1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Rep. Author manuscript; available in PMC 2024 February 16.

-, HHS Public Access
«

Published in final edited form as:
Cell Rep. 2023 December 26; 42(12): 113461. doi:10.1016/j.celrep.2023.113461.

Identification of a Targetable JAK-STAT Enriched Androgen
Receptor (AR) and AR Splice Variant Positive Triple Negative
Breast Cancer Subtype

Sarah Asemotal, Wendy Effah?, Kirsten L. Young?!, Jeremiah Holt!, Linnea Cripe?Z,

Suriyan Ponnusamy?, Thirumagal Thiyagarajan, Dong-Jin Hwang?, Yali He3, Keely
Mcnamara?, Daniel Johnson®, Yinan Wang®, Brandy Grimes’, Yekta Khosrosereshkil,

TJ Hollingsworth8, Martin D. Fleming?, Frances E. Pritchard?, Ashley Hendrix2, Farhan
Khan®, Meiyun Fan®, Liza Makowskil:10, Zheng Yin1!, Hironobu Sasano?#, D. Neil Hayes:10,
Lawrence M. Pfeffer®10, Duane D. Miller3-19, Ramesh Narayanan-10.*

1Department of Medicine, College of Medicine, University of Tennessee Health Science Center,
Memphis, TN 38103, USA.

2Department of Surgery, College of Medicine, University of Tennessee Health Science Center,
Memphis, TN 38103, USA.

SDepartment of Pharmaceutical Sciences, College of Pharmacy, University of Tennessee Health
Science Center, Memphis, TN 38103, USA.

4Department of Pathology, Tohoku University Graduate School of Medicine, Sendai, Miyagi
980-8577, Japan.

SMolecular Bioinformatics Core, University of Tennessee Health Science Center, Memphis, TN
38103, USA.

6Department of Pathology, College of Medicine, University of Tennessee Health Science Center,
Memphis, TN 38103, USA.

"West Cancer Center and Research Institute, Memphis, TN 38138, USA.

8Department of Ophthalmology, College of Medicine, University of Tennessee Health Science
Center, Memphis, TN 38103, USA.

9Department of Pathology, Methodist Hospital, Memphis, TN 38104, USA.

"Corresponding author and lead contact: Dr. Ramesh Narayanan, Department of Medicine, Division of Hematology and Oncology,
University of Tennessee Health Science Center (UTHSC), Cancer Research Building, 19 S. Manassas, Room 120, Memphis,
TN-38103, Phone 901-448-2403, Fax. 901-448-3910, RNARAYA4@UTHSC.EDU.

Author contributions:

RN provided the overall supervision to the project. SA, ZY, HS, LMP, DDM, and RN contributed to conceptualization of different
parts of the project. SA, WE, KLY, SP, TT, KM, YW, TH, and YK contributed to experiment design and/or experimentation. DJH, YH,
BG, MDF, FEP, and AH provided critical resources for the project. JH, LC, DJ, BG, ZY, FK, LM, DNH, and MF contributed to data
analysis. RN and SA wrote the manuscript and remaining authors reviewed and edited the manuscript to generate the final version.

Competing interests: RN is a consultant to Oncternal therapeutics. The selective androgen receptor degraders (SARDs) mentioned
in this manuscript are licensed to Oncternal therapeutics Inc., San Diego, CA by the University of Tennessee Research Foundation
(UTRF) under an exclusive licensing agreement. SP, DJH, YH, DDM, and RN are co-inventors in patents related to UT-105 and
receive royalties.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Asemota et al. Page 2

10UTHSC Center for Cancer Research, University of Tennessee Health Science Center,
Memphis, TN 38103, USA.

11Bjomedical and Informatics Services Core, Houston Methodist Research Institute, Houston, TX
77030 USA.

Abstract

Triple-negative breast cancer (TNBC) is an aggressive subtype with no targeted therapeutics. The
luminal androgen receptor (LAR) subtype constitutes 15% of TNBC and is enriched for AR and
AR-target genes. Here, we show that a cohort of TNBC not only expresses AR at much higher
rate (~80%), but also expresses AR splice variants (AR-SVs) (~20%), further subclassifying LAR-
TNBC. Higher AR and AR-SV expression and corresponding aggressive phenotypes are observed
predominantly in specimens obtained from African American women. LAR TNBC specimens

are enriched for interferon, JAK-STAT, and androgen signaling pathways, which are exclusive

to AR-expressing epithelial cancer cells. AR and AR-SV-expressing TNBC cell proliferation,
xenograft and patient-tumor explants growth are inhibited by AR N-terminal domain (NTD)-
binding selective AR degrader (SARD) or by a JAK inhibitor. Biochemical analysis suggests that
STAT1 is an AR coactivator. Collectively, our work identifies pharmacologically targetable TNBC
subtypes and identifies growth-promoting interaction between AR and JAK-STAT signaling.

Keywords

Triple-negative breast cancer (TNBC); Luminal androgen receptor TNBC (LAR TNBC); androgen
receptor (AR); AR splice variant (AR-SV); AR-V7; Selective AR degrader (SARD); JAK STAT
pathway; ruxolitinib; coactivator

INTRODUCTION

Breast cancer (BC) is the second leading cause of cancer-related death in women?.
Approximately 30% of all cancers diagnosed in women are BC and 15% of those women
will die of this cancerl. Though the mortality rate from BC has decreased, the incidence
continues to increasel. BC is classified into hormone receptor positive (HR-positive), HER2-
positive, and triple-negative (TNBC)?, with TNBC accounting for about 15% of BC3. TNBC
is more prevalent in younger women and in women of African descent*-6. TNBC is a
heterogeneous disease that lacks molecular targets, and hence challenging to treat*-5. TNBC
tumors are usually aggressive, larger in size, present with a higher grade, have lymph node
involvement at diagnosis, and a higher frequency of distant metastasis*-6. Patients with
TNBC have poorer prognosis and have fewer treatment options than patients diagnosed with
other BC3.

TNBC is divided into six molecular subtypes: basal-like 1 and 2 (BL1 and BL2),
immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like (MSL), and luminal
androgen receptor (LAR)*. LAR TNBC is a differentiated subtype that expresses AR
mRNA, protein, and AR downstream targets and coactivators®. Approximately 15% of
TNBC is classified into LAR subtype, though this number varies significantly between
studies* 9. The LAR subtype typically has a lower pathological grade and is commonly
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diagnosed in older women* 7. Unfortunately, these tumors respond to neoadjuvant
chemotherapy at lower rates when compared to other TNBC subtypes’- 19. Recent studies
have shown that AR is targetable in TNBC and AR antagonists, enzalutamide, bicalutamide,
and androgen synthesizing enzyme inhibitor, abiraterone were tested clinically to treat this
subtypell-14,

AR is a member of the hormone receptor family of ligand-activated transcription factors!®-
17 AR has a modular structure with a N-terminal domain (NTD), DNA-binding domain
(DBD), a hinge region, and a ligand-binding domain (LBD)>-17 (Fig. 1A). The NTD
comprises of an activation function-1 (AF-1) domain that retains over 70% of AR’s
transcriptional function>-17. The LBD expresses eleven helices and contains the AF-218,
AF-1 is the primary cofactor-interacting domain of the AR15-17,

LAR TNBC has similarity to prostate cancer (PCa), which is also dependent on AR

for its growth19. Studies have suggested that AR antagonist-resistant castration-resistant
PCa (CRPC) has AR amplification and expression of LBD-null AR splice variants
(AR-SVs)18-21 (Fig. 1A). Patients with CRPC expressing AR-V7 (predominant clinical
AR-SV isoform), exhibit a more aggressive disease with shorter progression-free and
overall survival rates?1-23, AR-SV-positive CRPCs do not respond to any currently FDA-
approved targeted-therapeutics, making them one of the most difficult subtypes to treat24-26,
Interestingly, AR-SVs have also been shown to be expressed in breast cancer cell lines

and patient specimens?’: 28, Similar to CRPC, treatment of patients with LAR TNBC

with AR antagonist enzalutamide and a PI3K inhibitor resulted in an increase in AR-V7
expression, which was associated with a lack of response28. The presence of AR-SVs in
LAR TNBC could make LBD-binding competitive AR antagonists less effective in patients
with TNBC11. 21, 28-30 To overcome this potential resistance due to AR-SVs, our group and
others have discovered molecules that bind to non-canonical AR domains such as the NTD
and DBD (Fig. 1A)29% 31-39,

Recently, one of the important signaling pathways shown to be critical in PCa and that drives
lineage plasticity is Janus kinase (JAK)-signal activator and transducers (STAT)4%: 41, The
JAK-STAT pathway is activated by cytokines, interferons, and other signaling molecules,
and inhibiting JAK-STAT reduces proliferation of resistant PCa cells and tumors%-44, The
role of interferon and JAK-STAT signaling in breast cancer, especially in LAR TNBC, nor
on AR function is unclear.

