA TCCTGAGC 

rep 4_CFS+Enz 1.5 2.5 GTAAGGAG GGACTCCT 

rep 4_CFS+VHL 1.6 2.6 ACTGCATA TAGGCATG 

rep 4_FBS+Veh 1.7 2.7 AAGGAGTA CTCTCTAC 

rep 4_FBS+Enz 1.8 2.8 CTAAGCCT CAGAGAGG 

rep 4_FBS+VHL 1.1 2.9 TAGATCGC GCTACGCT 

Barcode SequenceIndex Label
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A.17.2 Processing of ATACseq Data 

Linker sequences were removed from raw ATAC-seq sequences by cutadapt-

1.9.1, and then the filtered sequences were aligned to hg19 using bowtie2, version 2.2.4, 

and peaks were called using MACS2-2.1.0 at a FDR threshold of 0.01.  Similar numbers 

of peaks were detected in each sample, indicating data are of consistent high quality. 

After peaks were identified, quantitative differences in peaks were detected using 

DESeq2 using FDR threshold of 0.05.  Once differential peaks were identified, HOMER 

was used to detect motif enrichment using default parameters. 

 

A.18 RNAseq 

A.18.1 RNA-Seq Pre-processing 

The quality of the sequencing reads was first assessed using FastQC (v0.11.8) 

[273] and summarized by MultiQC (v1.0)[274]. Low-quality reads and adapters were 

detected and removed using Trimmomatic (v0.39)[275]. The quality of the reads was 

assessed again before downstream analyses and qualified reads were mapped using 

STAR (v2.7.2b)[276] against human genome assembly hg19 and gene annotation files 

from the UCSC genome browser database[277]. Raw gene counts were quantified using 

HTSeq[278] implemented in the STAR pipeline. 

A.18.2 Gene Differential Expression and Enrichment Analysis 

Differential expression analysis of genes was performed using a negative-

binomial-based approach implemented by the DESeq2 package (v1.26.0)[279]. 

Enrichment analysis of genes in Gene Ontology (GO) terms[280] and KEGG 
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pathways[281] was performed using the GAGE package (v2.36.0)[282]. P-values were 

adjusted for multiple testing using the Benjamini-Hochberg method[283] to control the 

false-discovery rate (FDR). 

A.18.3 Integration of RNA-Seq and ATAC-Seq 

Significant genes (adjusted p-value < 0.05) identified from the RNA-Seq 

experiment were classified into high expression (HE) or low expression (LE) if their fold-

changes in expression level was greater than 1.5 or smaller than 1/1.5. Significant peaks 

(adjusted p-value < 0.05) called from the ATAC-Seq experiment were classified into high 

accessibility (HA) or low accessibility (LA) if their fold-changes in binding affinity was 

greater than 1.5 or smaller than 1/1.5. For all the significant peaks and genes, peak-gene 

pairs were formed if the gene overlaps with regions within 25kb up- or down-stream of 

the peak, and then classified into five groups (HA-HE, HA-LE, LA-HE, LA-LE, and 

Other). Fold-changes of peak-gene pairs were visualized using scatterplots[284] to show 

the correspondence between chromatin accessibility and gene expression. 

A.18.4 Motif Enrichment Analyses in the DNA repair genes 

Peak regions significantly lost in PROTAC condition compared to FBS-Veh 

condition were scanned for pre-selected motifs (ARE, AR-Halfsite, FOXM1) using 

homerTools and scanMotifGenomeWide.pl from the Homer suite[285]. Peak regions 

containing the motifs were searched for overlapping genes in the DNA repair pathways 

(KEGG ID: hsa03440 Homologous recombination, hsa03420 Nucleotide excision repair, 

hsa03410 Base excision repair, hsa03460 Fanconi anemia pathway and hsa03430 
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Mismatch repair). The relative positions of the motifs to the DNA repair genes were 

calculated using the GenomicRanges package (v1.40.0)[286]. 

A.18.5 Heatmaps of the ATAC-Seq data 

Heatmaps depicting significantly changed ATAC-Seq peaks in each treatment 

compared to FBS-Veh were generated using bamCompare, computeMatrix and 

plotHeatmap from the deepTools suite[287]. 

