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Transcriptomic analysis to uncover the
mechanism of radiosensitization of AR-
positive triple-negative breast cancers
with AR inhibition
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The androgen receptor (AR) has been identified as a driver of tumor growth and radioresistance in
triple-negative breast cancers (TNBC), though the mechanistic role of AR in response to radiation
therapy (RT) remains unknown. Here, we demonstrate that inhibition with the second-generation anti-
androgen, apalutamide, but not darolutamide, is sufficient to radiosensitize AR+ TNBCmodels (rER:
1.34-1.41; rER: 0.96-1.11, respectively). Cells with low AR expression were not radiosensitized by AR
inhibition (rER: 0.96-1.03).Mechanistically, while stimulationwith theAR-agonist R1881 is sufficient to
induce nuclear translocation of AR in AR+ TNBC cells, AR inhibition with enzalutamide, apalutamide,
or darolutamide blocked AR nuclear translocation. When cells are treated with R1881+RT, nuclear
translocation of AR was induced at similar or greater levels compared to R1881 alone in AR+ TNBC
cells. Combination treatment of RT with enzalutamide reduced nuclear localization of AR (32-39%
reduction) compared to RT alone. Transcriptional evaluation with RNA-Seq after AR stimulation and
RT demonstrated changes in the MAPK/ERK signaling pathway, among others. Overexpression of
ERK reduces the radiosensitizing ability of second-generation anti-androgens, suggesting that AR-
mediated radioresistance may be due, at least in part, to downstream MAPK/ERK signaling. These
findings suggest that AR-mediated radioresistance is at least partially due to downstreamMAPK/ERK
signaling. Together this work builds on the mechanistic understanding of AR-mediated
radioresistance in AR+ TNBC which may expose vulnerabilities in resistance to combination
treatment with AR inhibition and RT.

Therapies targeting the androgen receptor (AR) have been of increasing
interest for the treatment of AR-positive (AR+) breast tumors, including
AR+ triple negative breast cancers (TNBC)1–5. Due to the ineffectiveness of
molecular targeted therapies, patients with TNBC generally receive multi-
modal treatments including surgery, chemotherapy, and radiation therapy
(RT). Recentwork has demonstrated that therapies targeting theARmay be

effective for the treatment of AR+ TNBC as monotherapy6–8. Additional
work indicates that AR inhibitors, when combined with RT, result in sig-
nificant radiosensitization inAR+TNBCmodels9–11, butmayhavedifferent
effects in tumors expressing both AR and ER together12–14.

While many anti-androgen therapies have been investigated for the
treatment of AR+ cancers, including AR+ breast cancer2, here we focus
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on the second-generation anti-androgens and their effect on radiation
response in TNBC7,15. While AR inhibition and knockdown have pre-
viously been demonstrated to sensitize AR+models, including prostate
cancer16–18, glioblastoma19, and breast cancer9–11, to RT both in vitro and
in vivo, the mechanism of radiosensitization and the role of AR in
driving resistance to radiotherapy in AR+ TNBC remains understudied
and of clinical importance. Previously, we and others have demonstrated
that second generation anti-androgens can sensitize AR+TNBCmodels
to radiation treatment9–11. Here we sought to expand previous studies by
exploring the utility of second-generation anti-androgens in AR high-
and low-expressing TNBCmodels, as well as investigating AR-mediated
genomic mechanisms of radioresistance. Notably, as AR is increasingly
being investigated as a target for therapy, there remains a critical need for
the development of accurate biomarkers of response to AR inhibitors to
correctly identify the patient populations that will most reliably respond
to AR targeted therapies.

Results
AR inhibition with apalutamide, but not darolutamide, radio-
sensitizes AR+ TNBC models
Having previously observed radiosensitization of AR+ TNBC cells with
AR knockdown10 or pharmacologic inhibition9,20, we wanted to know if
inhibition of AR using the second-generation anti-androgens

apalutamide or darolutamide was sufficient to radiosensitize AR+
TNBC cells in vitro.We did these experiments in four cell lines that have
previously been demonstrated to express AR:MDA-MB-453, ACC-422,
SUM-185, and MDA-MB-231 cells. Notably, the MDA-MB-453 and
ACC-422 cells have high expression of AR (includingwhen compared to
ER+ cell lines), with SUM-185 cells demonstrating intermediate levels
of AR expression, and MDA-MB-231 cells with low AR expression10.
Clonogenic survival assays were performed in MDA-MB-453 cells. A
one-hour pretreatmentwith apalutamidewas sufficient to radiosensitize
MDA-MB-453 cells (Fig. 1a, radiation enhancement ratios [rER]: 1.34-
1.41) and ACC-422 cells20. Treatment with darolutamide, a structurally
unique AR antagonist, did not affect radiosensitivity of MDA-MB-453
(Fig. 1b, rER: 1.03-1.11), SUM-185 (Fig. 1c, 0.96-1.03), or ACC-422 cells
(Fig. 1d, 1.04–1.11). TNBC cells with low AR expression (MDA-MB-
231) were not radiosensitized by apalutamide (Fig. 1e, rER: 0.96-1.02) or
darolutamide (Fig. 1f, rER: 1.00-1.03). These findings suggest differ-
ences in the ability of AR antagonists to sensitize AR+ TNBC cells to RT
in vitro. Interestingly, darolutamide has been shown to bemore effective
than apalutamide or enzalutamide at inhibiting AR-mediated
transactivation21. The bioavailability of darolutamide, however, is
much lower than that of apalutamide or enzalutamide, which may have
an effect on the radiosensitization conferred via darolutamide
inhibition22.

