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ABSTRACT
◥

Purpose: Prostate-specific membrane antigen (PSMA) tar-
geting therapies such as Lutetium-177 (177Lu)–PSMA-617 are
affecting outcomes from metastatic castration-resistant pros-
tate cancer (mCRPC). However, a significant subset of patients
have prostate cancer cells lacking PSMA expression, raising
concerns about treatment resistance attributable at least in
part to heterogeneous PSMA expression. We have previously
demonstrated an association between high PSMA expression
and DNA damage repair defects in mCRPC biopsies and
therefore hypothesized that DNA damage upregulates PSMA
expression.

Experimental Design: To test this relationship between
PSMA and DNA damage we conducted a screen of 147
anticancer agents (NCI/NIH FDA-approved anticancer
“Oncology Set”) and treated tumor cells with repeated ionizing
irradiation.

Results: The topoisomerase-2 inhibitors, daunorubicin and
mitoxantrone, were identified from the screen to upregulate
PSMA protein expression in castration-resistant LNCaP95 cells;
this result was validated in vitro in LNCaP, LNCaP95, and 22Rv1
cell lines and in vivo using an mCRPC patient-derived xenograft
model CP286 identified to have heterogeneous PSMA expression.
As double-strand DNA break induction by topoisomerase-2
inhibitors upregulated PSMA, we next studied the impact of
ionizing radiation on PSMA expression; this also upregulated
PSMA protein expression in a dose-dependent fashion.

Conclusions: The results presented herein are the first, to our
knowledge, to demonstrate that PSMA is upregulated in response
to double-strand DNA damage by anticancer treatment. These data
support the study of rational combinations that maximize the
antitumor activity of PSMA-targeted therapeutic strategies by
upregulating PSMA.

Introduction
Therapeutic strategies targeting prostate-specific membrane anti-

gen (PSMA) are showing significant promise in the treatment of
advanced prostate cancer (1–3), with lutetium-177 (177Lu)–PSMA-
617 improving overall survival in phase II and III clinical trials. Several
radioligand therapies, radio-immunoconjugates, immunoconjugates,
and antibody constructs targeting this protein are currently under
clinical investigation with preliminary evidence of antitumor activity.
These commonly carry cytotoxic or radioactive payloads or comprise
bi- or trispecific antibodies that instigate antitumor immune responses
by recruiting T cells and/or natural killer (NK) cells (4, 5). Such PSMA-
directed agents have demonstrated varying degrees of antitumor
activity, with this associating with PSMA expression; tumors low in
PSMAaremuch less likely to respond to this therapeutic strategy (6–8).
This has led to efforts to elucidate why prostate cancer cells express
PSMA, to identify the prostate cancer subtype with high PSMA

expression, as well as the pursuit of strategies that increase PSMA
expression to improve the efficacy of PSMA-directed therapies.

PSMA is generally highly expressed in prostate cancer cells, and its
expression can increase with the development ofmetastatic castration-
resistant prostate cancer (mCRPC), but can ultimately be lost with the
emergence of treatment-induced AR-negative or neuroendocrine
cancer (9–12). Nonprostatic and benign tissues express very low or
no PSMA. Taken together, this makes PSMA an excellent theranostic
target; however, some patients are excluded from PSMA-targeting
trials due to the lack of PSMA expression detection on imaging.
Methods to upregulate PSMA expression are under investigation to
improve PSMA-targeted therapy dose (13). Revealing the regulatory
mechanisms and the underlying function of PSMA will accelerate this
as it is currently unclear. Such methods could be adopted to drive
PSMA expression in patients who would be otherwise excluded from
PSMA-targeted therapies. This would provide clear treatment benefits
for mCRPC patients if the upregulation is specific to prostate cancer
cells. Furthermore, all patients eventually develop secondary resistance
to these treatments, with some deriving limited clinical benefits. This
resistance may be due to heterogeneous PSMA expression and the
emergence or expansion of resistant cancer cell clones expressing little
PSMA, as well as radioresistance mechanisms in PSMA-positive
cells (8, 14). We have previously shown that PSMA expression is
heterogeneous in most mCRPC biopsies (15), with substantial intra-
patient and interpatient heterogeneity. Therefore, elucidating the
functions of PSMA, and alongside this the mechanisms that regulate
its expression, remains critical to developing strategies to improve
therapeutic efficacy.

PSMA is a predominantly extracellular protein with glutamate-
carboxypeptidase and folate-hydrolase enzymatic activity (16, 17).
The enzymatic function of PSMA links it with various oncogenic
signaling pathways including the phosphatidylinositol-3-kinase and
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the mammalian target of the rapamycin signaling pathway (PI3K/
AKT/mTOR) and integrin signaling (18–20). PSMAprovides a growth
advantage to cells by generating monoglutamated folates and gluta-
mate, both critical to nucleotide metabolism and DNA synthesis and
repair (21–23). We have previously demonstrated that mCRPC with
DNA damage repair (DDR) defects, including deleterious alterations
in BRCA2 and ATM, have significantly higher PSMA expression (15).
Interestingly, preliminary studies suggest that BRCA2 CRISPR knock-
out and alpha emitting radioisotopes that result in DNA damage may
upregulate PSMA (24, 25). Overall, we hypothesized that these data
support a functional role for PSMA in nucleotide pool maintenance
and that the expression of PSMA is dynamic, not static in prostate
cancer cells, with DNA damage–inducing agents increasing PSMA
expression. If this hypothesis is correct, this would support the pursuit
of pharmacologic strategies that induce PSMA expression by damag-
ing DNA, to enhance the antitumor activity of PSMA-targeting
strategies.

