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Androgen receptor signaling inhibitors (ARSIs) are standard of
care for advanced prostate cancer (PCa) patients. Eventual resis-
tance to ARSIs can include the expression of androgen receptor
(AR) splice variant, AR-V7, expression as a recognizedmeans of
ligand-independent androgen signaling. We demonstrated that
interleukin (IL)-6-mediated AR-V7 expression requires bone
morphogenic protein (BMP) and CD105 receptor activity in
both PCa and associated fibroblasts. Chromatin immunoprecip-
itation supported CD105-dependent ID1- and E2F-mediated
expression of RBM38. Further, RNA immune precipitation
demonstrated RBM38 binds the AR-cryptic exon 3 to enable
AR-V7 generation. The forced expression of AR-V7 by primary
prostatic fibroblasts diminished PCa sensitivity to ARSI.
Conversely, downregulation of AR-V7 expression in cancer
epithelia and associated fibroblasts was achieved by a CD105-
neutralizing antibody, carotuximab. These compelling pre-clin-
ical findings initiated an interventional study in PCa patients
developing ARSI resistance. The combination of carotuximab
and ARSI (i.e., enzalutamide or abiraterone) provided disease
stabilization in four of nine assessable ARSI-refractory patients.
Circulating tumor cell evaluation showed AR-V7 downregula-
tion in the responsive subjects on combination treatment and
revealed a three-gene panel that was predictive of response.
The systemic antagonism of BMP/CD105 signaling can support
ARSI re-sensitization in pre-clinical models and subjects that
have otherwise developed resistance due to AR-V7 expression.

INTRODUCTION
Prostate cancer (PCa) continues to be the second leading cause of
cancer-related death in men.1 It represents more than one in five
new cancer diagnoses, with an increase in metastatic progression
over the last decade.2 For men who do not have localized disease
amenable to focal therapies such as surgery or radiation therapy,
androgen signaling axis targeting is the primary systemic strategy em-
ployed. While androgen receptor signaling inhibitors (ARSI; e.g.,
abiraterone acetate, enzalutamide, bicalutamide, and apalutamide)
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are initially effective, the development of resistance is an unfortunate
reality for many patients. Multiple mechanisms, such as androgen re-
ceptor (AR) amplification, activating mutations, deletions, gene fu-
sions, and RNA splice variants, have been associated with the emer-
gence of ARSI resistance.3,4 The latter results in truncations of AR
due to RNA splicing events that lack the androgen-binding domain
to enable ligand-independent androgen signaling and resistance to
ARSI therapy. Here, we explored the mechanism of splicing of the
particularly well-studied AR splice variant-7 (AR-V7), which has an
insertion of a cryptic exon 3 resulting in a premature transcriptional
stop.5 AR-V7 can transactivate androgen-responsive elements on
DNA alone or in combination with full-length AR in a ligand-inde-
pendent manner.4,6–8 However, castration-resistant PCa (CRPC) is
not necessarily a cell-autonomous event.9–14 Our findings suggest
AR-V7 has a role in prostatic carcinoma-associated fibroblasts
(CAFs).

The designation ofCAF inour studies is based on the biological capacity
to induce nontumorigenic BPH1 cells to generate tumors, as opposed to
the normal associatedfibroblasts (NAFs), which donot have this capac-
ity.15,16 Transforming growth factor b (TGF-b) signaling is widely
recognized as a regulator of PCa development, progression, and castra-
tion resistance.11,17 TGF-b was initially identified to be elevated in
response to castration and found to be a determinant of PCa epithelial
cell death.18,19 We have reported that inhibition of TGF-b signaling
through epigenetic silencing of TGF-b receptor type 2 (Tgfbr2) in pros-
tatic CAF potentiates tumor progression and castrate resistance
through paracrine signaling mechanisms.9,11,12,14,20 An alternative
mechanism for limiting TGF-b signaling is by the expression of
CD105 (endoglin, ENG), a TGF-b family coreceptor. Importantly,
CD105 simultaneously inhibits TGF-b signaling while promoting
//creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.ymthe.2022.08.019
mailto:bhowmickn@cshs.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2022.08.019&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. AR-variant expression in PCa epithelia and

prostate fibroblasts

(A and B) Full-length AR (AR-FL) and splice variant mRNA

expression in human PCa cell lines (22Rv1, LNCaP) and

primary human prostatic fibroblasts (NAF and CAF) were

evaluated by RT-PCR. b-actin or GAPDH were used as

a loading control for RT-PCR gels and qPCR analyses

(n R 6). (C) mRNA expression in NAF and CAF were

measured following culturing with dihydroxytestosterone

(Tst; 10, 5, 2.5, 0 nM) for 14 days. AR-FL, AR-V2, and

ARv567es mRNA expression in Tgfbr2flox/flox (control) and

Tgfbr2fspKO (Tgfbr2-KO) mouse prostatic fibroblasts

treated with R1881 (R, 10 nM), bicalutamide (B, 10 mM),

or DMSO (C, control) for 48 h. (D) Hematoxylin and

eosin (H&E) histological staining, immunohistochemical

localization of AR, and AR-V7 expression was localized in

PDX from mice treated with vehicle (V) or enzalutamide (E;