Fig. 1 | AR inhibition with apalutamide but not darolutamide radiosensitizes AR
+TNBCbut not AR- TNBCmodels.One-hour pretreatment with (a) apalutamide
(ARN-509) but not (b) darolutamide (ODM-201) is sufficient to radiosensitize AR+
TNBCMDA-MB-453 cells. One-hour pretreatmentwith darolutamide also does not
radiosensitize AR+ (c) SUM-185 cells (d) and ACC-422 cells. Radiosensitization

with (e) apalutamide and (f) darolutamide was assessed inMDA-MB-231 cells with
lowAR expression. Experiments were performed in triplicate and graphed asmean±
SEM. * p < 0.05, NS = not significant, AR: androgen receptor, TNBC: triple-negative
breast cancer, SEM: Standard error of the mean.
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Nuclear localization of AR is blocked with pharmacologic AR
inhibitors, but AR continues to localize to the nucleus following
radiation treatment
Next, we sought to understand the mechanism of AR-inhibitor mediated
radiosensitization inAR+TNBCmodels and hypothesized that ARmay be
acting as a canonical transcription factor to mediate gene expression
changes after radiation by nuclear translocation and promoter or enhancer
region binding with transcriptional activation. First, we confirmed that
pharmacologic AR inhibitors were effectively blocking AR nuclear trans-
location in AR+ TNBCmodels by assessing the cellular localization of AR
using nuclear and cytosolic fractionation. To do this, MDA-MB-453 and
ACC-422 cells were cultured in hormone-deplete conditions for 48 hours
and stimulated with the androgen (R1881) for one hour before cell har-
vesting.When stimulated for one hourwith 1 nMR1881,AR translocates to
the nucleus, and this is partially blocked with the addition of 2 μM enza-
lutamide (1 hour pretreatment beforeR1881 stimulation) inMDA-MB-453
(16% reduction, Supplementary Fig. 1a) and ACC-422 (24% reduction,
SupplementaryFig. 1b) cells. In cells treatedwithFBS,which contains ligand
activating-hormones, including androgens, AR is located in the nuclear
fraction. Treatment for two hours with the second-generation anti-andro-
gens apalutamide, darolutamide, or enzalutamide blocks AR nuclear
translocation in both cell lines (24-66%, Supplementary Fig. 1a, b). Inter-
estingly, apalutamide andenzalutamidemore efficiently blockedARnuclear
translocation inMDA-MB-453 cells compared to darolutamide, suggesting
that the structural differences in these inhibitors23 may affect their ability to
block AR in some contexts in breast cancermodels. These findings together
suggest that pharmacologic inhibitors of AR are effective at blocking AR
nuclear translocation, resulting in some increased accumulation of AR in
the cytoplasm in AR+ TNBC models in vitro and thus may be able to
differentially regulate transcriptional activity.

To further determine how radiation was affecting cellular localization
of AR in the presence or absence of AR inhibition, cellular fractionation
experiments were performed on AR+ TNBC cell lines treated with

radiation in the context of AR stimulation or inhibition. First, cells were
cultured in hormone-deplete conditions for 48 hours, then stimulated with
R1881 for one hour before 4 Gy RT and harvested one hour after radiation.
As expected, treatment with the AR-agonist R1881 induced AR nuclear
translocation, and this was sustained with radiation treatment in both
MDA-MB-453 and ACC-422 cells (Fig. 2a, c). In cells treated with media
containing FBS, AR was again observed in the nucleus under baseline
conditions; however, AR inhibition with enzalutamide was sufficient to
block AR nuclear translocation (50-58% reduction, Fig. 2b, d). Notably, AR
remained in thenucleus followingRT, butARaccumulated in the cytoplasm
when enzalutamide was given one hour prior to RT in MDA-MB-453 and
ACC-422 cells (10-60% increase in cytoplasmic AR relative to NT, Fig. 2b,
d). These findings suggest that AR is indeed present in the nucleus imme-
diately following radiation treatment; however, treatment with enzaluta-
mide is sufficient to block AR nuclear translocation and may inhibit AR’s
activity in its canonical role of a transcription factor.Therefore, as it has been
previously reported that treatment with enzalutamide before radiation
provides increased radiosensitization9–11, we sought to understand how AR
may be promotingDNArepair and resistance toRT inAR+TNBCmodels.