In this study, we show that LAR TNBC expresses AR at a higher rate than was originally
reported and also expresses AR-SVs. Both AR and AR-SV expression is higher in African
American (AA) women and drive aggressive growth. LAR and LAR AR-SV specimens
from patients with TNBC are enriched for JAK-STAT signaling pathway with STAT1
functioning as a coactivator of AR and driver of TNBC growth. LAR TNBC cell line-
derived xenograft (CDX) and LAR-AR-SV TNBC patient-derived xenograft (PDX) tumor
growth respond to small molecule selective AR degrader (SARD) UT-105 that inhibits both
AR and AR-SV, but not to canonical LBD-binding AR antagonists?® 31,45,
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RESULTS

Patients with TNBC express full-length AR and AR-SVs

The prognosis of patients with LAR TNBC expressing AR was evaluated using the KM
plotter tool#6. The samples were split at median expression and the ER, PR, and HER2
negativity was defined by immunohistochemistry. All PAM50 subtypes were included in the
analysis. Patients expressing higher AR have worse relapse-free survival (RFS), compared to
those expressing lower levels of AR (Fig. 1B). The hazard ratio of AR high group was 1.37,
indicating a 37% increase in probability of a relapse. The difference in RFS was statistically
significant. The lower AR expressing cohorts had a survival of 36.84 months, while the
higher AR expressing patients had a survival of 27.34 months. Previous studies have shown
that only 10-15% of patients with TNBC express AR and could be classified as LAR
subtype®. However, these studies were predominantly comprised of Caucasian American
(CA) women. Considering that AA women suffer from some of the most aggressive forms
of breast cancer4’- 48, we hypothesized that they may have a higher proportion of the
complex subtype such as LAR TNBC. A small set of specimens from patients with TNBC
from AA women was screened for AR expression at the protein level using an antibody

that binds to the AR-NTD. Interestingly, these patients expressed AR forms at molecular
weights that were distinct from AR and that corresponds to the size of AR-SVs (Fig. S1A).
To determine the AR expression in a large patient cohort, 52 specimens from TNBC patients
were prospectively collected and evaluated for the expression of AR wherein the majority of
patients were AA (Fig. 1C). Real-time PCR (RT-PCR) probes that bind to the AR NTD were
used to obtain a snapshot of AR and AR-SV expression in patient specimens (Fig. 1D). AR
expression was almost 4-fold higher in AA women compared to CA women. AR expression
was determined at the protein level using immunohistochemistry (IHC) using a cutoff of
10% (number of cells and intensity of staining). Interestingly, 42 of the 52 patients (81.25%)
expressed AR at the protein level with AA women expressing higher AR than CA women,
though not statistically significant (Fig. 1E and S1B). Surprisingly, unlike the previously
reported 15-40% AR expression, more than 80% of the patients in our cohort express AR4:
50, This is in agreement with an enzalutamide clinical trial where over 60% of specimens
from TNBC patients were positive for AR1L.

We then adopted a method to determine AR-SVs in our cohort using TagMan probes that
specifically bind to the LBD and NTD. Since AR-V?7 is only one of the several AR-SVs1%:
29 higher signal with NTD probe relative to the LBD probe was interpreted as expression
of AR and an AR-SV (Fig. 1F and S1C). This approach is similar to the work previously
published in PCa%% 52, As expected, RNA from AR-positive LNCaP PCa exhibited a ratio
of 1, while AR- and AR-SV-positive 22RV1 PCa cells exhibited a ratio of greater than 1. A
subset of patients (12/52; ~23%) expressed some variant of AR as shown by an NTD/LBD
ratio of greater than 1.5 (Fig. 1F). All specimens, except one, that had a ratio of greater than
1.5 were obtained from AA women.

Since AR-V7 is the most expressed AR-SV in CRPC19: 29 AR-VV7 mRNA expression was
quantified by RT-PCR (Fig. 1G). AR-V7 expression was confirmed using IHC and gene
expression (Fig. S1D). Although only 12% of patients expressed AR-V7, the NTD/LBD
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ratio of greater than 1.5 in a larger subset of specimens suggests that other AR-SVs are
expressed besides AR-V7. Interestingly, all patients expressing AR-V7 were AA women.
Collectively, these studies make this subset a LAR-AR-SV TNBC subtype (Fig. 1H).

AR-SV expression results in a more aggressive disease type

Since this is only the second documentation of AR-SV expression in specimens from TNBC
patients, its role in TNBC is unknown and not well evaluated?8. We hypothesized that AR-
SVs cause a more aggressive phenotype in TNBC, similar to their action in CRPC2%, AR-V7
was stably transfected (lentivirus®3) into AR-positive TNBC cell lines, MDA-MB-453,
BT549, and MFM223, and an AR-negative MDA-MB-231 cell line (figures S2A-D). MDA-
MB-453 is one of the most widely used models to study LAR TNBC, where AR is the driver
oncogene of its proliferation* 5. AR-V/7 significantly increased the proliferation in three out
of four cell lines (Fig. 2A) and migration compared to AR-FL-expressing control lines (Fig.
2B). To confirm the increased proliferative properties of AR-SVs, TNBC specimens were
separated into AR-positive and AR and AR-SV -positive, and Ki67 staining was performed.
Patient specimens that express AR-SV had higher Ki67 (Fig. 2C).

To determine the effect of AR-SV on global transcriptome, RNA-sequencing was performed
in LAR TNBC cells (MDA-MB-453 (453) and MDA-MB-453-AR-V7 (453-V7)) and AR+/
AR-SV+ve patient specimens. Gene set enrichment analysis (GSEA) showed enrichment

in mitotic spindle, G2M checkpoint, and E2F Hallmark pathways in 453-V7 and AR+/AR-
SV+ patient specimens when compared to controls (453 and AR+ patient specimens as
controls, respectively) (Fig. 2D-E; 2E left panel (MDA-MB-453 vs 453-V7 FDR>0.25; not
significant). The E2F pathway has been correlated with tumor progression, angiogenesis,
and metastasis® 6. These studies show that AR-SVs may play an important role in causing
more aggressive disease in patients with LAR TNBC.

SARD UT-105 is an irreversible AR antagonist.

Modest efficacy with AR-LBD-binding competitive antagonists in TNBC clinical trials!:
12 supports the need to discover novel interventions. In tumors from patients with TNBC
that express AR and AR-SV, an LBD-binding competitive antagonist will likely only inhibit
AR-FL, but not AR-SVs2L, To test the possibility that an AR NTD-binding SARD could be
effective in LAR TNBC models, SARDs developed in our laboratory were used?®: 31, 34-37,
These SARDs degrade AR and AR-SVs by binding to the NTD29 31,

From our SARDs library we chose UT-105 (Fig. 3A) for further characterization. UT-105
selectively inhibited wildtype and enzalutamide-resistant mutant AR transactivation®’ (Fig.
3B). UT-105 was selective to AR as it failed to inhibit the transactivation of glucocorticoid
(GR) or mineralocorticoid (MR) receptors (Fig. S3A). UT-105 minimally cross-reacted
when tested in a panel of kinases (468) and 168 GPCRs (Fig S3B).

UT-105 downregulated AR expression, similar to other molecules belonging to this
scaffold??: 31 (Fig. 3C). We expected that the effect of UT-105 is due to its binding to

AR NTD, due to our prior experience with molecules belonging to this scaffold?% 31, We
used a SYPRO Orange assay to test UT-105 binding to AR NTD. Real-time PCR with
rising temperature revealed SYPRO Orange binding to lipophilic amino acids in UT-105-
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bound AR NTD. Protein heating caused melting, enabling SYPRO Orange to bind to these
amino acids. Disordered proteins lack a melt curve, but transitioning from disorder to order
produces a melt curve®8: 59(Fig. 3D). One of the characteristics of intrinsically disordered
proteins is the temperature-dependent instability34 60, Binding of small molecules to a
protein will change the protein conformation, resulting in an increase in the protein’s
stability®1: 62, AF-1 and AR-V7 purified recombinant proteins when incubated with vehicle
for 4 hours at room temperature was barely visible due to rapid destabilization at room
temperature. However, when the proteins were incubated with UT-105 or another SARD
molecule, UT-3431, both AF-1 and AR-V7 stabilized. This result further established the
binding of UT-105 to AR NTD that results in a potential change in conformation (Fig 3D
lower panel; Fig. 3E). Competitive ligand-binding assay with purified AR LBD recombinant
protein showed no binding of UT-105 to LBD, unlike DHT, suggesting that UT-105’s AR
inhibitory properties are due to its binding to AR NTD (Fig. S3C).

Considering the structural characteristics of UT-105 to our covalent molecules3®, we
evaluated UT-105 in a Schild plot34. A reversible inhibitor typically increases the ECs of
an agonist, while an irreversible inhibitor inhibits the Ep,;x of the agonist in a transactivation
assay. While UT-105 inhibited the Emax, enzalutamide only increased the ECsgq of R1881,
but failed to inhibit the E;53* (Fig. 3F and S3D), suggesting that UT-105 may have a
distinct dual mechanism of action (irreversible inhibition and degradation).