Materials and Methods
Cell lines

Prostate cancer cell lines (LNCaP and 22Rv1) and prostate
epithelial lines (WPE-1 and RWPE-1) were purchased from ATCC
and grown in conditions recommended by the supplier. Briefly,
LNCaP and 22Rv1 cells were grown in RPMI-1640 (Thermo Fisher)
supplemented with 10% FBS (Biosera). RWPE-1 and WPE-1 lines
were grown in complete keratinocyte serum-free media supple-
mented with human recombinant epidermal growth factor (rEGF)
and bovine pituitary extract (Thermo Fisher). The castrate-resistant
LNCaP subline LNCaP95 was a generous gift by Drs. Alan K. Meeker
and Jun Luo (Johns Hopkins University, Baltimore, MD) and have
been cultured in phenol red-free RPMI media (Thermo Fisher)
supplemented with 10% charcoal-stripped serum (Biosera) to
ensure hormone-free conditions (26). Cell lines were regularly STR
profiled and mycoplasma tested.

CellTiter-Glo 2D cell viability assay
Cells were plated in triplicate and allowed to adhere overnight.

Media were subsequently removed, and cells were treated with the
appropriate vehicle or drug in the respective media at 50 mL final
volume. On the final day of growth 50 mL of CellTiter-Glo 2.0

(Promega) was added to each well and incubated at room temperature
for 10 minutes on a laboratory rocker, in the dark. Plates were
subsequently read on the Biotek Synergy HTX plate using the lumi-
nescence setting associatedwithGen5 Software. The viability of treated
wells was normalized to control wells.

Drug screen
The NCI/NIH FDA-approved anticancer “Oncology Set” was

obtained from the NCI/NIH DTP Open Chemical Repository. For
the screen, LNCaP95 cells were plated in 24-well plates and left to
adhere overnight. Plates had 4 wells allocated to vehicle (DMSO,
0.01% v/v) and 20 wells for drug treatment, resulting in 9 plates. The
screen included 147 different compounds, delivered in DMSO at
10 mmol/L and reduced to 1 mmol/L in PBS (Supplementary
Table S1). One well was allocated to each drug (n ¼ 1). Cells were
treated with 1 mmol/L or 100 nmol/L of each drug for 48 hours,
washed with PBS, and prepared for western blot analysis. Protein
was quantified through BCA analysis, and an equal amount of
protein from each sample lysate was loaded into the electrophoresis
gel. Changes in PSMA protein were subsequently investigated
through western blot and densitometric analysis of bands, with
samples normalized to the housekeeping control vinculin.

Repeat irradiation of cell lines
Cell lines were plated in T75 flasks at a confluency of 15% and

delivered doses of 1 Gy or 2 Gy (160 keV, 11.3 mA) using an RS160
cabinet (XStrahl) once every 48 hours, with 3 or 6 repeats. Media were
replaced once per week. Cell lysates and pellets were harvested 24 or
72 hours after the last fraction of radiotherapy delivery.

Topoisomerase inhibitor treatment
For short-term exposure, cell lines were plated in 6-well plates at a

confluency of 70%. Cell lines were treated with 100 nmol/L of
mitoxantrone dihydrochloride (Sigma-Aldrich), 100 nmol/L of dau-
norubicin dihydrochloride (Sigma-Aldrich), or vehicle (DMSO 0.1%
v/v). Cell lysates or cell pellets were harvested after 48 hours of
treatment for analysis by western blot and IHC.

Patient-derived xenograft in vivo work
The patient-derived xenograft (PDX) CP286 was derived from

a metastatic CRPC patient biopsy with a mismatch-repair defect
and deleterious alterations in AR, PTEN, and BRAF taken from
a patient treated with androgen deprivation, next-generation hor-
monal treatment, and taxane chemotherapy. For the drug treatment
pilot study, CP286 PDX tumors were implanted bilaterally into
the flanks of male NSG mice (n ¼ 10, total) and allowed to grow to
400 mm3. Mice were then randomized into 5 treatment arms
(cumulative treatment mg/kg): arm 1 ¼ vehicle (PBS), arm 2 ¼
mitoxantrone (0.5 mg/kg), arm 3 ¼ mitoxantrone (1 mg/kg),
arm 4 ¼ daunorubicin (0.5 mg/kg), and arm 5 ¼ daunorubicin
(1 mg/kg). Treatment was delivered intraperitoneally twice over
8 days on days 1 and 4. For the repeat irradiation study, CP286
PDX tumors were implanted bilaterally into the flanks of male
NSG mice (n ¼ 6) and allowed to grow to 400 mm3. Mice were
randomized into 3 treatment arms (cumulative dose/fractions):
no treatment (mock), 6 Gy/6# or 12 Gy/6#. Tumors were irradiat-
ed on days 1, 3, 5, 7, 9, and 11. Mice were culled 24 hours after the
final treatment dose and either 2 or 3 independent tumor cores
of bilateral tumors taken for protein, IHC, and RNA analysis. All
animal work was performed under an animal license granted by
the UK home office authorities in accordance with UK law.