Transcriptomic analyses in AR+ TNBC cell lines treated with
R1881 or RT alone
A canonical role for AR is to function as a transcription factor and regulate
expression of target genes in response to hormone signaling. To understand
how AR may be controlling transcriptional regulation in response to
ionizing radiation, we performed bulk RNA-sequencing onAR+ACC-422
andMDA-MB-453 cells. These cells were first cultured in hormone deplete
conditions, treated with 1 nM R1881 or 4 Gy RT, and harvested 24 hours
after treatment (Fig. 3a). Sequencing was also performed on cells treated
with the combination of R1881 with RT where R1881 treatment was
administered 24 hours prior to RT, and cells were harvested 24 hours
after RT (Fig. 3a). Treatment with R1881 alone resulted in numerous dif-
ferentially expressed genes in both ACC-422 (668 genes, Fig. 3b) and

Fig. 2 | Fractionation of AR expression following stimulation or inhibition
with RT. Nuclear fractionation experiments were performed in (a) MDA-MB-453
and (c) ACC-422 cells initially cultured in CSS, then treated with R1881, RT, or
R1881+RT. R1881 was given one hour prior to RT, and cells were harvested one
hour after RT. Experiments were also performed in (b)MDA-MB-453 and (d) ACC-
422 cells cultured in FBS, treated with enzalutamide (enza), RT, or enzalutamide+
RT. Enzalutamidewas given one hour prior to RT, and cells were harvested one hour

after RT. Experiments were performed in triplicate, and quantifications represent
the average AR protein expression relative to GAPDH or Lamin B1 expression,
respectively. Relative expression of AR in treated conditions was then determined
relative to the expression of AR in the nuclear or cytosolic fraction of cells without
R1881/RT (a, c) or enza/RT (b, d) treatment. AR: androgen receptor, RT: radiation
therapy, CSS: charcoal-stripped serum.
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MDA-MB-453 (701 genes, Fig. 3c) cells compared to control. When
pathway analysis was performed on the differentially expressed gene lists,
multiple pathways were found to be enriched in each cell line (ACC-422: 68
pathways, Supplementary Table 1; MDA-MB-453: 52 pathways, Supple-
mentary Table 2). Of these pathways, 31 were enriched in both cell
lines when treated with R1881, including Cell Adhesion Molecules,

ECM-receptor Interaction, cAMPSignaling Pathway, and TGF-β signaling,
with androgens having a previously reported role in each pathway24–26

(Fig. 3d, e, f). On the other hand, treatment with RT alone resulted in far
fewer differentially expressed genes relative to control in both cell lines at
this early time point (Fig. 3g, ACC-422: 45 genes; Fig. 4h,MDA-MB-453: 88
genes). Concordantly, pathway analysis of these smaller differentially
expressed gene lists yielded fewer enriched pathways in each cell line, with
10 and 8 pathways enriched in ACC-422 and MDA-MB-453 cells, respec-
tively (Supplementary Tables 3, 4). Of these pathways, the cell lines share
AGE-RAGESignalingPathway inDiabeticComplications andRheumatoid
Arthritis (Fig. 3i, j, k). This is consistent with previous reports that androgen
depletion and ionizing radiationmay have pathogenic roles in bothdiabetes
and rheumatoid arthritis27–30.

Transcriptomic Analyses in AR+ TNBC cell lines treated with
R1881+RT
Next, to determine contextual differences in gene expression with the
combined treatment of AR activation and RT, we conducted differential
gene expressionanalysis on cells treatedwithRT in combinationwithR1881
relative to cells receiving no treatment (NT). These analyses identified 1,008
differentially expressed genes in ACC-422 cells (Figs. 4a), and 1,077 dif-
ferentially expressed genes in MDA-MB-453 cells (Fig. 4b). Pathway ana-
lysis was again performed on these gene lists to identify pathways that are
overrepresented with combination treatment, yielding 70 enriched path-
ways inACC-422 cells and 66 enriched pathways inMDA-MB-453, with 37
of these pathways overlapping between the cell lines (Fig. 4c, d, e; Supple-
mentary Table 5,6). There was significant pathway overlap identified
between cells treated with R1881+RT and those treated with R1881 alone.
Notably, 45 of the 68 identified pathways with R1881 treatment alone were
also overrepresented with combination treatment of R1881+RT in ACC-
422 cells. Similarly, 37 of the 52 identified pathways following R1881
treatment were also overrepresented with combination treatment inMDA-
MB-453 cells. Furthermore, 22 of the pathways occurred in both R1881 vs.
NT and R1881+RT vs. NT were identified in both cell lines (Fig. 4f).