UT-105 potently inhibits AR function in TNBC cell line models

R1881-stimulated expression of AR-target genes FKBP5, STEAP4, and TMPRSS2 was
inhibited by enzalutamide and UT-105 (Fig. 3G). UT-105 inhibited the expression of
TMPRSS210 a level below that of the vehicle. To determine the effect of UT-105 on
androgen-dependent global gene expression, RNA from MDA-MB-453 cells treated with
UT-105 or vehicle in the presence of R1881 was sequenced and the data were analyzed
using GSEA (Fig 3H). With an FDR of 0.05 and a fold change cut off of 1.5, UT-105
differentially regulated the expression of 3964 genes, with 1127 down-regulated and 2837
up-regulated. Expression of androgen-responsive genes such as FKBP5, NDRG1, SGK1,
AQPF3, 5100, and others were reversed by UT-105. Some of the UT-105 up-regulated
genes include /GFBP3>, MG 87 PRKD158 that are all androgen repressed genes.

UT-105 inhibited R1881-induced proliferation of AR-dependent MDA-MB-453 cells, but
not AR-negative MDA-MB-231 cells, demonstrating selectivity to AR-expressing cells (Fig.
31 and S3E). Unlike LBD-binding antagonists!® 2% 31,69 UT-105 inhibited the colony
formation of AR-V7-expressing cells (Fig. 3J). These effects were not observed in AR-
negative MDA-MB-231 TNBC cells (Fig. S3F), AR-negative PC-3 PCa cells (Fig S3G) and
PC-3 tumor xenograft (Fig S3H). Collectively, these data suggest that the UT-105 effectively
degrades AR, irreversibly inhibits AR, inhibits AR-target genes, and significantly inhibits
proliferation and colony formation in cells expressing AR and AR-V7, warranting further
evaluation in LAR and LAR AR-SV TNBCs.

Considering that AR-V7 was ectopically expressed, we ensured that it functions comparably
to intrinsically expressed AR-V7. We performed Chromatin immunoprecipitation (ChlP)-
PCR to determine AR-V7 recruitment to androgen response elements (ARE) of AR target
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genes and the effect of UT-105 on this recruitment (Fig. S31). AR-V7 was recruited to the
ARE in FKBP5 regulatory region and this recruitment was inhibited by UT-105, similar
to other molecules belonging to the scaffold2® 31, This result suggests that the ectopically
expressed AR-V7 is recruited to ARE similar to endogenous AR-V7, and that UT-105
inhibits this recruitment.

UT-105 exhibits drug-like properties.

A pharmacokinetic (PK) assay of UT-105 in rats showed that UT-105 was well absorbed and
exhibited low clearance, high area under the curve, and long half-life, with t, undetermined
due to 50% of the drug not metabolized after 24 hours (Fig. S4A). A pharmacodynamic
(PD) Hershberger assay where male rats were treated for 13 days showed that UT-105
reduced androgen-dependent seminal vesicles weight to the level of surgical castration with
an ICgq of less of 1 mg/kg/day (Fig. S4B). UT-105 had extremely low plasma protein
binding of 65-70% (Fig. S4C), suggesting high free drug availability to act. UT-105 also did
not inhibit hERG channel that is indicative of cardio safety (Fig. S4D) and had minimum
cytochrome P450 inhibition (Fig. S4E) that suggests a minimum drug-drug interaction
liability.

UT-105 potently inhibits TNBC tumor growth.

To test the effect of UT-105 in vivo, xenograft studies were performed in an orthotopic
TNBC model (Fig. 4A). UT-105, but not enzalutamide and bicalutamide, inhibited the
MDA-MB-453 tumor growth with a tumor growth inhibition (TGI) of >90% (Fig. 4B).
UT-105 had no effect on body weight of tumor-bearing mice (Fig. 4C). Enzalutamide

and bicalutamide doses were selected based on our previous publications in PCa tumor
xenografts and pharmacodynamic models2?: 70, Earlier studies have shown that enzalutamide
inhibits MDA-MB-453 xenograft growth. However, those studies were conducted with
MDA-MB-453 implanted in female mice supplemented with DHT’L, while our studies
were conducted in female mice without supplementation. Hence, the tumor growth in this
study was spontaneous due to intra-tumoral androgens that is comparable to patients’ tumor
environment.

We also tested the effects of UT-105 on a LAR TNBC PDX model, UT-1355 that was
developed from one of the patient specimens shown in Fig. 1C. This PDX expresses AR-FL
and AR-V7 (Fig. 4D-4E), making it an appropriate model to evaluate UT-105. While
UT-105 potently inhibited the growth of UT-1355 PDX with a TGI of >90% with no effect
on body weight, enzalutamide was modestly effective (Fig. 4F, 4G). UT-105 significantly
reduced tumor weights compared to vehicle and enzalutamide in the PDX model (Fig. 4H).
Thus, LAR TNBCs expressing AR or AR and AR-SV can be effectively treated with an
NTD-binding SARD, like UT-105.

UT-105 inhibits JAK-STAT signaling enriched in LAR and LAR-AR-SV TNBC

RNA-sequencing was performed in the tumors obtained from the MDA-MB-453 xenograft
tissues to define underlying SARD-specific mechanisms in reducing tumor burden compared
to canonical AR antagonist, enzalutamide. UT-105-treated tumors differentially expressed
291 genes, while enzalutamide-treated tumors only differentially expressed eight (Fig.
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5A). GSEA analysis found that the HALLMARK INTERFERON_ALPHA_ RESPONSE,
HALLMARK_INTERFERON_GAMMA_RESPONSE, and

HALLMARK IL6_JAK_STAT3_SIGNALING pathways were all significantly
downregulated (FDR < 0.25) by UT-105 compared to vehicle-treated tumors (Fig. 5B—

C). In addition to the JAK-STAT pathway, HALLMARK_ANDROGEN_RESPONSE,
EARLY_ESTROGEN_RESPONSE, AND LATE_ESTROGEN_RESPONSE pathways were
also observed in the GSEA analysis, though the FDR was above the cutoff of 0.25. Since
the androgen response pathway was not significantly altered in the GSEA analysis, we took
a different approach to characterize the regulation of the androgen pathway by UT-105.

We merged the 291 differentially regulated genes in UT-105-treated tumors with androgen
response element (ARE) list obtained from Wilson et al.”2. Approximately two-thirds
(197/291) of the UT-105-regulated genes aligned with the genes that express ARE in their
regulatory region. This indicates that androgen response pathway genes are highly regulated
by UT-105. The list of upstream ARE-coding genes expressed in our dataset is provided in
the supplement table ST3.

Previous studies have shown that type | and type Il interferon (IFN) response pathways have
significant overlap®8: 73 74, The expression of interferon-stimulated genes (ISGs), including
IFN response factors (IRFs) that further drive the transcription of effector genes’®, was
assessed in the RNA-seq data. UT-105 effectively reduced IRF1, IRF7, and IRF9 expression
in tumors (Fig. 5D). Expression of a select list of chemokines decreased in UT-105-treated
tumors, confirming the effect on downstream pathways (Fig. 5E). UT-105 also inhibited the
phosphorylation of STAT1, STAT3, and AKT in MDA-MB-453 tumors (Fig. 5F). These
proteins are important components of the JAK-STAT signaling pathway 3.

Since UT-105 inhibited STAT1 phosphorylation in MDA-MB-453 tumors that were treated
for 28 days, it is unclear if UT-105 will have an effect on STAT1 phosphorylation when
treated for a short duration. To evaluate this surmise, MDA-MB-453 cells were pretreated
for 24 hours with ruxolitinib or UT-105 followed by induction of STAT1 phosphorylation
by interferon-a. for 30 minutes (Fig 5G). While ruxolitinib completely inhibited the
phosphorylation of STAT1, UT-105 only marginally inhibited the STAT1 phosphorylation,
suggesting that complete inhibition of STAT1 by UT-105 requires sustained treatment and
the effect observed in the xenograft could potentially be the consequence of an indirect
effect on the JAK-STAT pathway through AR.

To determine the importance of the JAK-STAT pathway for the proliferation of AR-SV-
positive TNBC cell line growth, the JAK1/2 inhibitor ruxolitinib”® 77 was used. MDA-
MB-453 and MDA-MB-453-AR-V/7 cells were treated with vehicle control, UT-105,
ruxolitinib, or a combination of UT-105 and ruxolitinib (Fig. 5H). UT-105 inhibited
proliferation of the parental and AR-V7-expressing TNBC cells, while ruxolitinib also
rendered a comparable inhibition of cell proliferation. The combination of UT-105 and
ruxolitinib did not lead to additional growth arrest, suggesting a potential crosstalk/overlap
between AR and the JAK-STAT pathways.

Considering that MDA-MB-453 tumors and cells have enriched JAK-STAT pathway
that were inhibited by UT-105 and JAK inhibitor ruxolitinib, we examined whether
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tumors from LAR and LAR AR-SV patients are enriched for JAK-STAT pathway.

We performed RNA sequencing with RNA extracted from the 41 patient specimens
(though RNA was extracted from all 52 specimens shown in Fig. 1C and

sequenced, sequence from only 41 specimens met the quality control for further

analysis) shown in Fig. 1 and compared the gene expression of AR and AR-SV

-positive specimens to AR-negative patient specimens. GSEA pathway analysis showed
significant enrichment of hallmark signaling belonging to HALLMARK _IL2_STATS5,
HALMMARK_IL6_JAK_STAT3, HALLMARK_INFLAMMATROY _RESPONSE, and
HALLMARK_INTERFERON_GAMMA_RESPONSE (Fig. 5I-5J). One of the
significantly enriched pathways in the AR+/AR-SV+ patient specimens is the
HALLMARK_ANDROGEN_RESPONSE pathway, providing a validation of our real-time
PCR and IHC data shown in Fig. 1 and the appropriate classification of these specimens as
AR and AR-SV -positive specimens.