Translational Relevance

The VISION and TheraP trials compared Lutetium-177
(177Lu)–PSMA-617 with best supportive care and cabazitaxel,
respectively, and demonstrated improved outcomes from mCRPC
with this PSMA-targeting radionuclide. PSMA protein expression
on tumor cells determines the anticancer activity of this and other
PSMA-targeted therapies in development, with studies demon-
strating both intra- and interpatient heterogeneity in PSMA
expression. Strategies that increase PSMA expression prior to such
targeted therapy may increase their anticancer activity. Herein, we
demonstrate a novel relationship between DNA damage induction
and PSMA upregulation that merits further exploration to increase
the therapeutic benefits imparted by PSMA-targeted therapy
against mCRPC, supporting the pursuit of clinical trials of com-
bined topoisomerase-2 inhibition with PSMA-targeting agents
including radionuclides.
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Immunohistochemistry (IHC)
IHC for PSMA was performed on 3- to 5-mm sections of formalin-

fixed paraffin-embedded (FFPE) cell pellets and tissue sections run
with reagents and methods previously published (15). Briefly, antigen
retrieval was achieved for slides designated for PSMA analysis through
microwaving in retrieval buffer for 18 minutes at 800 W. Primary
antibodies were then applied for 1 hour, and samples were processed
via the semiautomated BioGenex (i6000) immunostainer as previously
described (15). Quantification of PSMA protein expression was
undertaken by an experienced pathologist (B. Gurel) utilizing auto-
mated, colorimetric, HALO image analysis software.

Western blot analysis
Cell line and PDX tissue lysates were analyzed via western blot.

Whole-cell lysates were generated using RIPA lysis buffer (Thermo
Fisher), Halt Protease (Thermo Fisher), and Phosphatase Inhibitor
Cocktail 100� (Thermo Fisher). PDX tissue was homogenized using a
Qiagen tissue homogenizer with 7-mm stainless steel beads, followed
by centrifugation through a QiaShredder column, sonification, and
centrifugation (30 minutes, 1500 RPM, 4�C). The protein concentra-
tion of the cleared lysate was normalized after BCA analysis and loaded
on a 4%–12%Bis-Tris Nupage gel (Thermo Fisher). Blots were blocked
with 1% BSA in TBS-T (0.05% Tween in TBS) for 1 hour, and the
proteins of interest were detected with primary (overnight at 4�C) and
secondary antibodies (1 hour at room temperature), with three washes
between the primary and secondary antibodies. Primary and second-
ary antibodies used, and their dilutions, are listed in Supplementary
Table S2. Protein bands were visualized as per the manufacturer’s
protocol using Pierce ECL Western Blotting Substrate (Thermo
Fisher) and analyzed using the ChemiDoc MP Imaging System
(Bio-Rad).

Quantitative PCR analysis of mRNA
RNAwas extracted from pelleted cells and PDX samples via RNeasy

Plus Mini Kits (Qiagen), following the manufacturer’s instructions.
PDX tissue was homogenized using Qiagen tissue homogenizer with
7-mm stainless steel beads, followed by centrifugation through a
QiaShredder column prior to RNA extraction. cDNA was generated
using RevertAid First-Strand cDNA Synthesis Kit (Thermo Fisher)
from total sample RNA on the Mastercycler Nexus Gradient GSX1
Thermal Cycler (Eppendorf). Quantitative RT-PCRwas performed on
cDNA samples on a ViiA 7 real-time PCR system (Applied Biosys-
tems) for gene expression with the specified TaqMan probes for
FOLH1, TOP2A, GAPDH, and RPLP0 outlined in Supplementary
Table S3 using TaqMan Fast Advanced Master Mix (Thermo Fisher).
Relative expression levels were compared through the Delta CT
method and normalized to GAPDH and RPLP0 expression.

Statistical analysis
Gene and protein expression in quantitative PCR and western blot,

respectively, was normalized to housekeeping genes and analyzed
through Prism 9 software (GraphPad). Statistical comparisons of gene
or protein expression in control versus treatment were carried out with
a two-tailed, unpaired student’s t-test, assuming equal variance and
normal distribution. Mean and standard deviation were presented
unless specified otherwise. Significance in experimental data was
defined as P < 0.05, with figures presented as the sample mean � 1
standard deviation of the mean (SD). IHC of PDX tumors treated with
topoisomerase-2 inhibitors was analyzed with HALO image software.
Tumor cores (n ¼ 3) from each mouse (n ¼ 2) were investigated for
changes in the percentage of PSMA cell positivity (total, membranous,

and cytoplasmic) and changes in optical density (intensity). Tumor
cores (n¼ 2) from eachmouse (n¼ 2) were investigated for changes in
FOLH1 and TOP2A, normalizing to the housekeeping genes GAPDH
and RPLP0.