To identify changes that are due to R1881 treatment in the context of
RT, we compared cells treated with RT alone to cells treated with
R1881+RT. In this comparison, there were 1,006 differentially expressed
genes in ACC-422 cells (Figs. 4g) and 1,141 differentially expressed genes in
MDA-MB-453 cells (Fig. 4h). Pathway analysis was performed in both cell
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Fig. 3 | Analysis of differentially expressed genes and pathway changes in AR+
TNBC models after single treatments. a Schematic of treatment for RNA-seq
samples in all treatment groups, including the no-treatment control (NT), radiation
therapy (RT) only, synthetic androgen (R1881) only, and the combination of RT and
R1881. ACC-422 and MDA-MB-453 cells were pretreated in charcoal-stripped
serum (CSS) for 48 hours prior to stimulationwith R1881 (24 hours), treatment with
4 Gy RT, or combination treatment (24-hour pretreatment with R1881 before RT).
All cells were harvested 24 hours post-treatment. Volcano plots of differentially
expressed genes (DEGs) in (b) ACC-422 or (c) MDA-MB-453 cells treated with
R1881 compared to NT cells, with upregulated genes in red and downregulated
genes in blue. The red dashed lines represent the thresholds defining the genes used
in the pathway analysis: adjusted p-value threshold 0.05 and log fold change (logFC)
threshold 0.6. Pathway analysis identifies pathways that are significantly affected by
treatment of R1881 compared to untreated cells in (d) ACC-422 and (e) MDA-MB-
453 cells, where the x axis is the ratio of significantly differentially expressed genes in
a pathway to the total number of genes in a pathway. f Venn diagram comparing
significant pathways in each cell line treated with R1881 and selected pathways listed
in which androgen receptor (AR) has previously been shown to play a role. Volcano
plots also show differentially expressed genes in (g) ACC-422 or (h) MDA-MB-453
cells treatedwith RT compared to untreated cells. Changed pathways for cells treated
with RT compared to untreated cells were also assessed in (i) ACC-422 and (j)
MDA-MB-453 cells. k Venn diagram comparing significant pathways in each cell
line treated with RT, with pathways significant in both cell lines listed. Panel (a) was
created with BioRender and (b), (c), (g), and (h) were created with iPathwayGuide
(AdvaitaBio)31. TNBC: triple-negative breast cancer.
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lines (Fig. 4i, j), and complete lists of significant pathways are recorded in
Supplementary Table 7 (ACC-422) and Supplementary Table 8 (MDA-
MB-453). These analyses identified 75 pathways to be overrepresented in
ACC-422 cells and 56 in MDA-MB-453 cells, with 30 of these pathways
observed in both pathways (Fig. 4k). Additionally, of the 75 pathways in
ACC-422 (R1881+RTvs. RT), 51were also identifiedwithR1881 treatment

alone (R1881 vs. NT). These pathways include the Estrogen Signaling
Pathway, Pathways in Cancer, and the TGF-β Signaling Pathway, among
others. These same pathways were also among the pathways identified in
MDA-MB-453 cells in both the R1881+RT vs. RT and R1881 vs. NT
treatment conditions, suggesting that R1881 treatment is modulating
changes to these signaling pathways in the context of RT.

To identify specific changes that are due to radiation in the context of
R1881 treatment, we compared cells treated with R1881 alone against
combination treated cells (R1881+RT vs. R1881). Interestingly, there were
only 160 differentially expressed genes in MDA-MB-453 cells (Fig. 4m),
corresponding to 15 overrepresented pathways (Fig. 4o; Supplementary
Table 9). Despite identifying 812 differentially expressed genes in ACC-422
cells (Fig. 4l; Supplementary Table 10), pathway analysis identified only 10
overrepresented pathways (Fig. 4n), none of which overlapped with those
found in the 15 pathways identified in the MDA-MB-453 cell line. These
findings are consistent with the relatively lower number of differentially
expressed genes and overrepresented pathways with radiation treatment
alone (RTvs.NT) compared to treatmentwithR1881 alone (R1881 vs.NT).

While we identified many pathway differences as a result of treatment
with R1881, RT, and combination treatments, we also recognized multiple
recurringpathways in treatment conditions involving treatmentwithR1881
alone or with treatment of R1881 in combinationwith RT. There were 29 of
these pathways in the MDA-MB-453 cell line and 51 in the ACC-422 cell
line, with 18 of these pathways identified in both cell lines (Fig. 4p). These
common pathways included the PI3K-Akt signaling pathway, the MAPK
signaling pathway, and the TGF-β signaling pathway. These pathways play
important roles within the cell, specifically regulating cell growth and pro-
liferation, and thereforemay be important in contributing to cellular growth
following treatment with R1881 alone or in combination with RT. Looking
more specifically at MAPK pathway genes in the MDA-MB-453 cell line
across all treatment conditions, we see that all differentially expressed genes
recorded respond in the same direction in all comparisons measuring
R1881 stimulation (R1881 vs. NT, R1881+RT vs. NT, R1881+RT vs. RT;
Fig. 5). We saw a similar trend in the ACC-422 cell line (Supplementary
Fig. 2).Many of the differentially expressed genes in this KEGGpathway are
specifically involved in Raf-MEK-ERK signaling (including PRAAK2,
EGFR, ERBB2, MAP3K5, MAPK11, MEF2C, MAP3K20, MAPK10). We
also found differential protein abundance of MAPK-related proteins using
reverse-phase protein array (RPPA) in hormone-replete conditions