Spatial transcriptomics suggest that AR-positive epithelial cancer cells are enriched for
JAK-STAT pathway and macrophage and stem cells.

Since majority of sequencing data on LAR TNBC are bulk sequencing, it is unclear how
AR-expressing TNBC cells differ from AR-negative cells in a tumor microenvironment and
how AR -positive cells contribute to the aggressive tumor growth in LAR TNBC. To clarify
the role of AR at molecular level, we employed spatial transcriptomics (Nanostring, GeoMx;
Fig. 6A). Three formalin-fixed paraffin-embedded patient specimens were stained for AR
and panCK (cancer epithelial marker)’® 7. Cancer cells expressing high and low AR were
captured (region of interest for a representative specimen shown in Fig. 6B) and sequenced
(500 cells/cell type/patient specimen). Pair-wise statistical analysis showed that genes up-
regulated in AR-high cancer cells compared to AR-low cells in the three specimens were
enriched in pathways corresponding to stemness, epithelial-mesenchymal transition, stem
cell transition, androgen signaling, and interferon-alpha and gamma pathways (Fig. 6C and
6D). These results clearly demonstrate that AR expression in a TNBC microenvironment
contributes to the aggressive tumor phenotype and switches to a more stem cell phenotype.
The enrichment of JAK-STAT signaling in AR high cells corroborate the findings made in
preclinical models. This evidence in LAR TNBC shows how AR-expressing cells contribute
to the tumor microenvironment.

STAT1 is an AR coactivator.

Enrichment of JAK-STAT pathway led us to hypothesize that this pathway crosstalks with
AR and may be the driver of the oncogenic function of AR in LAR TNBC. Crosstalk
between these two pathways is important for lineage plasticity in advanced PCa, an
androgen-dependent disease®?: 41, To examine the crosstalk between these pathways, we
evaluated AR transactivation in the presence and absence of STAT1. The GRE-LUC reporter
used in this study contains three Glucocorticoid response element (GRE) repeats that is

the consensus binding site for AR, GR, PR, and MR. STAT1 significantly increased the
R1881-induced AR transactivation (Fig. 7A). As GRE-LUC contains no STAT binding
region, the effect is likely from the complex formation between AR and STAT1.
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For a protein to be defined as an AR coactivator, it must interact with AR, recruited

to the AREs, and increase AR’s activity. Thus, we evaluated the interaction between

AR and STAT1 by performing a co-immunoprecipitation assay. HEK-293 cells were
transfected with AR and STAT1 and immunoprecipitated with 1gG or AR antibody (Fig.
7B). Immunoprecipitation with AR antibody, but not IgG antibody, and Western blot

for STAT1 clearly showed a robust interaction between AR and STAT1 (Fig. 7B). This
interaction observed with ectopically expressed AR and STAT1 was confirmed with a
colocalization experiment in endogenously expressing MDA-MB-453 cells using confocal
microscopy (Fig. 7C). MDA-MB-453 cells were treated with interferon and R1881, and the
immunostained AR and STAT1 were visualized using a confocal microscope. The results
show that STAT1 and AR colocalize and interact in MDA-MB-453 cells. We then performed
a ChIP PCR in MDA-MB-453 cells treated with interferon a and R1881. STAT1 was
immunoprecipitated and PCR was performed for STAT1-response elements at CXCL 11
promoter, hIL8 promoter, and ARE in FKBP5 regulatory region (Fig. 7D). STAT1 was
recruited to the AREs at FKBP5 upstream region and to the STAT1-REs at the CXCL 11 and
/L8 promoters. These results furnish evidence that STAT1 is an AR coactivator and provide
a potential mechanism by which it increases the AR’s oncogenic potential.

To determine if STAT1 interaction with AR leads to AR’s recruitment to STAT-responsive
genes regulatory regions, 1gV tracks of AR ChIP-seq in PCa cells (22RV1) was utilized. The
tracks show AR binding to CXCL8& (/L&) regulatory region, which is a STAT1-responsive
gene, and to FKBP5 regulatory region, an androgen-responsive gene, which was used as a
positive control (Fig. 7E). These results show that both STAT1 and AR interact and mutually
recruit to their respective responsive gene regulatory regions. Since UT-105 robustly inhibits
interferon JAK-STAT pathway through AR, we examined whether UT-105 influenced STAT
recruitment to its response element and to AREs by performing ChIP assays with STAT1
antibody in MDA-MB-453 cells treated with UT-105. The experiment was also performed
to determine if STAT1 recruitment to the DNA requires coincubation of interferon and
R1881. MDA-MB-453 cells treated with either R1881 or interferon recruited STAT1 to
STAT1RE and ARE, showing that coincubation with interferon and R1881 is not required to
promote recruitment of STAT1 to the DNA (Fig. 7F). Although interferon robustly recruited
STAT1 to STAT1RE, the magnitude of this recruitment was reduced by R1881, which could
potentially be due to a potential sequestration of STAT1 from STAT1RE to ARE. This
recruitment of STAT1 to the DNA was inhibited by UT-105 (Fig. 7F).

Since STAT1 collaborates with AR and drives AR function and LAR TNBC growth,

we evaluated the effect of inhibiting STAT1 with ruxolitinib on AR function. MDA-
MB-453 cells were maintained in charcoal-stripped serum-containing medium for two

days and treated with 0.1 nM R1881 alone or in the presence of ruxolitinib. Twenty-four
hours after treatment, the cells were harvested, RNA extracted, and real-time PCR for
androgen-dependent gene, FKBP5 was performed. R1881-induced expression of FKBP5
was completely inhibited by ruxolitinib, suggesting that STAT1 is important for AR function
in LAR TNBC (Fig 7G).

We performed AR transactivation in the presence or absence of STAT1 to evaluate the effect
of UT-105 in breaking this STAT1 driven AR activity. Enzalutamide increased the ECgg
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of R1881 in the presence or absence of STAT1 but had no effect on the Eqax 0f R1881.
Ruxolitinib had no effect on R1881-dependent AR transactivation in the absence of STAT1
but inhibited STAT1-dependent increase in AR transactivation, confirming that ruxolitinib
is selective to JAK-STAT pathway, and lacks the ability to inhibit basal AR transactivation
(Fig. 7H). Interestingly, UT-105 (Fig. 3F), inhibited AR transactivation significantly in

the presence and absence of STAT1. UT-105 inhibited the ECsg and the E 54 of R1881
significantly to a level below that of the STAT1 independent AR transactivation (Fig. 7H).

To validate the findings in a more clinically relevant setting, patient specimen explants
were cultured in 3-dimentional culture (on dental sponges) and were treated with ruxolitinib
and UT-105 for 48 hours and stained for ki67 (Fig. 71). Tissues treated with UT-105 and
ruxolitinib (one out of two) had decreased Ki67 staining (Fig. 71). These results suggest
that an irreversible inhibitor of AR and an AR degrader that is capable of blocking STAT-
dependent AR activation has the potential to inhibit the LAR TNBC growth.

DISCUSSION

The results presented in this manuscript provide critical molecular and biological insight into
the LAR TNBC subtype. First, we identified a class within the LAR subtype, LAR-AR-SV,
which exhibits aggressive growth and migration, and fails to respond to canonical AR
antagonists, enzalutamide and bicalutamide, but responds to SARDSs. This observation was
previously reported in a clinical trial where a small subset of patients expressed AR-SV

and this expression increased upon treatment with AR antagonist, enzalutamide?8. In that
trial, enzalutamide alone or in combination with PI3K inhibitor taselisib failed to have an
effect in patients expressing AR-V7 and the expression increased in some patients at the

end of the trial, compared to pre-treatment. This result suggests that similar to CRPC, LAR
TNBC needs new treatment modality like our SARD, UT-105 that could inhibit both the
AR and AR-SV. Our results corroborate the findings made in the clinical trial. Also, spatial
transcriptomics experiment defines the aggressive stem-like phenotype of AR-positive cells
in LAR TNBC tumor microenvironment. Finally, we provide clear evidence that STAT1 is
an AR coactivator that is inhibited by UT-105, rendering further evidence for the therapeutic
efficacy of UT-105 in LAR TNBC.

Although the LAR subtype was previously estimated to only occur in about 15% of

patients with TNBC?, here we show that AR and AR-SV are highly prevalent in specimens
from TNBC patients. Similar to PCa, LAR TNBC is driven by AR expression® 18, Most
interestingly, we have shown that TNBC expresses AR-SVs and that AA women have higher
expression of AR-SVs. We demonstrate that ectopic expression of the most common AR-SV,
AR-V7, in multiple TNBC models contributes to more aggressive disease, like PCal% 2. In
patients with LAR TNBC, AR-SV showed a correlation with higher tumor cell proliferation
and an enrichment of proliferation related pathways, especially E2F°5. The E2F pathway is
associated with tumor progression and metastasis in breast cancer®®.