40 mg/kg) for 4 days (n R 4). Nuclei were counterstained

with hematoxylin and scale bar represents 30 mm. Data

were analyzed using one-tailed t test, where statistical

significance was indicated: *p < 0.05, ***p < 0.001, and

****p < 0.0001.
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bone morphogenic protein (BMP) downstream signal transduction.21

As such, CD105 inhibits SMAD2 and SMAD3 activity while promoting
SMAD1and SMAD5signaling and the downstreamcanonical inhibitor
of differentiation family of transcription factors (ID1, ID2, ID3, ID4).22

CD105 expression in proliferating endothelia during embryonic devel-
opment implicated its role in tumor neovasculature formation.23 How-
ever, antagonizing CD105/BMP signaling, without activating TGF-b
signaling,24 by a specific neutralizing antibody (carotuximab) has
shown limited clinical benefit as an anti-angiogenic.25,26 Beyond endo-
thelial biology, CD105 is expressed by cancer epithelia, immune cells,
and fibroblasts.12,27,28 Unfortunately, single-agent carotuximab had
limited therapeutic benefit in mouse models and in patients with
CRPC.12,25 Stemming from the observation that ARSI promoted
CD105 upregulation by both PCa epithelia and CAF,12 we found caro-
tuximab in combination with castration or enzalutamide treatment
significantly reduced tumor progression in mouse models of CRPC.
We found that the AR-V7 expression was dependent on CD105 in
both PCa epithelia and stromal fibroblasts. Our data extend previous
studies of positive regulation of AR splicing by interleukin (IL)-6,29–31

to include a novel mechanism involving CD105-mediated RNA-bind-
ing protein activity in PCa epithelial and fibroblast cells.

Despite the importance of targeting androgen signaling, the efficacy
of available ARSIs is limited with patients continuing to progress
through treatment. Chemotherapy (e.g., taxane and platinum) re-
mains standard of care for subjects developing resistance to ARSIs,
but associated toxicity can be undesirable to many patients.32,33 The
introduction of radionuclide and antibody-directed radio-conjugates
also bears consideration for patients with CRPC who have progressed
on ARSIs, but their impact may be limited due to dosing restric-
tions.34,35 The pre-clinical findings here were followed by combina-
tion therapy of carotuximab and enzalutamide or abiraterone in met-
astatic CRPC patients, which suggested a viable alternative to
chemotherapy for those subjects on ARSI therapy.

RESULTS
AR splice variant expression in PCa epithelia and associated

fibroblasts

Patients that express AR-V7 in circulating tumor cells are reported to
have a worse progression-free survival (PFS) and overall survival
compared with those that do not have detectible AR-V7 expression.36

Based on the understanding that both PCa epithelia and CAF express
AR, we explored the possibility aberrant AR splice variant expression
in prostatic fibroblastic cells. Full-length AR was similarly expressed
in three independent, primary human NAF and CAF cells generated
from prostatectomy tissues (Figure 1A). The NAF lines had undetect-
able expression of the AR variants; however, AR-V7 was prominently
expressed by CAFs compared with 22Rv1 cells (Figure S1A). The
expression of AR-V7 is rare in primary PCa tumors, but it is expressed
in patients with metastatic disease progressing through ARSI treat-
ment.37 To provide context, AR full-length expression in NAF and
CAFwas comparable with that found in LNCaP cells, but significantly
less than that in CWR22Rv1 (22Rv1) PCa cell lines cells (p < 0.0001;
Figure 1B). While AR-V7 expression in CAF lines was less than that
in 22Rv1 (p < 0.05), it was greater than the negligible expression
found in LNCaP cells (p < 0.001). 22Rv1 also expressed AR-V1 and
AR-V3; these two AR variants were largely absent in the prostatic
fibroblastic cells, except for weak expression of AR-V1 in one CAF
line. As the prostatic fibroblasts were generated and maintained at
10 � 10�5 M testosterone, we tested the effect of testosterone reduc-
tion for 2 weeks and found that the expression of AR-V7 was upregu-
lated in the NAF under 2.5 � 10�5 M testosterone and further
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Figure 2. CD105 antagonism regulates AR-variant

expression in PCa cells

(A) Heatmap of TGF-b and BMP family ligand expression by

22Rv1 and C4-2B PCa cell lines treated with enzalutamide

or vehicle for 72 h (two-way ANOVA, p < 0.0001). (B) mRNA

expression of AR-FL and AR-V7 was measured in prostatic

fibroblasts and PCa cells treated with BMP-2 for 0.5 or 6 h.