Fig. 4 | Analysis of differentially expressed genes and pathway changes in ACC-
422 and MDA-MB-453 cells for combination treatments. Volcano plots of dif-
ferentially expressed genes (DEGs) in (a) ACC-422 or (b) MDA-MB-453 cells
treated with R1881+RT compared to untreated (NT) cells. Pathway analysis iden-
tifies pathways that are significantly affected by treatment of R1881+RT compared
to untreated cells in (c) ACC-422 and (d) MDA-MB-453 cells. e Venn diagram
comparing significant pathways in each cell line treated with R1881+RT. f Venn
diagram comparing significant pathways in each cell line that occur in each cell line
in both the R1881+RT vs NT condition and the R1881 vs NT condition. Volcano
plots also show differentially expressed genes in (g) ACC-422 or (h) MDA-MB-453
cells treated with R1881+RT compared to cells treated with RT alone. Changed
pathways for cells treated with R1881+RT compared to cells treated with RT alone
were also assessed in (i) ACC-422 and (j) MDA-MB-453 cells. k Venn diagram
comparing significant pathways in each cell line treated with R1881+RT vs RT and a
list highlighting selected pathways in the intersection. Similarly, volcano plots also
show differentially expressed genes in (l) ACC-422 or (m) MDA-MB-453 cells
treated with R1881+RT compared to cells treated with R1881 alone. Affected
pathways for cells treated with R1881+RT compared to cells treated with R1881
alone were also assessed in (n) ACC-422 and (o) MDA-MB-453 cells. p Venn dia-
gram comparing significant pathways in each cell line looking at the isolated impact
of R1881 stimulation (pathways occurring in both the R1881+RT vs RT condition
and the R1881 vs NT condition) with selected pathways which are likely to con-
tribute to cell growth, and thus may present targets, highlighted from the intersec-
tion. a, b, g, h, l,m were created with iPathwayGuide (AdvaitaBio)31. RT radiation
therapy.
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(Supplementary Fig. 3). Taken together, these data suggest that MAPK
signaling may be an important intermediary for androgen-signaling in
AR+ TNBC models.

ERK overexpression reduces AR-inhibitor mediated
radiosensitization
Hypothesizing that the MAPK/ERK pathway acts as an intermediary
between AR transcription factor function and radioresistance, we aimed to
assess if stimulating MAPK/ERK signaling reduces the effect of AR inhi-
bition in response to radiation. To test this, we overexpressed constitutively
active ERK2 inACC-422 cells. Onday three after transfection, theACC-422
cells were pretreated for 1 hour with apalutamide and irradiated and
assessed for clonogenic survival (Fig. 6a). The sham transfected cells were
radiosensitized by 5μM apalutamide with an enhancement ratio of 1.22
whereas the ERK overexpressing cells were not radiosensitized by apalu-
tamide with an enhancement ratio of 0.96 (Fig. 6b, c). This suggests that the
MAPK/ERK pathway mediates a component of AR-driven radioresistance
(Fig. 7).

Discussion
Previouswork has demonstrated thatAR is amediator of radioresistance
both in AR+ TNBC9–11 and prostate cancer models16–18. Our work has
demonstrated that AR inhibition or knockdown radiosensitizes AR+
TNBC cells9,10; however, there are differences in the abilities of AR
inhibitors to radiosensitize AR+ TNBC20 (Fig. 1). These observed dif-
ferences may be due, at least in part, to variation in the bioavailability of
the AR inhibitors. Under baseline conditions, AR is located both in the
cytoplasm and in the nucleus of the cell but is responsive to stimulation
with R1881, a synthetic androgen, or AR inhibition with the second-
generation anti-androgens, apalutamide, darolutamide, and enzaluta-
mide (Supplementary Fig. 1). While this previously has been explored in
prostate cancermodels, these findings confirm a canonical role for AR as

a nuclear hormone transcription factor that is responsive to both sti-
mulation and inhibition in our AR+ TNBC models. In addition, our
data suggest that AR is present in the nucleus following RT (Fig. 2), and
ARmay be, at least in part, driving a transcriptional program in response
to stimulation and RT (Figs. 3 and 4). Further, our data suggest a role for
AR in the regulation of MAPK/ERK signaling following RT (Figs. 4–6,
Supplementary Figs. 2 and 3), indicating that AR may be regulating
changes at the transcriptional level resulting in the observed AR-
mediated radioresistance by promoting DNA repair as previously
observed following treatment with AR inhibition in AR+ TNBC
models9,10. These findings expand on non-genomic roles for AR in the
radiation response that have previously been addressed in AR+ breast
and prostate cancer models9,10,17,18. Further, our findings are in line with
previous findings in prostate cancer, where inhibition of MEK is suffi-
cient to modulate the radiation response in AR+ prostate models32.
Interestingly, in prostate cancer, MAPK/ERK signaling has also been
shown to influence AR expression levels and therefore modulate
downstream AR targets, suggesting there may be additional feedback
loops at play between AR and MAPK/ERK signaling32,33.