Canonical AR antagonists such as enzalutamide and bicalutamide, which bind to the LBD,
though effective in preclinical models have not shown convincing efficacy in clinical trialsl®:
12 Therefore, there is a critical need to develop AR antagonist that target non-canonical
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domains, such as the NTD, to treat TNBC and other AR-dependent cancers. SARDs bind to
the NTD and effectively degrade AR and AR-SV in preclinical models of PCa and CRPC2°:
31,37, Activated JAK-STAT signaling upregulates the expression of interferon-stimulated
genes (ISGs) and the release of chemokines’® 80. 81 JAK-STAT signaling also stimulates
the STAT1-PI3K-AKT axis that activates the mammalian target of rapamycin (mTOR)
pathway /> 80-83 Future studies should investigate whether AR expression is increased in
TNBC as a result of JAK-STAT activation and whether treatment with JAK1/2 inhibitors
and SARDs can revert TNBC to a less aggressive state. The discovery that STAT1 is a
coactivator of AR adds to the lists of over 200 AR coactivators already discovered. It is
unknown whether the AR-STAT1 interaction occurs in LAR TNBC and in CRPC. We have
summarized the findings as a model, shown in figure 7J.

Collectively, SARDs degrade AR protein and cause cytostasis through JAK-STAT pathway
inhibition in LAR and LAR-SV TNBC subtypes. Expression of AR-SVs cause more
aggressive disease, which is inhibited by SARDs treatment. Future clinical trials will
provide translational significance of using a SARD and/or a JAK/STAT pathway inhibitor
for the treatment of LAR and LAR-AR-SV TNBC.

Limitations of the study.

The previously unreported coactivator role of STAT1 in the context of AR function is a
notable finding of this study. However, it is essential to acknowledge certain limitations.
Firstly, the lack of clinical validation for the involvement of STAT1 in this coactivation and
its impact on the growth of LAR TNBC is a constraint. Secondly, our identification of the
LAR-AR-SV subtype was based on a relatively small sample size of n=52 specimens. To
enhance the robustness and generalizability of these findings, a validation cohort should be
considered in future research efforts. Thirdly, the absence of endogenously expressing AR
and AR-SV-positive TNBC cell line models present another limitation. This challenge can
be addressed by either screening multiple cell lines or by establishing a cell line derived
from our PDX model, UT-1355. These steps are crucial to further investigate the role of
STAT1 in AR-mediated signaling pathways in TNBC.

STAR Methods

Resource availability

Lead contact—Dr. Ramesh Narayanan

rnarayad@uthsc.edu

Materials availability—UT-105 can be obtained from Oncternal therapeutics, licensee
of the program from the university of Tennessee research foundation (UTRF). This was
generated in our laboratory
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Data and code availability

. All the RNA sequencing data are deposited in GEO database (https://
www.nchi.nlm.nih.gov/geo/) and the accession numbers are provided in the table

above.
. Any additional information required can be directed to the lead contact.
. No codes were generated in the manuscript.

Experimental model and study participant details

Cell culture—LNCaP, 22RV1, MDA-MB-453, MDA-MB-231, and BT549 cells were
obtained from American Type Culture Collection (ATCC, Manassas, VA). MFM223 cells
were obtained from Sigma Aldrich (St. Louis, MO). The cells were cultured according

to ATCC recommendation and were authenticated by short terminal DNA repeat assay
(Genetica cell line testing laboratory). Cells were also frequently tested for mycoplasma.

Clinical patient specimens—Specimens from patients with breast cancer were collected
with patient consent under a protocol (14-03113XP) approved by the UTHSC Institutional
Review Board (IRB). Patient characteristics are provided in figure 1C and supplementary
table ST1. Specimens were collected immediately after surgery. One piece of tumor tissue
was placed in RPMI medium containing penicillin:streptomycin and Fungizone and a piece
was snap frozen in dry ice. The tumors were transported to the laboratory on ice or dry

ice. Tissues were finely minced and frozen in liquid nitrogen in freezing medium (5%
DMSO+95% fetal bovine serum (FBS)) or implanted under the mammary fat pad in female
NSG mice to develop PDX models.

Method details

KM Plotter—The relapse-free survival of patients expressing high and low levels of AR
(Affy ID: 211621_at) was evaluated in LAR TNBC according to Pietenpol subtype®: 46.
Patients were split by the median.

Cell transfection—Viruses were made at the University of Tennessee Health Science
Center (UTHSC) viral vector core laboratory®>: 8. Cells were plated in six well plates in
growth medium. Twenty-four hours after plating, the cells were infected with virus particles
containing the AR-V7 plasmid mixed with polybrene. Cells were allowed to be infected

for overnight, medium changed, and the cells were selected using puromycin. One week
after selection, the cells were propagated, and the expression of AR-V7 was evaluated using
Western blot.

Western blot—Tumaors were homogenized in lysis buffer using a handheld homogenizer.
Tumor fragments or cells were suspended in lysis buffer (50 mM Tris pH8, 137 mM NaCl,
1% glycerol, 1% NP40, 2 nM EDTA) containing protease and phosphatase inhibitors, and
subjected to three freeze-thaw cycles. Protein concentrations were measured by BCA assay.
Equal amounts of protein were fractionated on an SDS-PAGE and transferred to a PVDF
membrane. Western blot was performed as previously described?©.
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Sulforhodamine Blue Assay—Cells were plated in growth medium in 96 well plates.
Cells were treated for the duration indicated, and medium was changed every third day. Cell
viability was measured by sulforhodamine blue (SRB) assay.

Colony formation assay—Cells were plated in 6 well plates and treated for the duration
indicated in the figures. Medium was changed every third day. Colonies were fixed with
acetone and methanol solution. Cells were stained with crystal violet solution. Colonies
were quantified using ImageJ software.

Scratch assay—Cells were plated in 6 well plates and after the cells attach to the plate
overnight, a scratch was made using a pipette tip. Pictures of the wells were taken for

the indicated duration on an Evos FL microscope (Life Technologies, Carlsbad, CA). The
images were analyzed using ImageJ software.

BrdU assay—_Cells were plated in 96-well plate in growth medium and were treated for
the duration indicated. BrdU assay was performed on cells using Cell Signaling BrdU kit
(Danvers, MA).

Gene expression assay—Cells were plated in 96 well plates in charcoal stripped
serum-containing medium and maintained for two days. Medium was changed and then
treated as indicated. RNA extraction and cDNA synthesis were performed using cells-to-ct
kit (Thermo Fisher, Waltham, MA). Gene expression studies in tumors were performed

by extracting RNA using RNA extraction kit from Qiagen (Hilden, Germany) and cDNA
synthesized using High-Capacity RNA rt kit (ThermoFisher). Gene expression assays were
performed using TagMan real-time PCR primers and probes on Bio-Rad PCR machine.
While most of the primers and probes used were Tagman primers and probes, AR-V7
primers and probe were custom made.

Tumor xenograft—Xenograft experiments were performed as previously published’?
according to a UTHSC Institutional Animal Care and Use Committee (IACUC) approved
protocol. UT-1355 PDX was created using specimen collected from an African American
patient according to an IRB approved protocol. UT-1355 PDX tumor fragments (1 mm?3)
were surgically implanted under the mammary fat pad in female NOD SCID Gamma (NSG)
mice (n=8-10/group). MDA-MB-453 5 million cells were implanted with Matrigel matrix
(medium: Matrigel 1:1) under the mammary fat pad of female NSG mice. Once the tumors
reach 100-300 mm?, the animals were randomized and treated by oral gavage. Tumor
volume was measured twice weekly, and body weight was measured at the start and end

of the treatment period. At the end of the study, animals were sacrificed, and tumors were
excised, weighed, and stored for further analyses.

Tumor volume was calculated (length * [width*width] * 0.5) and normalized to the
measurement on the first day of treatment. Percent change was then calculated and then
graphed. Linear regression was used to compare the lines for statistical significance.

RNA-seq assay—Integrity and quantity of RNA extracted from the tumors or cells were
assessed using Agilent Bioanalyzer. Replicates from each group for cell lines and from
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52 tumor specimens were submitted to Novogene (Cambridge, UK) or UTHSC molecular
resources center for RNA-seq analysis.

Fastq files from Illumina HiSeq that passed quality control processing using FastQC
(v0.11.8, table ST2) were first aligned to the human transcriptome (hg38 genome build,
GENCODE v39 transcript annotation) using STAR (2.7.0, table ST2) and then sorted with
SAMtools (v1.9, table ST2). Salmon (v0.13.1, table ST2) was then used for transcript
quantification and gene level counts were used for data analysis in R version 4.1.2 (table
ST2). Read counts were loaded from salmon quant files using tximport (v1.6.1, table
ST2), and differential gene expression analysis between vehicle and treatment groups
was performed using DESeq?2 (1.28.1, table ST2). An adjusted p-value < 0.1 was used

to determine significantly differentially expressed genes (DEGs) from each sample group
described in the previous section. Read counts were normalized for downstream analyses
and visualization using the regularized log transformation (rlog) from DESeq2. Heatmaps
representing rlog normalized and scaled expression values were generated with the
ComplexHeatmap package (v2.4.3, table ST2) where rows and/or columns were clustered
via the “Pearson” distance method.