Data availability
Data were generated by the authors and are included in this article.

Results
Topoisomerase-2 inhibition induces PSMA expression in
prostate cancer cells

Androgen deprivation–resistant LNCaP95 prostate cancer cells
were treated with 147 different FDA-approved compounds (NCI/NIH
FDA-approved anticancer “Oncology Set”), includingDNA-damaging
agents, for 48 hours at 100 nmol/L or 1 mmol/L concentrations
(Supplementary Table S1). PSMA protein expression was then eval-
uated and compared with vehicle controls (DMSO, 0.1% v/v).

Consistent with our previous results demonstrating that high PSMA
protein expression is correlated to DDR defects, we found that
treatment with topoisomerase-2 inhibitors, in particular daunorubi-
cin, doxorubicin, and mitoxantrone, led to the most robust and
significant upregulation of PSMA protein levels (Fig. 1A; Supplemen-
tary Figs. S1 and S2; Supplementary Table S4), closely followed by
topoisomerase-1 inhibition with topotecan, and interestingly EGFR
inhibition with gefitinib. Daunorubicin (1 mmol/L) induced the largest
fold change (3.78-fold) compared with the vehicle controls (DMSO)
(Fig. 1A–D).

Enzalutamide and abiraterone, which inhibit androgen signaling
and are used in mCRPC, reduced PSMA expression in the andro-
gen-deprivation resistant LNCaP95 cells (Fig. 1B), although this
reduction was small (�0.14 and �0.25, respectively). Similarly,
although the PI3K/AKT/mTOR signaling axis has been implicated
in PSMA function in prostate cancer cells (18), neither the PI3K
inhibitors (duvelisib, copanlisib, and idelalisib) nor the mTOR
inhibitors (temsirolimus, sirolimus, and everolimus) included in
this screen significantly affected PSMA fold expression. Therefore,
neither ARSI nor PI3K/AKT/mTOR signaling inhibitors were
chosen for further validation.

Overall, however, these data indicated that PSMA expression levels
are dynamic and suggested that PSMA protein expression can be
modulated through eliciting DNA damage.

Daunorubicin and mitoxantrone induce PSMA expression in
castration-sensitive and -resistant prostate cancer cells

To validate the results of this screen, we next evaluated the effect of
daunorubicin and mitoxantrone on PSMA protein expression in the
castration-sensitive prostate cancer cell line LNCaP and the castration-
resistant prostate cancer cell lines 22Rv1 and LNCaP95. As 1mmol/L of
both mitoxantrone and daunorubicin induced >50% reduction in
cell viability after 5 days in most cell lines (Supplementary Fig. S3),
treatment with 100 nmol/L of daunorubicin was chosen for vali-
dation studies. This resulted in higher cell viability after 48 hours of
treatment across LNCaP, LNcaP95, and 22Rv1 cells, respectively
as compared with 1 mmol/L daunorubicin (Supplementary Fig. S3).
Both daunorubicin and mitoxantrone induced PSMA protein ex-
pression and phosphorylation of the Ser-139 residue of the histone
variant H2AX (pgH2AX), though the magnitude of PSMA increase
was higher in the castration-resistant LNCaP95 and 22Rv1 cell lines
(Fig. 2A–C). Densitometric analyses of western blots demonstrated
changes in PSMA protein expression to be statistically significant
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for both inhibitors across all cell lines, though this was most clear
in castration-resistant lines (Fig. 2D). Daunorubicin induced a 1.3-,
2.4-, and 7.0-fold increase in LNCaP, LNCaP95, and 22Rv1 cells
(P¼ 0.009, P < 0.0001, P < 0.0001), respectively. Mitoxantrone induced
a 1.3-, 1.5-, and 2.0-fold increase in LNCaP, LNCaP95, and 22Rv1 cells
(P ¼ 0.014, P ¼ 0.006, P ¼ 0.012), respectively. RNA expression of
the FOLH1 gene also increased with increasing doses of mitoxantrone

and daunorubicin, however not to the same extent seen at the protein
level. Increases in FOLH1 mRNA expression were significant only for
mitoxantrone despite this inducing smaller changes in protein expres-
sion (Fig. 2E). Overall, these data confirmed our initial screen findings
across numerous prostate cancer cell lines suggesting that topoisom-
erase-2 inhibitor treatment could increase PSMA expression to impact
the efficacy of PSMA-targeting.

Figure 1.