(C) AR-FL, AR-V7, and UBE2C mRNA expression was

measured in 22Rv1 cells treated with enzalutamide,

carotuximab, and its combination, or vehicle for 72 h

under 2% O2. (D) Correlation between AR and CD105

mRNA expression was determined in three indicated

datasets (R2). Enzalutamide was used at 5 mM; BMP-2

10 ng/mL; carotuximab 10 mg/mL; DMSO used as

vehicle control. For qPCR data, GAPDH was used as

loading control and data analyzed using two-tailed t test,

where statistical significance was indicated: ***p < 0.001

and ****p < 0.0001.
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induced in testosterone-free medium (Figure 1C). The expression of
AR-V7 was greater in CAF than in NAF in testosterone-free
conditions.

In light of elevated TGF-b expression under castrate conditions,18 it
was important to explore the impact on stromal TGF-b signaling
when ARSI are used to target PCa. We found that the expression
of AR full length was similar in mouse primary prostatic fibroblasts
generated from Tgfbr2flox/flox (control) and Tgfbr2fspKO (Tgfbr2
knockout [Tgfbr2-KO]) mice (Figure 1C). As a point of clarification,
unlike the heterogeneity in the loss of Tgfbr2 expression of the fibro-
blasts of the Tgfbr2fspKO mice, the Tgfbr2-KO fibroblasts cultured
from the prostates of these mice are homogeneously knockout for
Tgfbr2.20 However, the Tgfbr2-KO primary fibroblasts expressed
greater levels of AR splice variant, AR-V2 (ortholog of human
AR-V7) mRNA compared with control fibroblasts under basal con-
ditions. Protein levels of AR (110 kDa) and AR variants (75–
100 kDa) were also elevated in Tgfbr2-KO fibroblasts compared
80 Molecular Therapy Vol. 31 No 1 January 2023
with control (Figure S1B). AR antagonism by
bicalutamide elevated AR-V2 expression in
both control and Tgfbr2-KO fibroblasts over
basal levels. Next, we compared AR full-length
and AR-V7 expression in patient-derived xeno-
grafts (PDXs) by immunohistochemistry (Fig-
ure 1D). As previously reported, the expression
of AR-V7 was elevated in tumor epithelia after
the mice were treated with enzalutamide (AR
antagonist) for 4 days. Strikingly, fibroblastic
AR-V7 expression was observed to be elevated
(p = 0.0238) following enzalutamide treatment,
with little change in AR expression levels.
Knockout of Tgfbr2 did not significantly change
cell-surface expression of CD105, determined by
flow cytometry (Figure S1C). However, TGF-b
signaling inhibition and increased CD105 was
found in both epithelial and fibroblastic cells by enzalutamide treat-
ment, in agreement with previous studies (Figure S1D).12,38 Since
inhibition of TGF-b signaling via knockout of Tgfbr2 was associated
with increased AR-V7 expression, we reasoned that the expression
of CD105 could have a similar result in epithelial and fibroblastic
cells. In the context of ARSIs, CD105 induction could contribute
to AR-V7 expression.

To better understand CD105 downstream signaling, we initially
quantitated the expression of TGF-b and BMP ligands by PCa epithe-
lial lines, C4-2B and 22Rv1. Nearly all TGF-b and BMP ligand
mRNAs examined were found to be upregulated by enzalutamide
treatment in both PCa cell lines, except TGF-b2 in C4-2B cells (-
ANOVA p < 0.0001; Figure 2A). BMP2 promoted AR-FL
(p < 0.0001) and AR-V7 (p < 0.0001) expression, respectively in
C4-2B (Figure 2B). BMP2 respectively upregulated ID1 and ID3 in
wild-type fibroblasts and C4-2B cells, respectively within 30 min
compared with vehicle treatment under serum-free conditions.