Notably, in both AR+ TNBC cell lines tested, there are far more
differentially expressed genes between cells treated with R1881 alone
compared to control and those treated with RT alone compared to
control. This suggests that androgen signaling is important for the
regulation of gene expression in AR+ TNBC models and is perhaps not
surprising. While non-canonical roles for AR have recently been
described34–36, AR canonically functions as a transcription factor that is
activated immediately after ligand binding. Thus, at the early time points
selected for this study, the ligand boundAR can dimerize and translocate
to the nucleus to activate transcription, with early response genes being
induced within four hours of stimulation37,38. Conversely, radiation
effects are delayed and can take days for changes to be noted39,40. Thus,
this study evaluates relatively early effects of AR stimulation and RT on

Fig. 5 | Gene expression changes in the MAPK
pathway in MDA-MB-453 cells under various
treatment conditions. A heat map displaying dif-
ferentially expressed genes from within the MAPK
KEGG pathway in MDA-MB-453 cells for each
treatment condition along the x-axis, with log2 fold
change (log2FC) indicated by the color scale on the
heatmap and differentially expressed genes along
the y-axis. Red indicates higher gene expression in
the first condition relative to the second in the
comparison, and green indicates lower expression in
the first condition relative to the second. Grey boxes
indicate genes with no reported log2FC value for
that comparison, resulting from genes with <1 read
per sample on average for the compared treatments
being removed from the analysis. RT: radiation
therapy; NT: no treatment; combo: RT and R1881.
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AR activity, and future studies will look at later time points to determine
how RT influences AR’s canonical transcriptional role. Additionally,
while our analyses do not specifically compare AR signaling in prostate
and breast cancermodels directly as others have6, our findings agree with
previous reports and hypotheses that AR is contributing, at least in part,
to tumor growth in AR+ TNBC models.

Previous work by our group and others has demonstrated that inhi-
bitingARresults in decreasedphosphorylationofDNAPKcs9,18,41, leading to
a delay in dsDNA break repair with AR inhibitors following RT in breast
and prostate models. Here we highlight the role for the MAPK cascade in

response to ionizing radiation (Fig. 7) which has previously been noted in
other cancers including glioma, non-small cell lung cancer, and fusion-
negative rhabdomyosarcoma42–46. In a melanoma cohort, AR inhibition
improved response to BRAF/MEK, and AR signaling may promote resis-
tance to BRAF/MEK-targeted therapy47. These findings parallel work done
in prostate cancer where activation of AR has been shown to activate the
Ras-Raf-1 signaling cascade andERKphosphorylation48,49. In addition,with
radiation, targeting ofMAPK signaling and specifically inhibition ofMEK/
ERK results in decreased ERK phosphorylation and increased
radiosensitivity32. These changes in radiosensitivity are due, at least in part

Fig. 6 | ERK overexpression blunts the radiosensitizing effect of apalutamide.
Constitutively active ERK was overexpressed (OE) in ACC-422 cells and then
assessed for radiosensitization with apalutamide. aWestern blot demonstrating
overexpression of HA-tagged constitutively active ERK. Clonogenic survival assay

curves (b) and radiation enhancement ratios (rER) with 5 µM apalutamide (c) of
both sham transfected and ERK-overexpressing ACC-422 cells. Experiments were
performed in triplicate and graphed asmean ± SEM. * p < 0.05. SEM: Standard error
of the mean.

Fig. 7 | Proposed mechanism for AR and MAPK
signaling pathway interplay in radioresistance.
Androgen receptor (AR) and MAPK signaling
pathways are activated following radiation therapy
(RT), and interplay between pathways may be pro-
moting radioresistance in AR+ triple-negative
breast cancer (TNBC) models and mediating DNA
repair following RT.
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to a delay in dsDNA repair due to impaired efficiency of NHEJ andHR43,44.
This represents a non-canonical role for AR in mediating NHEJ activity
through phosphorylation of DNAPK. Therefore, taken with our findings,
our working model indicates that the use of AR inhibitors including
enzalutamidemay reduceMAPK signaling resulting in aberrations toDNA
repair pathways. Future studies, however, are needed to identify the specific
role for AR and MAPK related transcripts in this process.

There are additional limitations of our study that should also be
considered. First, here we used cell line models that can be cultured in the
presence or absence of media containing hormones. In our study, we have
used multiple culture conditions to try to provide a more complete
understanding of the effects of AR inhibitors when used in combination
with RT. Our studies, however, were performed using cell culture models
and have not been expanded into 3D culture systems usingmammospheres
or in vivo animal models. While these studies are globally mechanistic in
nature, future studies will continue to validate this work in increasingly
diverse model systems. While we show that MAPK/ERK signaling plays a
downstream role in AR signaling after radiation via ERK overexpression,
our studies do not explore ERK inhibition or confirm the nature and
magnitude of the AR andMAPK/ERK signaling interaction. The RNA-seq
data presented here indicate that canonical AR transcription factor func-
tions play a role in modulating MAPK/ERK signaling pathway gene
expression. However, in other contexts AR has been shown to impact
MAPK/ERKsignaling throughnon-genomicmechanisms, so future studies
will aim to understand the mechanism underlying the effect of AR on
MAPK/ERK signaling in the context of radiation50,51.