 

A.19 Cell Death Assays 

Prostate cancer cells were collected and double stained with Alexa Fluor 488 

Annexin V and SYTOX (Invitrogen) according to the manufacturer's instruction. The 

percentage of the total number of cells in each quadrant of Annexin V+/- SYTOX +/- was 

calculated. Ten thousand events were collected for each sample using a BD Accuri C6 

flow cytometer (BD), and data were analyzed using FlowJo software.  

 

A.20 COMET Assays 

VCAP and EnzR cells were pretreated with 5 μM Protac or 10 μM Enz for 48 hrs 

before treatment with 0 or 10 μM Olaparib for an additional 48 hrs. Cells were harvested 

and DNA breaks analyzed by alkaline comet assay. Comet assays were conducted as per 

the instructions provided by Trevigen. Comets were imaged with a Olympus BX60 

microscope and measured using CometScore software. 
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A.21 IF staining and quantification of gH2AX foci 

Glass coverslips were coated with Poly-D-lysine and placed in 6 well dishes. 

EnzR, VCAP, or LnCap cells were plated in complete growth media described in cell 

culture section and treated with either DMSO, 10uM enzalutamide, or 5uM PROTAC. 

After two days, appropriate wells were treated with DMSO or 10uM Olaparib. Cells were 

allowed to grow for an additional 2 days, after which they were collected for 

immunofluorescent staining. Cells were washed 3 times with PBS and then fixed with 4% 

paraformaldehyde in PBS for 10 min at room temperature. Cells were then washed in 

PBS an additional 3 times. Cells were then incubated in 0.5% Triton-X 100 in PBS for 5 

minutes at room temperature, followed by 3 more PBS washes. Cells were then blocked 

with 5% BSA in PBS for 1 hour at room temperature. Primary antibody (Phospho 

Histone H2A.X (Ser139) (20E3) Rabbit mAb, Cell Signaling Technology Cat# 9718S) 

was diluted 1:200 in 1% BSA in PBS. Coverslips were removed from blocking solution 

and incubated in diluted primary antibody for 2 hours. Slides were then washed 3 times in 

PBS, followed with incubation for one hour at room temperature in secondary anti-rabbit 

Alexa Fluor 488 antibody in 1% BSA in PBS at 1:500 dilution. After 1 hour, slides were 

washed 3 times in PBS. DAPI was diluted in PBS 1:10,000 and slides incubated in DAPI 

solution for 10 minutes at room temperature. Coverslips were then washed an additional 

3 times in PBS and then mounted on slides with prolong gold mounting media.  

Images of slides were captured using a confocal microscope with oil objective at 

40x magnification. 10 fields of view were captured randomly per treatment condition and 
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used for quantification. gH2AX foci where quantitated by using the automated counting 

software CellProfiler available at https://cellprofiler.org/releases.  

 

A.22 Statistical Analysis 

All statistical analyses for cell proliferation, cell migration, mRNA expression and 

tumor growth were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, 

CA, USA). p-values threshold was set to p<0.05. Cell proliferation and migration and cell 

line mRNA expression was compared by one-way ANOVA followed by Bonferroni’s 

multiple comparisons test. For data shown of cell line experiments, n = 3 samples 

(technical replicates) per experiment for qPCR and proliferations data; n = 2 samples per 

experiment (technical replicates) for migration. All experiments were performed at least 

three times (biological replicates) and results are representative of experiments with 

coincident results. SEM are plotted as error bars. For tumor mRNA experiments, 

unpaired two tailed t test was performed to compare expression differences between two 

groups. Specific n number of biologic replicates is indicated in the figure legend. Tumor 

growth was analyzed by exponential growth curve analysis and by 2-way ANOVA of 

matched values followed by Bonferroni’s multiple comparisons test to establish 

significance between groups at each day of treatment. SEM are plotted as error bars. 

For tissue microarray, statistical analyses were performed using SAS v9.4. 

Assessment of GRHL2 protein was merged with de-identified clinical variables, 

including pathologic T and N stage, ER, PR, and time to recurrence. Associations of 
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GRHL2 with T stage, N stage, ER and PR status were completed with chi-square tests. 

Association of GRHL2 with time to recurrence was completed with the Kaplan-Meier 

estimator and the Log-Rank test. 
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