Topoisomerase-2 inhibitors upregulate PSMA in prostate cancer cells. LNCaP95 cells were treated individually for 48 hours with 1 mmol/L of 147 compounds
available in the NIH FDA-approved anticancer drug. Lysates were then probed for PSMA and vinculin (VINC) expression, the latter used to normalize PSMA
expression per sample. Densitometry of PSMA blots, normalized to VINC are expressed in Awith fold change of PSMA in samples centered at DMSO¼ 0 (red in
the heatmap). Topoisomerase-2 inhibitors (TopII; green), androgen receptor signaling inhibitors (ARSi; black), PI3K inhibitors (PI3K; blue), and mTOR
inhibitors (yellow) are highlighted for reference in the heatmap. Every other compound is labeled in the heat map beginning from daunorubicin due to space.
An example plot demonstrating PSMA upregulation in response to daunorubicin (B). Topoisomerase-2 inhibitors made up 3 of the top 10 PSMA inducing
compounds tested at 1 mmol/L, and the respective changes in the 100 nmol/L screen are noted in the right column (C). Comparison of fold change of PSMA at
100 nmol/L and 1 mmol/L identified daunorubicin as the most consistent inducer of PSMA expression in the screen (D). DMSO is demarcated by a dashed line
and a red circle at the intersection.
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Topoisomerase-2 inhibitors increase membranous PSMA
expression

The antitumor activity of PSMA-targeting agents, including radio-
nuclides and ADCs, is dependent on their ability to bind to the

extracellular portion of PSMA (membranous PSMA). Given dauno-
rubicin (100 nmol/L) induced the greatest fold change in total PSMA
protein levels in LNCaP, LNCaP95, and 22Rv1 prostate cancer cell
lines, we next evaluated these cells by IHC to study how daunorubicin

Figure 2.

Daunorubicin and mitoxantrone induce PSMA protein expression in castration-sensitive and -resistant prostate cancer cells. LNCaP, LNCaP95, and 22Rv1 cell
lines were treated with 100 nmol/L of either daunorubicin or mitoxantrone for 48 hours and PSMA expression was quantified by western blot (A–D), qPCR (E),
and IHC (F). Western blots of vehicle (DMSO), daunorubicin, or mitoxantrone for each cell line: LNCaP (A), LNCaP95 (B), and 22Rv1 (C) were also subject to the
densitometric analysis of PSMA change (n ¼ 3), and analysis of fold change in PSMA is reported for each cell line (D). Daunorubicin-induced upregulation in
castration-resistant and sensitive lines was further investigated through IHC, demonstrating increases in membranous and cytoplasmic PSMA. Representative
images at 10� and 20� are displayed in F. PSMA protein and RNA expression in treatment versus vehicle groups were subjected to two-sided, unpaired
student’s t-tests to detect significance. Mean and standard deviation are shown. Normality was assumed. Statistical significance was assumed at P < 0.05, with
� , P < 0.05; ��, P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. Black scale bars, 100 mm (top row) and 40 mm (bottom row).
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increases in PSMA is distributed through the cell. Interestingly,
although 22Rv1 and LNCaP prostate cancer cells demonstrated
homogeneous, moderate, or high PSMA protein in DMSO-treated
controls, respectively, PSMA protein levels in LNCaP95 prostate
cancer cells were noticeably lower (Fig. 2F). Daunorubicin treatment
increased both cytoplasmic and membranous PSMA protein levels
(Fig. 2F). Critically, in addition to confirming the findings of our
previous western blot experiments, these findings indicate that dau-
norubicin upregulates membranous PSMA protein levels, thereby
potentially modulating the antitumor activity of PSMA-directed
therapies.

Ionizing radiation induces membranous PSMA protein in
castration-resistant prostate cancer cells

We next studied whether ionizing radiation-induced DNA double-
strand breaks (DSB) affected PSMA expression in a comparable
manner to topoisomerase-2 inhibitors in the castration-sensitive and
-resistant prostate cancer cell lines LNCaP, 22Rv1, and LNCaP95. Cells
were irradiated with 3, 6, or 12 Gy of cumulative radiation doses
delivered over 3 (3#) or 6 (6#) fractions with 48-hour intervals over a
period of 1 to 2 weeks (Fig. 3A). Samples were taken 24 hours after the
final dose at week 1 (after 3 fractions), and 24 or 72 hours after the final
dose of week 2 (after 6 fractions) and were analyzed for PSMA protein
change by western blot. Total PSMA protein expression was upregu-
lated after both 1 and 2 weeks of fractionated radiation across all the
cell lines tested in a dose-dependent manner (Fig. 3B). PSMA protein
levels increased across all cell lines studied after 12 Gy/6# treatment
(LNCaP, P ¼ 0.007; LNCaP95, P ¼ 0.003; 22Rv1, P ¼ 0.017).
Interestingly, the androgen deprivation–sensitive cell line LNCaP and
its castration-resistant subline LNCaP95 showed similar fold increases
of 2.0 and 1.8, respectively, whereas the castration-resistant 22Rv1
prostate cancer cells demonstrated a 10-fold increase in PSMA in
response to the same treatment dose. Both LNCaP and LNCaP95 cells
also showed significant increases in PSMA protein expression after
6 Gy/6# treatment (LNCaP, P ¼ 0.017; LNCaP95, P ¼ 0.007), with
1.8- and 1.7-fold increases, respectively (Fig. 3C), although the same
dose was not sufficient to induce significant increases in 22Rv1.
Interestingly, however, qPCR analysis of lysates did not demonstrate
an equivalent upregulation of PSMA mRNA at the time points
evaluated (Supplementary Fig. S4), suggesting that the accumulation
of PSMA on the membranes of treated prostate cancer cells was not
transcriptionally driven. Upregulation of PSMA protein was sustained
for up to 72 hours after the final dose of both 6 Gy/6# and 12 Gy/6#
fractionation schedules in all evaluated prostate cancer cell lines
(Fig. 3D); conversely, PSMA upregulation was not observed in
nonmalignant prostatic epithelial cell lines even after 6 doses of
radiation (Fig. 3E). Similar to our observations after treatment with
the topoisomerase-2 inhibitors, mitoxantrone and daunorubicin,
PSMA IHC analysis of cell pellets from radiation-treated samples
reported upregulated membranous (Fig. 3E) PSMA, confirming our
western blot results in Fig. 3B.