GSEA software was used (GSEA v4.2.3, www.gsea-msigdb.org/) to identify enriched gene
signatures. GSEA analysis was performed by using rlog normalized gene expression data
obtained from vehicle and treated tumors (n = 5, replicate n = 3). One thousand gene set
permutations were used to test for significance using a false discover rate (FDR) cutoff

of 0.25. The MSigDB hallmark gene sets (H collection) (v7.5.1, table ST2) were used to
determine significantly enriched hallmark pathways in vehicle and treated groups.

Immunohistochemistry (IHC)—Fifty-two cases of TNBC formalin-fixed paraffin-
embedded blocks (characteristics shown Fig. 1B) were sectioned at a thickness of 3 um

and mounted on glass slides. The slides were stained for AR and AR-V7 (AR, 1:50 dilution;
AR-V7, 1:50 dilution) using IHC protocol previously described’®. The slides were then
analyzed by a trained and board-certified pathologist who was blind to the ID of the
sections. The sections were digitally imaged using Image J. The color threshold function of
Image J was used manually to define stromal areas on this photomicrograph and area as a
percentage of total cellular area was calculated using the histogram function.

SYPRO Orange—SYPRO orange thermal shift assay was performed using the Bio-Rad
kit and protocol (Hercules, CA).

Quantification and visualization of differential expression for AR and markers
across three subgroups of patients with TNBC—For each of the three genes of
interest, AR, WNT7A and TP63, Student’s t-test with Bonferroni correction was applied to
compare the expression levels across AR-low, AR-mid and AR-high group. Matlab package
Violin Plot (https://www.mathworks.com/matlabcentral/fileexchange/45134-violin-plot) was
used to generate violin plots illustrating the distribution of gene expression levels amongst
all the patients with TNBC within each subgroup.
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Digital spatial profiling of Human Breast Carcinoma Tissue.—Paraformaldehyde-
fixed, paraffin-embedded human breast cancer tissue was profiled using GeoMx® DSP
(Merritt et al). Thin (5 um) tissue sections were prepared according to manufacturer’s
recommendations for GeoMx-NGS RNA BOND RX Semi-Automated RNA Slide
Preparation Protocol (FFPE) (manual no. MAN-10151-02). Following an overnight bake at
65°C, deparaffinization, rehydration, heat-induced epitope retrieval (for 10 minutes at 100°C
with Bond Epitope Retrieval 2 Solution), and enzymatic digestion (0.1 pug/mL proteinase K
for 15 minutes at 37°C) were carried out on the Leica BOND-RX. Tissues were incubated
with 10% neutral buffered formalin for 5 minutes and 5 minutes with NBF Stop buffer.

In situ hybridization with human Whole Transcriptome Assay probes was then carried

out overnight in a humidified hybridization chamber kept at 37°C. Following rounds of
stringent washing to remove off-target probes, the human breast tissue was blocked with
Buffer W blocking solution (NanoString Technologies) then incubated with antibodies for
Pan-Cytokeratin (PanCk, Novus, clone: AE1/AE3), CD3E (Origene, clone: UMAB54) and
Androgen Receptor (AR, CST, clone: D6F11), as well as with nuclear marker Syto83.

Tissue morphology was visualized using the fluorescent antibodies and
Syto83 on the GeoMx® DSP instrument.—Regions of interest (ROIs) were selected
from the TMA using either the polygon, rectangle, or circle tool. An AR-high and AR-
low ROI were selected from each core. A PanCk+ mask was generated within each ROI
using the fluorescence signal associated with the PanCk antibody, and UV light was
utilized to release and collect oligonucleotides from each ROI. During PCR, Illumina i5
and i7 dual-indexing primers were added to each Amplified Oligonucleotide Item (AQI)
allowing for unique indexing of each AOI. Library concentration was measured using a
Qubit fluorometer (Thermo Fisher Scientific), and quality was assessed using a Bioanalyzer
(Agilent). The Illumina Novaseq 6000 was used for sequencing, and the resulting FASTQ
files were then processed by the NanoString DND pipeline to generate count data for each
target probe in every Amplified Oligonucleotide Item (AOI).

Quiality control and preprocessing of GeoMx transcript data—The GeoMx DSP
Analysis Suite (Version 2.5.1.145) was utilized for conducting both quality control (QC)
and data exploration. First, each AOI was QC checked to ensure contamination was avoided
during PCR and library preparation and that sequencing was sufficient. No AOls were
eliminated during QC. Next, we checked for global outliers in the target list. No outliers
were identified. In total, none of the AOls nor any of the 18,676 gene-associated probes
were removed during QC. Finally, the dataset was normalized using third quantile (Q3)
normalization. Differentially expressed genes (AR-hi vs AR-low) are identify by student’s t
test (p<0.05) or paired t test (p<0.05). Gene set enrichment analysis is conducted by using
the C2 curated gene sets and C8 cell type signature gene sets in the Molecular Signatures
Database (MSigDB GSEA 4.3.2). Enriched gene sets are identified by fold discovery rate
(FDR g-value<0.05).

AR transactivation—AR transactivation was performed as previously described2?: 31,

Briefly, HEK-293 or COS-7 cells were transfected with plasmid DNA indicated in the figure
legends with lipofectamine using OptiMEM medium. Twenty-four hours after transfection,
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the cells were fed with DMEM w/o phenol red and treated as indicated in the figures. The
cells were harvested 24 hours after treatment and luciferase assay was performed with dual
luciferase assay kit (Goldbio, St. Louis, MO).

Co-immunoprecipitation—HEK-293 cells were plated in 10 cm dishes and transfected
with lipofectamine as indicated in the figures. Cells were treated with 2000 1U of IFN-a and
10 nM R1881. Cells were harvested 4 hours after treatment and immunoprecipitation was
performed as indicated in the figures and previous published?®: 31. 34, Cells were suspended
in lysis buffer (50 mM Tris pH8, 137 mM NacCl, 1% glycerol, 1% NP40, 2 nM EDTA)
containing protease and phosphatase inhibitors, and subjected to three freeze-thaw cycles.
Protein concentrations were measured by BCA assay. Magnetic beads are washed twice with
wash buffer. Protein, lysis buffer, and antibody were then added to the beads. The mixture
was rotated and incubated at 4°C for ~12 hours. After the incubation, the beads were washed
three times and then loading dye was added. The crosslinked beads and dye were denatured
at 95°C. Equal amounts of protein were fractionated on an SDS-PAGE and transferred to a
PVDF membrane. Western blot was performed as previously described?©.

ChIP-PCR—MDA-MB-453 cells were fixed and sheared using a

sonicating probe. ChIP assay was performed with STAT1 antibody in

MDA-MB-453 cells and, real-time PCR was performed with CXCL11

promoter (F:GGTTTTCACAGTGCTTTCAC; R:TTTCCCTCTTTGAGTCATGC), hIL8
promoter (F:GAAAAGTTGTAGTATGCCCC; R:CATGATGGTGAAGATAAGCC),

and FKBP5 regulatory region (F:GCTCCCTCACACCAGATGACCA; R:
CAAATCCAACCCGAGACAGGTGTA).

Patient Explant Sponge Culture.—Fresh and frozen in liquid nitrogen in freezing
medium patient specimens were used for sponge culture. Sponge cultures were performed in
accordance with the protocol published earlier’®: 8789, Tumors were cut into small pieces
(~1 mm3) and incubated on pre-soaked gelatin sponges (3 fragments/sponge) in 12 well
plates containing 1.5 mL medium (MEM+10% FBS+2 mM L-glutamine + 10 pg/mL insulin
+ penicillin: streptomycin). The cultures were performed in triplicates. Pooled samples (n=3
fragments/sponge) from each sponge constituted one sample. Medium was replaced the next
day and treated as indicated in the figures. After 2 days, BrdU was added to the samples

and was incubated for another 8-12 hours. Tissues were harvested and fixed in 4% formalin.
Tissue was embedded in FFPE blocks. Immunohistochemistry was for anti-Ki67 was done.
Characteristics of the patient specimens used in PDX and in sponge cultures are provided in
Table ST1.

Quantification and statistical analysis

All experiments were performed at least three independent times. Statistical analysis

was performed using GraphPad Prism. Experiments with two groups were analyzed by
Student t-test and experiments with more than two groups were analyzed by One Way
ANOVA, followed by Tukey post-hoc analysis. Analysis for RNA sequencing and spatial
transcriptomics are provided under the respective sections. Values are expressed as average *
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S.E.* - p<0.05; ** - p<0.01; *** - p<0.001; **** - p<0.0001. Sequencing data are deposited
in GEO databank.

Additional resources

None

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: TNBC specimens express full length AR at higher rate and AR splice variants (AR-
SV).