Figure 3. CD105 and RBM38 signaling in PCa cells

(A) RNA-binding motif expression by primary human prostatic fibroblast RNA sequencing analysis from Kato et al.12 was analyzed. Data represents expression of genes as a

ratio of CAF/NAF. (B) RBM38mRNA expression wasmeasured in prostatic CAF and 22Rv1 treated with enzalutamide (5 mM), carotuximab (10 mg/mL), or the combination, or

vehicle for 72 h under 2% O2. (C) AR-FL, AR-V1, AR-V7, and AR-v567es mRNA expression was measured in 22Rv1 following RBM38 siRNA for 48 h. (D) RBM38 promoter

ChIP analysis examined the enrichment of RNA polymerase II (Pol II), ID1, and E2F1 in 22Rv1 cells treated with carotuximab or IgG control. A representative gel image is

shown with densitometric analysis of enrichment as a percentage of input. Model of the role of ID1 at RBM38 promoter. ID1 recruitment at RBM30 promoter enables RNA

polymerase II loading, whereas CD105 inhibition by carotuximab blocks both ID1 and RNA polymerase II. E2F recruitment to the RBM38 promoter is not dependent on ID1

loading. (E) RNA immunoprecipitation (RIP) assay was used to determine RBM38 enrichment at the AR-cryptic exon 3 loci hnRNA (heteronuclear RNA) in 22Rv1 PCa cells at

the following loci: 66,831,239-66,840,000 (green), 66,831,239-66,843,000 (red), and 66,917,500-66920140 (blue). Cells were treated with vehicle, enzalutamide (5 mM/mL),

or the combination of enzalutamide and carotuximab (10 mg/mL) for 48 h under 2% O2. Data were analyzed using two-tailed t test, where statistical significance was

indicated: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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22Rv1 had constitutively high expression of AR-FL, AR-V7, and ID3
that was not affected by BMP2 treatment. Enzalutamide treatment
caused an induction of TGF-b-responsive PAI-1 and BMP-respon-
sive ID1 in C4-2B cells (p < 0.0001; Figure S2A). However, enzaluta-
mide reduced PAI-1 expression in wild-type fibroblasts (p < 0.01) and
produce a >2-fold induction of ID1 expression (p < 0.01). The treat-
ment with enzalutamide and carotuximab in combination or alone
did not significantly change AR full-length expression, compared
with control (Figure 2C). The upregulation of AR-V7 by enzaluta-
mide was restored to near control levels when combined with caro-
tuximab treatment. The downstream targets of AR-V7, UBE2C and
CDC20, were similarly upregulated by enzalutamide (p < 0.0001)
and definitively downregulated by the addition of carotuximab
(p < 0.005; Figures 2C and S2B).39 Incidentally, the same was not
measurable with C4-2B cells, as the combination AR and CD105
antagonism was lethal. Regardless, The Cancer Genome Atlas
(TCGA), Jenkins, and Sueltman datasets all demonstrated a signifi-
cant correlation between AR and CD105 expression in predominantly
cancer epithelia (Figure 2D). BMP/CD105 signaling was found to
regulate AR RNA splicing events in both cancer epithelia and associ-
ated fibroblasts.
BMP/CD105 regulation of AR splicing and its paracrine influence

on PCa ARSI sensitivity

Considering the identification of AR-V7 expression in prostatic CAF,
RNA sequencing (RNA-seq) analysis of primary human prostatic
NAF and CAF lines was used to better understand the mechanism
of AR splicing. As RNA-binding proteins are associated with splicing
dysregulation of oncogenes,40,41 we examined differential expression
of RNA-binding proteins and AR-regulated genes. We found that
RBM15, RBM20, and RBM38 were highly expressed in CAF
compared with NAF based on previously reported RNA-seq analysis
(Figure 3A).12 Of the three differentially regulated RNA-binding pro-
teins, RBM38 was found to be downregulated by the combination car-
otuximab and enzalutamide treatment, below control levels in both
CAF and 22Rv1 cells (Figure 3B). These experiments were performed
under standard serum-containing media, having an abundance of
BMP and TGF-b ligands. Carotuximab, however, had little effect
on the expression of RBM15 and RBM20 in 22Rv1 and CAF cells
(Figure S3A). Based on the strong homology of RBM38 among spe-
cies, we found that mouse-specific CD105 neutralizing antibody
(M1043) treatment reduced the expression of canonical BMP down-
stream transcription factors ID1 (p = 0.0380) and ID4 (p < 0.0001)
Molecular Therapy Vol. 31 No 1 January 2023 81
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expression in wild-type prostatic fibroblasts (Figures S3B and S3C).
The knockdown of RBM38 in 22Rv1 reduced the expression of AR-
V1 and AR-V7 in a dose-dependent manner, with no apparent effects
on the expression of AR-FL or AR-v567es (Figure 3C). Chromatin
immunoprecipitation (ChIP) analysis of the RBM38 promoter
demonstrated both ID1 and E2F1 loading in 22Rv1 cells (Figure 3D).
Carotuximab was found to prevent ID1 binding (p = 0.0225) and
diminish RNA polymerase II binding to the RBM38 promoter with
little effect on E2F1 promoter binding (Figure S3D). Thus, BMP/
CD105-mediated ID1 signaling was required for RBM38 expression.
Subsequently, we performed an RNA immunoprecipitation (RIP)
assay to find that RBM38 is enriched at regions proximal to the
AR-cryptic exon 3 under basal conditions (Figure 3E). Enzalutamide
treatment of 22Rv1 demonstrated significant RBM38 binding at three
loci proximal to cryptic exon 3. However, RBM38 enrichment at the
50 region was nearly 10-fold greater than at the 30 edge of the exon.
The addition of carotuximab to enzalutamide restored RBM38 bind-
ing to near basal conditions. These results suggested that BMP/
CD105 signaling is a mediator of RBM38 expression and contributed
to the generation of AR-V7 in both epithelia and fibroblasts.