Topoisomerase-2 inhibition and repeat radiation inPDXs induce
increased PSMA expression in vivo

To further support the utility of topoisomerase-2 inhibitors to
enhance the expression of PSMA membranous protein, an mCRPC-
derived PDX model (CP286) with relatively low and heterogeneous
PSMA expression was treated with both daunorubicin and mitox-
antrone (Fig. 4). CP286 tumors were also repeat irradiated to
demonstrate PSMA upregulation in vivo in response to external
beam, ionizing radiation (Fig. 5), as observed in vitro (Fig. 3).

Molecular characterization of this model revealed F877L and
T878Amutations of the androgen receptor, a BRAF K601Emutation,
as well as deleterious mutations of PTEN and MSH2 and MSH6
absence on IHC (Supplementary Table S5). NSG mice were
implanted bilaterally with CP286 PDX tumors, heterogeneous for
PSMA expression (Supplementary Fig. S5). Once tumors had grown
to 400 mm3, mice were randomized and treated. Topoisomerase-2
treatment arms included vehicle (PBS), or 0.5 mg/kg or 1 mg/kg of
daunorubicin or mitoxantrone, having confirmed appropriate drug
concentrations to be administered from a preliminary dose tolerance
study (Fig. 4A; Supplementary Fig. S6). Irradiation arms included
mock irradiation (mock) or repeated irradiations with cumulative
doses of 6 Gy (6 Gy/6#) or 12 Gy (12 Gy/6#); this was equivalent to
in vitro dosing. Tumor samples were harvested on day 8 or day 12 for
topoisomerase-2 or irradiation studies, respectively, and investigated
for change in PSMA expression through IHC, qPCR, and western
blot analyses.

These studies revealed that daunorubicin (1 mg/kg) treatment
significantly upregulatedmembranous and cytoplasmic PSMAexpres-
sion (Fig. 4B–D). Furthermore, themedian percentage of total PSMA-
positive cells and cytoplasmic PSMA-positive cells was both 1.67-fold
higher in tumors treatedwith 1mg/kg of daunorubicin (P¼ 0.005,P¼
0.005). Overall, the median percentage of membranous PSMA-
positive cells increased by 4.37-fold (P ¼ 0.02). Median cytoplasmic
(P¼ 0.004) andmembranous (P¼ 0.033) PSMA optical density (OD)
also increased 1.93- and 5.26-fold, respectively, demonstrating an
increase in staining intensity alongside the decrease in the percentage
of PSMA-negative cells 50% (vehicle) vs. 16% (1mg/kg daunorubicin).
These findings were confirmed by an 8-fold increase in PSMA protein
(P¼ 0.004) determined bywestern blotting of tumor lysates previously
treated with 1 mg/kg of daunorubicin (Fig. 4E and F). Similarly, 1 and
0.5 mg/kg doses of mitoxantrone also increased PSMA protein levels,
although this was not statistically significant (Supplementary Fig. S6).
Interestingly, mRNA expression of PSMA did not change across any
treatment group (Supplementary Fig. S7).

Similarly, repeated irradiation induced a significant increase in both
membranous and cytoplasmic PSMAOD inCP286 tumors after 12Gy
(P ¼ 0.004, P ¼ 0.013). A 2.9-fold and 1.7-fold increase was observed
after a cumulative dose of 12 Gy in membranous and cytoplasmic
PSMA, respectively (Fig. 5A–C). Though a repeat cumulative dose
increased the percentage of PSMA-positive cells, and cumulative doses
of 6 Gy increased membranous and cytoplasmic PSMA OD, none
reached statistical significance.

Taken together, these data confirm in vivo that PSMA protein
levels are dynamic and can be upregulated by treatment with
topoisomerase-2 inhibition or repeated radiation, suggesting the
former to be a candidate for combination therapy with PSMA-
directed therapies currently in development (Supplementary Fig. S8).