Future studieswill alsoconsider thepossibility that ourmodelmay lack
intermediary steps that could be involved in the AR-inhibitor mediated
radiosensitization phenotype. One example could include the minor spli-
ceosome. While we demonstrate that AR may play a role in regulating
MAPK signaling, transcripts in the MAPK signaling pathway are highly
regulated by minor spliceosome activity52, and knockdown of the minor
spliceosome results in the inhibition of DNA repair53. Therefore, ourmodel
may also rely on splicing for radiosensitization with AR inhibition. These
studies were also performed in vitro using models that do not account for
the role of the immune system or tumor microenvironment54. In prostate
cancer models, AR has been demonstrated to repress IFNγ expression
resulting in immunotherapy resistance55. Future and ongoing studies will
investigate these limitations by using immunocompetent in vivo models.
Additionally, there are other enriched pathways (i.e., PI3K-AKT and TGF-
β) that future studies will aim to study in the context of AR-mediated
radiosensitization in AR+ breast cancer.

Our findings contribute to a larger body of literature demonstrating
that theuseofAR inhibitors aloneor in combinationwith radiotherapymay
bean important addition to the treatment armamentarium forAR+TNBC.
Results from clinical trials demonstrate that AR inhibitors, specifically
enzalutamide, arewell tolerated and have response rates of ~30%1. Ongoing
work is needed to understand themechanisms by whichAR is contributing
to tumorigenesis in AR+ breast cancer models. Most notably, there is a
critical need for biomarkers of response that can be used to effectively
identify patient populations that will benefit from treatment with AR
inhibitors. While AR has been identified as a biomarker of radioresistance
when expressed in AR+ TNBC, additional work has demonstrated that it
may play a different role in the context of AR+/ER+ breast cancers12,14.
Therefore, future studies are needed to identify other biomarkers that can
impact radiosensitivity in a variety of contexts to informappropriate clinical
strategies for women with AR+ breast tumors.

Methods
Cell culture
Cells were grown in an incubator at 37°Cwith 5%CO2.MDA-MB-453 cells
were obtained from ATCC (RRID:CVCL_0418) and grown in DMEM
media (ThermoFisher 11965092) containing 1% penicillin/streptomycin
(pen/strep; ThermoFisher 15070063) and 10% Fetal Bovine Serum (FBS;
Atlanta Biologicals S11550H). ACC-422 cells (RRID:CVCL_1408) were

grown in MEM media (ThermoFisher 11095080) containing 1X Insulin-
Transferrin-Selenium-Ethanolamine (ITS-X; Gibco 51500056), 1% pen/
strep, and 15% FBS. Cell lines were authenticated by DNA fingerprinting
using short tandem repeat (STR) profiling. Cells were routinely tested for
mycoplasmausing theMycoAlertMycoplasmaDetection kit (Lonza LT07).

Clonogenic survival assay
Cells were plated as a single-cell suspension in six-well plates in FBS media
and left to adhere overnight. Drug-containing media was added 1 hour
before radiation. After 1-2 weeks, cells were fixed withmethanol/acetic acid
and stained with crystal violet. Colonies were counted and the surviving
fraction was fit using a linear quadratic method.

Western blotting
Cells were seeded in 10 cm dishes and allowed to adhere overnight before
being stripped of hormones using phenol-red free media. For ACC-422
cells, MEM media (#51200-028) was supplemented with 15% charcoal
stripped serum (CSS, Atlanta Biologicals #S11650H), 1% pen/strep, 2 mM
L-glutamine (Sigma G7313) and 1X ITS-X. For MDA-MB-453 cells,
DMEM media (#21063-029) was supplemented with 10% CSS, 1% pen/
strep.Cellswere cultured in hormone deplete conditions for 48hours before
stimulation with 1 nMR1881 and harvested after 1 hour of stimulation. For
experiments with cells cultured in FBS, drug treatments were administered
1 hour before harvesting cells. For experiments with radiation treatment,
cells were treatedwith a pharmacologic agent, where denoted, 1 hour before
4 Gy RT, and harvested 1 hour after radiation. To harvest cells, they were
washed twice with cold PBS and harvested by scraping. Nuclear and cyto-
plasmic cellular fractionations were subsequently separated using NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific 78835).
Lysates were standardized using the Pierce BCAProteinAssay Kit (Thermo
Scientific 23227) and RIPA buffer (Thermo Scientific 89901) containing
phosphatase and protease inhibitors (Sigma #PHOSS-RO, #CO-RO). Fol-
lowing standardization, samples were sonicated, reduced with 4x NU-
PAGE buffer (Life Technologies NP0007) and 2% β-mercaptoethanol. For
nuclear fractionation experiments, reduced lysates were run on gels and
probed for AR (1:1000; Millipore PG-21 #06-680, RRID:AB_310214),
LaminB1 (1:1000; CST 12586, RRID:AB_2650517), and GAPDH (1:1000;
CST 2118L, RRID:AB_561053). The expression of exogenous ERK was
validated by probing for the HA-tag (1:1000; CST 3724S, RRI-
D:AB_1549585 and beta-actin (1:1000; CST 3700S, RRID:AB_2242334).
An anti-rabbit secondary was used (1:10,000; CST 7074S, RRI-
D:AB_2099233). Quantification of western blots was performed using
ImageJ software.