A. )Structure of AR and AR-SV (biorender.com). B. Kaplan Meier relapse free survival plot
of patients with high (red) and low (black) AR (211621_at) expression (kmplot.com). C.
Patient demographics. D-G. AR and AR-SV gene expression in specimens from TNBC
patients. RNA was extracted (n=52) from TNBC patient specimens and real-time PCR was
performed with AR-NTD -binding probe (D), AR-NTD - and LBD-binding tagman probes
(F), and AR-V7 probe (G). IHC was performed with AR NTD -binding antibody (E).
Percent of patients positive for AR (>10% cells positive for AR) is shown at the bottom of
the graph. H. Flow chart of breast cancer subtypes and TNBC subtypes, including AR-SV-
positive TNBC. IHC- immunohistochemistry; NTD- N-terminus domain; CTD- C-terminus
domain; AA- African American; CA-Caucasian American; DBD- DNA binding domain;
Hin- Hinge; LBD- Ligand Binding Domain; U- Unique cryptic exon; AF-1- Activation
Function-1 Domain; AR-FL- androgen receptor full length; AR-SV- androgen receptor
splice variant; RV1- 22RV1 prostate cancer cells; LN- LNCaP prostate cancer cells. Values
are expressed as mean -/+ SEM. *-p<0.05; **-p<0.01; ***-p<0.001; ****-p<0.0001 (t-test).
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Figure 2: AR-V7 enriches E2F signaling and increases proliferation, invasion, and migration of
TNBC cell lines.

TNBC cell lines were stably transfected with AR-V7 using lentivirus. A. BrdU assay

of control and AR-V7 lentivirus transfected TNBC cell lines MDA-MB-453 (453), MDA-
MB-231 (231), BT549, and MFM223. Cells were plated in growth medium and BrDU assay
was performed after 72 hours (n=4/group). B. Scratch assay in MDA-MB-453 and MDA-
MB-453-V7. Cells were plated in growth medium and imaged at the start and after 72 hours,
and the gap closure measured by imaging software (n=4/group). C. Ki67 staining of TNBC
patient specimens (23 (AR-positive (AR+)), and 11 (AR and AR-SV -positive (AR+/AR-
SV+)). D and E. RNA sequencing was performed with 453 and 453-V7 cell lines and AR+
and AR+/AR-SV+ patient specimens. Gene set from the Molecular Signatures Database is
reported in 453 cells compared to 453-V7 cells and AR+ patient specimens compared to
AR+/AR-SV+ patient specimens. Values are expressed as mean -/+ SEM. Experiments in
panels A-C were reproduced at least three times and representative experiment is shown. *
p<0.05, ** p<0.01, ****p<0.00001 (t-test).
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Figure 3: N-terminus-binding AR degrader UT-105 efficiently degrades and irreversibly inhibits
AR function in TNBC cell lines.
A. Structure of UT-105. B. UT-105 inhibits wildtype and mutant AR transactivation. AR or

AR F876L (50 ng), 0.25 pg GRE-LUC, and 10 ng CMV-renilla-LUC were transfected into
COST7 cells. Cells were treated 24 hours after transfection with a dose response of UT-105 or
enzalutamide in the presence of 0.1 nM R1881, and luciferase assay was performed 24 hours
after treatment. Firefly luciferase values were normalized to renilla luciferase. Numbers
provided in bracket are 1Cgq values. C. UT-105 degrades AR. LNCaP PCa cells were
maintained in charcoal-stripped FBS-containing medium for 2 days before treating with
UT-105 in the presence of 0.1 nM R1881. Cells were harvested 24 hours after treatment,
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and Western blot for AR and GAPDH was performed. D. Top. UT-105 binds to AR-NTD.
Recombinant purified AR NTD was incubated with DMSO or 10 uM UT-105 overnight

at 4°C. SYPRO orange dye was added to the mixture and a PCR was performed with
increasing temperature. SYPRO orange signal was monitored. Bottom. UT-105 stabilized
purified AF-1 and AR-V7 recombinant protein. Recombinant purified AF-1 or AR-V7
protein (5 ng) were incubated at room temperature for 4 hours with DMSO or 100 uM

of UT-105 or UT-34. Proteins were fractionated on an SDS-PAGE and Western blot was
performed with AR antibody (AR-441). E. Illustration depicting the binding regions of
UT-105 and enzalutamide. F. UT-105 irreversibly inhibits AR. Transactivation assay was
performed with AR with a dose response of R1881 in the presence of 3 and 10 uM

UT-105 as indicated in panel B. G. UT-105 inhibits AR-target genes. MDA-MB-453 cells

in charcoal stripped serum-containing medium were treated for 16—20 hours. RNA was
extracted and expression of FKBP5, TMPRSSZ, and STEAP4 was quantified by real-time
PCR and normalized to GAPDH (n=4/group). * p<0.05 (one-way ANOVA) H. RNA-seq.
MDA-MB-453 cells maintained in charcoal-stripped serum-containing medium for 2 days
were treated with vehicle or 3 pM UT-105 in the presence of 0.1 nM R1881 for 20 hours
(n=3/group). Cells were harvested, RNA extracted, and sequenced. Heatmap of global

gene expression changes, top GSEA pathways enriched, and heatmap and bar graphs of

AR signaling pathway are represented. I. UT-105 inhibits proliferation of TNBC cells.
MDA-MB-453 cells plated in charcoal stripped serum-containing medium and treated for
seven days with medium change and retreatment after day 3 (n=3/group). Sulforhodamine

B (SRB) colorimetric assay was performed to measure cell viability. J. UT-105 inhibits
clonogenicity. TNBC cells stably expressing AR-V7 were plated in 6-well plates and treated
with 10 pM of the indicated compounds for two weeks. Colonies were imaged and the
number of colonies formed was counted using an imaging software (n=4/group). Panels B-D
and F, G, I-J are representatives of at least three independent replicates. * p<0.05, ** p<0.01
(one-way ANOVA). Enza- enzalutamide; V7- AR-V7 splice variant. Values are expressed as
mean -/+ SEM.
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Figure 4: UT-105, but not LBD-binding AR antagonists, inhibits TNBC tumor growth.
A. Schematic representation of CDX and PDX experiments (biorender.com). B. Left.

MDA-MB-453 orthotopic xenograft was conducted by implanting 5 million cells into

the mammary fat pad of female NSG mice. Once the tumors reach 100-300 mm3, the
animals (n=8-10/group) were randomized and treated orally with UT-105 (60 mg/kg/day) or
vehicle control (DMSO + PEG-300) for 28 days. Tumor volume was measured by digital
caliper twice weekly and the percent change in tumor volume is represented in the graph.
Right. MDA-MB-453 tumor-bearing female NSG mice (n=8-10/group) were treated with
enzalutamide (60 mg/kg/day), bicalutamide (60 mg/kg/day), or vehicle control for 28 days.
C. Change in body weight of MDA-MB-453 tumor-bearing mice. D-E. UT-1355 TNBC
PDX characterization. Protein was extracted from UT-1355 PDX tumor fragments and
Western blot with AR NTD-binding antibody or AR-V7 antibody, and GAPDH antibody
was performed. LNCaP and 22RV1 prostate cancer cells were used as control for AR and
AR-SV, respectively. Representative blots shown. F. UT-105 completely inhibits UT-1355
PDX tumor growth. UT-1355 PDX tumor fragments (1 mm3) were orthotopically implanted
into the mammary fat pad in female NSG mice (n=8-10/group), and a xenograft experiment
was performed as indicated above for MDA-MB-453. G-H. Change in body weight of
UT-1355-bearing mice and tumor weight. Mean -/+ SEM is shown with One way ANOVA
conducted in Graph Pad Prism: * p<0.05, ** p<0.01, *** p<0.001.
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Figure 5: JAK-STAT signaling enriched in LAR-TNBC was inhibited by UT-105.
(A-F) RNA was extracted from MDA-MB-453 tumors (shown in Fig. 4B) and sequenced

(n = 3-5/group). A. Differentially expressed genes (DEGs) are visualized as a heatmap.
The number of significant DEGs in each treatment compared to the vehicle control is
shown below. B. GSEA analysis was performed on UT-105-treated tumors. Pathways with
an FDR<0.25 are shown with corresponding normalized enrichment scores (NES). C.
Enrichment plots are shown for interferon v (top) and interferon a. (bottom) Hallmark
response pathways. D. Fold change in gene expression from RNA sequencing with MDA-
MB-453 tumors for STAT signaling pathway genes /RF1, IRF7, and /RF9is shown.
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E. A heatmap of chemokine normalized means from the RNA-seq data performed in
MDA-MB-453 xenograft tumors. F. Western immunoblot of phospho-STAT1, phospho-
STAT3, and phospho-AKT in representative samples from vehicle and UT-105-treated
MDA-MB-453 xenograft tumors (from Fig 4B). G. Effect of UT-105 and ruxolitinib on
STAT1 phosphorylation in MDA-MB-453 cells. MDA-MB-453 cells were maintained in
csFBS-containing medium for 48 hours. Cells were treated with 3 uM UT-105 or ruxolitinib
for 24 hours before the induction of STAT1 phosphorylation with interferon a (1000 units).
Cells were harvested 30 minutes after induction, protein was extracted, and Western blot
for pSTAT1 and GAPDH was performed. Representative blot is shown. The bands were
quantified and fold change from vehicle is provided under the blots. H. Effect of UT-105
and ruxolitinib on cell proliferation. Cells were plated in growth medium and treated with
vehicle, UT-105, or JAK-STAT inhibitor ruxolitinib for seven days with medium change and
retreatment after day 3 (n=4/group; representative of three replicates; one-way ANOVA).
SRB assay was performed. I. AR and AR-SV -positive TNBC specimens are enriched for
JAK-STAT pathway. RNA was extracted from TNBC specimens (n=41) shown in Fig. 1C
and sequenced. The top pathways enriched in AR and AR-SV compared to AR negative
specimens obtained from GSEA (FDR <0.25) are shown as a bar graph. J. Enrichment plots
are shown. Rux- ruxolitinib; enza- enzalutamide. Mean -/+ SEM: * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.00001.
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Figure 6. Spatial transcriptomics provides evidence that TNBC cells that express high AR have
enriched interferon JAK-STAT pathway and aggressive phenotype cells compared to cells that
express low AR.