Discussion
Clinical trials evaluating PSMA-directed therapies in patients

with mCRPC, such as 177Lu–PSMA-617, have reported significant
improvements in overall survival and symptomatic benefit com-
pared with cabazitaxel chemotherapy or best supportive care (1, 2).
However, outcomes in patients with low PSMA expression, who
are often not eligible for clinical trials evaluating PSMA-directed
therapies, remain unsatisfactory (8). Despite the rapid utilization of
PSMA-directed therapies in the clinic, their function and regulation
remain poorly understood. The results presented herein are the first,
to our knowledge, to demonstrate PSMA upregulation in response
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Figure 3.

Repeated radiation induces PSMA protein expression in prostate cancer cells. LNCaP, LNCaP95, and 22Rv1 cell lines were subjected to cumulative radiation
doses of 3, 6, or 12 Gy in 3 or 6 fractions (3 Gy/3#, 6 Gy/3#, 6 Gy/6#, and 12 Gy/6#). Samples were taken for analysis 24 hours after 3 or 6 fractions and 72 hours
after 6 fractions (A). Western blot analysis evaluated PSMA protein change after 1 or 2 weeks of fractionated radiation (B). Densitometric analysis (n ¼ 3)
of blots showed significant increases in PSMA protein across all lines at 12-Gy doses delivered in 6 fractions (LNCaP, P ¼ 0.007; LNCaP95, P ¼ 0.003; 22Rv1,
P ¼ 0.017) and in LNCaP95 and LNCaP cells at 6-Gy doses delivered in 6 fractions (LNCaP, P ¼ 0.017; LNCaP95, P ¼ 0.007; C). PSMA upregulation
was sustained for 72 hours after the final dose of ionizing radiation of either 6 Gy/6# or 12 Gy/6# (D15) across all cell lines (D). FFPE cell pellets treated with
3 Gy/3# underwent IHC analysis for cytoplasmic and membranous PSMA; representative images are shown for each cell line (E). PSMA protein change in
treatment versus mock groups was subjected to student’s t-tests to detect significance. Mean and standard deviation are shown. Normality was assumed.
Black scale bars, 100 mm (top row) and 40 mm (bottom row). Statistical significance was considered at P < 0.05 (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001;
���� , P < 0.0001).
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Figure 4.

Topoisomerase-2 inhibition induces significant increases in PSMA protein expression and reduces the heterogeneity of PSMA expression in PDX tumors. CP286 PDX
tumor pieceswere implanted into NSGmice and grown to 400mm3before randomization and treatment with either vehicle (PBS), or 0.5 or 1mg/kg of daunorubicin
(DAUN) or mitoxantrone (MIT; Supplementary Fig. S5; A). Tumor samples were subsequently taken on day 8 and analyzed for PSMA expression through IHC and
western blot analysis. Three independent tumor cores from each treatment group were fixed and underwent PSMA IHC. Representative images of daunorubicin-
treated tumors at 10� and 20� are displayed. Black scale bars, 100 mm (top row) and 40 mm (bottom row; B). IHC of tumor cores was scanned and analyzed by
HALO image analysis software. Percentage cells, percentage cytoplasmic, and percentage membranous (C) positivity for PSMA were compared between
treatment groups. Average optical density (OD), a read-out for intensity, was also investigated for changes in cytoplasmic and membranous PSMA (D). Lysates
of tumor coreswere also analyzed bywesternblot (E), anddensitometry (F)was undertaken tomeasure change in PSMA. PSMAwas normalized to the housekeeping
gene vinculin (VINC). The highest treatment group displayed significantly higher PSMA protein inwestern blot (P¼0.004). Changes in various measures of PSMA in
treatment versus vehicle groups were subjected to student’s t-test to detect significance. Median and 95% confidence intervals are shown. Normality was assumed.
Statistical significance was considered at P < 0.05 (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001).
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Figure 5.

Repeat radiation induces significant increases in PSMA protein expression and reduces the heterogeneity of PSMA expression in PDX tumors. CP286 PDX tumor
pieces were implanted into NSG mice and grown to 400 mm3 before randomization and treatment with either mock or repeated radiation (RR); RR included 6
repeated doses of 1 Gy (cumulative 6 Gy) or 2 Gy (cumulative 12 Gy) of ionizing external beam irradiation (A). Tumor sampleswere subsequently taken on day 12 and
analyzed for PSMA expression through IHC analysis. Four tumors per treatment group were fixed and underwent PSMA IHC. Representative images of mock or
irradiated tumors at 10� and 20� are displayed. Black scale bars represent 100 mm (top row) and 50 mm (bottom row; B). As CP286 mock-treated tumors were
heterogeneous for PSMA expression, an example of PSMA-positive and -negative tumor is shown. IHC of tumor cores was scanned and analyzed by HALO image
analysis software. Percentage cells positive for PSMA were compared between treatment groups (C). Average optical density (OD), a read-out for intensity, was
also investigated for changes in cytoplasmic and membranous PSMA (C). Changes in various measures of PSMA in treatment versus vehicle groups were subjected
to student’s t-test to detect significance. Median and 95% confidence intervals are shown. Normalitywas assumed. Statistical significancewas considered at P <0.05
(� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001).
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to DNA damage by ionizing radiation and topoisomerase-2 inhi-
bitors. Furthermore, we report that topoisomerase-2 inhibition and
repeat irradiation both increase PSMA expression and reduce the
heterogeneity of its expression in a PDX derived from a CRPC
patient, suggesting that this could have a direct impact on the
clinical utility of PSMA-directed therapies. These studies not only
describe a novel way to modulate PSMA expression, through DNA
damage induction, but may also provide insight into the underlying
function of PSMA in prostate cancer in DNA damage responses.