RNA-sequencing
MDA-MB-453andACC-422cellswere plated inmedia containingFBS and
left to adhere overnight. The following day, cells were pretreated in media
without phenol red containing CSS instead of FBS for 48 hours. After this
pretreatment, cells were stimulated with 1 nM R1881, 2 μM enzalutamide,
or 4Gy RT for 24 hours. Cells treatedwith a combination of R1881withRT
or enzalutamide with RT first received a 24-hour pretreatment with R1881,
followed by 4 Gy RT, and RNA was collected 24 hours post-RT (Fig. 3A).
For each sample, RNA was collected using TRIzol and isolated using the
miRNeasy mini kit (Qiagen 217004). Poly(A) mRNA library preparation
and RNA sequencing was performed by the Advanced Genomics Core at
the University ofMichigan using Illumina sequencing on the NovaSeq flow
cell platform. Three replicates of the samples were submitted for each
condition. Schematic of treatment outline is shown in Fig. 3A.

Transcriptomic analysis
Raw read counts obtained from the Advanced Genomics Core at the Uni-
versity of Michigan were aligned against genome version hg38 using
HISAT2 (v2.1.0)56. Aligned reads were mapped to genes from GRCh38.84
Ensembl annotation57 using htseq-count (v2.0.3)58. These count matrices
were analyzed for differential gene expression analysis with DeSeq2
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(v1.36.0)59. The Benjamini-Hotchberg method was applied to adjust for
multiple testing correction with a significance threshold p < 0.05 for dif-
ferentially expressed genes. All genes, their log2 fold change value, and their
adjusted p-values were submitted for analysis via iPathwayGuide (Advai-
taBio; v17.0)31. iPathwayGuide uses two metrics to nominate significant
pathways: (1) over-representation analysis, which looks at the ratio of dif-
ferentially expressed genes in a pathway to the total number of genes in that
pathway, and (2) total perturbation accumulation, which combines fold
change and “total accumulation”, which measures the propagation of the
effect of the expression of upstream genes on downstream genes based on
documented gene interactions. A pathway is determined to be significant if
the combined p-values from the two analyses is significant. The p-value,
total perturbation accumulation p-value (pAcc), over-representation ana-
lysis p-value (pORA), and the combined pACC and pORA (pComb)
included in all tables were calculated with iPathwayGuide (AdvaitaBio)31.
NA indicates pAcc (and therefore pComb) were not calculated by
iPathwayGuide.

Reverse-phase protein array (RPPA)
Cells were seeded in 6-well plates before treatment with 1 μMenzalutamide
(MDV3100; MedChem Express HY-70002) or vehicle control (DMSO).
Drug treatment was administered 24 hours prior to radiation treatment (4
Gy). Following radiation, cells were harvested at the indicated time points
using cell scrapers. Cells were lysed with RIPA buffer supplemented with
cOmplete Mini protease (PHOSS-RO) and phosSTOP (COEDTAF-RO).
Bond-Breaker TCEP solution (Pierce Biotechnology) was added at 1/10th
volume and samples were boiled at 95 °C and stored at -80 °C prior to
analysis. A schematic of treatment is outlined in Supplementary Fig. 3A.

After protein lysates were prepared as described above, the lysates
were serially diluted (1:2, 1:4, 1:8, and 1:16). An Aushon 2470 arrayer
(Quanterix) was used to create a spot array containing all samples for
each antibody measured (>100 antibodies in total) on Oncyte Avid
nitrocellulose- coated slides (Grace Bio-Labs) according to the manu-
facturer’s instructions. Slides were stored at -80˚Cuntil immunostaining
using an automated slide stainer (Dako Link 48), Dako). All antibodies
were validated atMDAnderson as well as the Royal College of Surgeons,
Dublin, Ireland. Scanned slides were analyzed using MicroVigene
software V.5.1 (VigeneTech). Spot intensities were generated using
MicroVigene software where a four-parameter logistic-log model,
‘SuperCurve’ algorithm, was used to fit a curve to each sample60. Global
sample median normalization was used to normalize all samples with
one antibody. Differential expression was measured by comparing
treated (Enza, RT, or combination) samples at each time point to the
untreated cells within each cell line.

Exogenous ERK expression
ACC422 cells were transfected using lipofectamine 3000 (ThermoFisher
L3000015)with a plasmid expressingHA taggedhumanERK2R67SD321N
from a blasticidin resistance retroviral vector (Addgene: 53174)61.

Drugs
Androgen receptor inhibitors were purchased from MedChemExpress
(Apalutamide [ARN-509]: HY-16060, Darolutamide [ODM-201]: HY-
16985, Enzalutamide: HY-70002). R1881 was provided by the lab of Arul
Chinnaiyan at the University of Michigan.

Irradiation
X-ray irradiation was performed at the University of Michigan Experi-
mental IrradiationCore using aKimtron IC-225. The dose rate of 2Gy/min
was used in keeping with previous studies9,10,20,62,63. For in vitro experiments,
a 0.1 mm Cu filter was used.

Data availability
The datasets generated and analyzed during the current study are available
in GEO, accession number GSE222992.

Code availability
The code for this study is available on GitHub and can be accessed here:
https://github.com/B-McBean/AR_Transcriptomics.
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