A. A schematic of the Nanostring GeoMx spatial transcriptomics method (provided

by Nanostring). B. Region of Interest (ROI) selection. LAR TNBC specimens (n=3)
were stained for AR (red), PanCk (green), and DNA (blue). Regions that express

AR at high levels compared to areas that express AR at low levels were selected as
regions of interest. Cells were isolated using laser and sequenced. C. GSEA analysis
shows enrichment of interferon JAK-STAT pathway. The top pathways enriched in

AR high compared to AR low cells obtained from GSEA are shown as dot blot. D.
Enrichment plots are shown for HALLMARK_INTERFERON_GAMMA_RESPONSE
(left), HALLMARK_INTERFERON_ALPHA_RESPONSE (middle) and
HALLMARK_IL6 JAK_STAT3_SIGNALING (right) pathways.
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Figure 7. STAT1 is an AR coactivator.
A. STAT1 increases R1881-induced AR transactivation. AR transactivation was performed

in HEK-293 cells with 0.1 pg vector or STAT1. Numbers provided in bracket are R1881’s
ECgg values. B. STAT1 and AR interact. AR and STAT1 (5 ug) were transfected into
HEK-293 cells. Cells were treated 48 hours after transfection with 2000 IU interferon

a and 10 nM R1881. Cells were harvested 4 hours after treatment, immunoprecipitation
was performed with IgG or AR antibody, and Western blot was performed for STAT1. C.
AR and STAT1 interact in MDA-MB-453 cells. MDA-MB-453 cells were maintained in
charcoal-stripped serum-containing medium for two days and treated with interferon a and
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R1881 for 4 hours. Cells were fixed and immunostained for AR (red) and STAT1 (green),
and confocal microscopy was performed. Scale is 2 um. D. STAT1 is recruited to ARE (on
FKBP5 regulatory region). MDA-MB-453 cells were treated as indicated. The cells were
crosslinked, sheared, and ChIP PCR was performed with the STAT1 and IgG antibodies.
PCR was performed using the primers for the indicated regions. E. AR is recruited to STAT1
responsive gene regulatory region. Data from AR ChlP-seq performed in PCa cells (n=2)
were loaded in IGV browser and CXCL8 (/L8) and FKBP5 regulatory regions were scanned
to determine the binding of AR. F. UT-105 inhibits STAT1 recruitment to STAT1RE and
ARE. MDA-MB-453 cells maintained in charcoal-stripped serum-containing medium were
treated with interferon a (1000 units), R1881 (1 nM), combination in the presence and
absence of UT-105 (10 pM) for 4 hours. ChlP assay was performed with STAT1 antibody
and real-time PCR was performed with primers specific for /L8 STATRE and FKBP5
ARE. Representative experiment is shown in the figure. G. Ruxolitinib inhibits AR-target
gene expression. MDA-MB-453 cells maintained in charcoal stripped serum-containing
medium were treated with R1881 (0.1 nM) alone or in combination with ruxolitinib (3

uM) for 24 hours. RNA was extracted, and real-time PCR for FKBP5 was performed (n=4/
group; one-way ANOVA). H. UT-105 inhibits STAT1-dependent coactivation of AR. AR
transactivation was performed in HEK-293 cells in the presence or absence of 0.1 ug STAT1.
I. Effect of AR and JAK inhibitors on the proliferation of patient tumors explants growth.
Illustration of gelatin sponge culture (Biorender.com). Tumor tissue from two patients (1473
and 1474) were placed on pre-soaked gelatin sponges and treated as indicated for 48 hours.
The tissues were fixed and stained with Ki67. The bar graphs show the percentage of cells
that stained positively for Ki67. J. Model. A schematic of the proposed mechanism of
action of SARDs in TNBC tumors (biorender.com). The model summarizes the choice of
drug for inhibiting the growth of LAR TNBC tumors. This would depend on the specific
mechanisms involved in AR activation and tumor progression. Enzalutamide may work if
AR activity is the primary driver, but its efficacy could be limited by androgen surges. STAT
inhibitors like ruxolitinib may not be effective if AR activation is independent of STAT1.
Degraders like UT-105 seem promising as they degrade AR directly and could prevent

AR or AR splice variant activation, offering a more comprehensive approach to inhibit
tumor growth. However, the actual effectiveness of these drugs would need to be studied

in clinical settings and may vary from patient to patient. Panels A-H representative of three
independent experiments is shown.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-AR antibody (D6F11) XP Cell Signaling 5153
Anti-AR-V7 antibody Precision Antibody AG10008 SQ3921368
Anti-AR-V7 antibody Abcam ab198394
Anti-GAPDH Sigma G8795
Rabbit and Mouse Secondary ThermoFisher P131460
Anti-phospho-STAT1 Cell Signaling 9914T
Anti-phospho-STAT2 Cell Signaling 9914T
Anti-phospho-STAT3 Cell Signaling 9914T
Anti-phospho-JAK Family Cell Signaling 32901S
Anti-phospho-AKT Abcam ab81283
STAT1 antibody Cell Signaling 91728
PanCytokeratin antibody Novus clone AE1/AE3 NBP2-29429
Anti-AR antibody for IHC Cell Signaling D6F11 5153
Anti-Estrogen receptor antibody for IHC Leica biosystems Clone 6F11

Bacterial and virus strains

AR-V7 viral vector

Kind gift from Dr. Kris C. Wood and Dr.
David M. Sabatini.

Martz CA et al., Sci. Signal 2014%3,

Biological samples

52 TNBC Patient specimens IRB 14-03113-XP UTHSC N/A
PDX UT-1355 IRB 14-03113-XP UTHSC N/A
Chemicals, peptides, and recombinant proteins
Enzalutamide Medkoo 201821
Bicalutamide AK Scientific 90357-06-5
Ruxlotinib AmBeed A272323
Interferon Gift from Dr. Pfeffer (which was a generous N/A

gift from Amgen)8
BrbU Cell signaling 6813s
R1881 Sigma R0908-10MG
Sypro Orange Thermofisher S6650
Matrigel fisherscientific 8774552
Gelatin dental sponge (Vetspon Dental Cubes) fisherscientific NC0654350
Critical commercial assays
Kinome Scan DiscoverX Eurofins N/A
GPCR Scan DiscoverX Eurofins N/A
Deposited data
5I;IA Seq for MDA-MB-453 and MDA-MB-453-AR- GEO database GSE244283
Spatial genomics GEO database GSE245202

Cell Rep. Author manuscript; available in PMC 2024 February 16.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Asemota et al. Page 36
REAGENT or RESOURCE SOURCE IDENTIFIER
MDA-MB-453 xenograft GEO database GSE244283
41 patient specimens GEO database GSE244283
MDA-MB-453 cell line RNA sequencing GEO database GSE245554
Experimental models: Cell lines
LNCaP ATCC CRL-1740
22RV1 ATCC CRL-2505
MDA-MB-453 ATCC HTB-131
MDA-MB-231 ATCC CRM-HTB-26
BT549 ATCC HTB-122
PC3 ATCC CRL-1435
MFM223 Sigma Aldrich SKU 98050130-1VL
Experimental models: Organisms/strains
NSG mice JAX labs 005557
Sprague Dawley rats Charles River N/A

Oligonucleotides

TagMan primers and probe Androgen Receptor N-
terminus

Life Technologies

Hs00907242_m1

TagMan primers and probe Androgen Receptor C-
terminus

Life Technologies

Hs00171172_m1

TagMan primers and probe FKBP5

Life Technologies

Hs00188025_m1

TagMan primers and probe TMPRSSZ2

Life Technologies

Hs00237175_m1

TagMan primers and probe STEAP4

Life Technologies

Hs01026584_m1

TagMan primers and probe /RF-1

Life Technologies

Hs00971965_m1

TagMan primers and probe /RF-7

Life Technologies

Hs01014809 g1

TagMan primers and probe /RF-9

Life Technologies

Hs00196051_m1

TagMan primers and probe GAPDH

Life Technologies

Hs00266705_g1

Primers and probe AR-V7

Custom synthesized

Recombinant DNA

STAT-1 plasmid Gift from Dr. Pfeffer N/A

Androgen receptor Gift from Dr. Nancy Weigel, Baylor College N/A
of Medicine

GRE-LUC Gift from Dr. Nancy Weigel, Baylor College N/A
of Medicine

Glucocorticoid receptor Gift from Dr. Nancy Weigel, Baylor College N/A
of Medicine

Mineralocorticoid receptor Gift from Dr. Nancy Weigel, Baylor College N/A
of Medicine

STAT-1RE LUC James E. Darnell, Rockefeller University N/A

AR-LBD bacterial expression vector Constructed in our lab. N/A

AF-1 bacterial expression vector Constructed in our lab. N/A

AR-V7 bacterial expression vector Constructed in our lab. N/A

Software and algorithms
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Other
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