The topoisomerase-2 proteins, TOP2A and b (TOP2B), generate
transient DSBs to reduce the supercoiling of DNA (27). Most topo-
isomerase-2 inhibitors, such as daunorubicin, inhibit both TOP2A and
TOP2B (28). By stabilizing the covalently bound topoisomerase
complexes onto DNA, DSBs cannot be repaired leading to irrecover-
able DNA damage. Specifically, TOP2A is critical for cell replication
and is highest in G2–M phases, whereas TOP2B is expressed through-
out the cell cycle (29, 30). Therefore, TOP2A inhibition and DNA
DSBs likely account formost of the cytotoxic impact of topoisomerase-2
inhibitors. Our results demonstrate that these effects of topoisomerase-2
inhibition drive PSMA expression. This is in keeping with results from
other groups reporting that BRCA2 CRISPR knockout and treatment
with PSMA-TCC, an alpha particle emitting RLT toward PSMA,
induce PSMA expression (24, 25). Interestingly, our screen also
identified that toposisomerase-1 inhibition and EGFR inhibition
upregulate PSMA; as topoisomerase-1 inhibitors can also cause DNA
single- and double-strand breaks this is perhaps not surprising (31).
Moreover, multiple reports indicate that EGFR signaling regulates
DNA repair, impacting the expression for example of RAD51 (32).
EGFR blockade will therefore likely decrease DNA repair and increase
DNA damage, which we now hypothesize may explain why PSMA
increases after EGFR blockade.

Ionizing radiation similarly causes cytotoxicity by inducing DSBs
during G2–M phase and, like topoisomerase-2 inhibition, also
induced PSMA expression. Interestingly, the fractionation of radi-
ation doses can exacerbate DSBs in tumor cells, particularly in cells
with DDR aberrations (33). Repeated radiation doses are reported
to enrich tumor cells in the G2 phase of the cell cycle, increasing the
efficacy of subsequent doses (34, 35). We now hypothesize that this
induction of DNA DSBs results in PSMA upregulation, probably to
support cell survival through increased AKT signaling and nucle-
otide pool generation to facilitate DNA repair, through glutamate
and folate metabolism.

Cells challenged by low folate conditions can be advantaged by
PSMA overexpression in the presence of polyglutamated folates (22)
due to the generation of monoglutamated folate that can be utilized
intracellularly. Reports indicate that enzymatic inhibition of PSMA in
mice bearing ovarian serous adenocarcinoma xenografts results in
significantly lower tumor-specific glutamate concentrations and
reduced tumor growth (23). Glutamate and folate are critical to the
biogenesis of nucleotides and the maintenance of DNA replication
(36–38). The relationship of PSMA to the generation of glutamate,
monoglutamated folate, and to nucleotide pool maintenance in pros-
tate cancer and other tumor cellsmerits further study. This requires the
in vitro use, however, of folate-deprived media that more accurately
reflect cancer cells in patients. Untangling the mechanism whereby
DSBs in DNA result in PSMA upregulation may help further elucidate
the functions of PSMA in prostate cancer.

Interestingly, across all experiments, PSMA mRNA was not reflec-
tive of PSMAprotein change. This suggests that PSMAexpressionmay
be posttranslationally stabilized in response to DSBs, rather than
transcriptionally upregulated. Further work into the posttranslational

regulation of PSMA expression, an area poorly understood in the
context of PSMA biology, is therefore needed, for example, studying
the ubiquitination and recycling of the PSMA protein in response to
DNA damage (16, 39, 40). The transcriptional regulation of PSMA has
been studied to some extent; AR signaling inhibition is reported to
drive PSMA expression suggesting a regulatory mechanism, although
wewere unable to confirm this from theARSI compounds investigated
in the screen (41–43). The enhancer region of the PSMA gene, which is
shown to be responsible for gene repression by androgens, possesses an
AR response element half site (44). However, PSMA expression is
downregulated with neuroendocrine differentiation and loss of AR
signaling in prostate cancer, and there is little evidence of the direct
binding of the AR to the FOLH1 promoter to date (12). Other
transcription factors are reported to bind FOLH1 directly, including
SOX7 andNFATc1, though their impact on PSMA expression appears
to be small (45, 46).

In conclusion, our studies are of immediate translational relevance
and support the clinical study of PSMAexpression byPET scans before
and after topoisomerase-2 inhibition to gather data supporting the use
of these agents in combination with PSMA-targeting therapeutic
strategies. We hypothesize that such a rational combination could
reduce the heterogeneity of PSMA expression and increase the efficacy
of PSMA-directed treatments, which are changing survival outcomes
from lethal prostate cancer.
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