Next, we wanted to define the role of BMP/CD105 signaling in the
mechanism for ARSI sensitivity. Analysis of the Jenkins dataset
demonstrated a direct correlation between CD105 and RMB38
expression in PCa patients (R = 0.58, p = 2.41� 10�50) (Figure 4A).42

However, in enzalutamide-non-responsive subjects, AR had an in-
verse relationship with RBM38 expression in the SU2C/PCF Dream
Team dataset (R = �0.86, p = 0.0137; Figure 4B).43 Again, these pa-
tients’ data correlations were primarily based on prostate tumor
epithelia. We tested the differential signaling of CD105 and androgen
signaling in models combining prostatic epithelia and fibroblasts. En-
zalutamide treatment led to a significant increase in cell-surface
CD105 expression by C4-2B when co-cultured with CAF in a Trans-
well setup (p = 0.0296) (Figure 4C). Treatment of 22Rv1 cells with
carotuximab and enzalutamide restored AR-V7 expression to near
basal levels, with no effect on AR full-length expression. Similarly,
M1043 significantly reduced the expression of AR-V2 bymouse pros-
tatic fibroblasts compared with enzalutamide single agent (p < 0.01),
with little effect on AR-FL (Figure 4D). Enzalutamide and M1043
combination treatment also reduced AR-V2 compared with enzaluta-
mide alone (p < 0.05). Previous reports suggested IL-6 induced
expression of AR-responsive genes (i.e., PSA, PAI-1) in androgen-
dependent LNCaP PCa cells.31 We examined the relationship be-
tween IL-6 and AR signaling in the context of BMP/CD105 and
AR-variant expression. Treating prostatic fibroblasts with mouse-
specific IL-6 significantly elevated the expression of AR-FL, AR-V2,
as well as RBM38 (Figure S4A). Alternatively, LNCaP-conditioned
media-induced elevation of AR-V7 expression in CAF was found to
be restored to control levels with IL-6 neutralizing antibody, MAB-
206 (Figure 4E). Protein expression of ID1, a CD105 downstream
effector, was increased in 22Rv1 after enzalutamide treatment and
decreased with MAB-206 or the combination of the two treatments.
ID1 mRNA expression was significantly downregulated by MAB-
206 in both NAF and LNCaP cells when they were co-cultured
82 Molecular Therapy Vol. 31 No 1 January 2023
(p < 0.05). In a co-culture study of LNCaP and CAF, flow cytometry
analysis demonstrated cell-surface CD105 expression in both cell
lines to be significantly downregulated by MAB-206 (Figure 4F).
CAF expression of RBM38 was also downregulated by MAB-206
(Figure 4G). In congruence with past findings, we find that IL-6medi-
ated the expression of AR-V7/AR-V2; it does so in both prostatic
epithelia and fibroblasts (Figure 4H).30,44 Importantly, targeting para-
crine and autocrine IL-6 signaling downregulated CD105 and ID1
signaling in both prostatic fibroblasts and PCa epithelia. These activ-
ities enabled RBM38-RNA stabilization to facilitate AR splicing
events.

Next, we tested the impact of AR-V7 expression in otherwise non-tu-
mor inductive fibroblasts and the ensuing effects on PCa epithelia. To
do so, AR-V7 was exogenously expressed in wild-type mouse pros-
tatic fibroblasts and confirmed by PCR (Figure 5A). AR-V7-express-
ing fibroblasts were found to express CAF signature genes greater
than those transfected with control vector.10,12 Basal expression of
the genes in AR-V7OE was similar to wild-type fibroblasts treated
with enzalutamide. M1043 diminished CAF gene expression induced
by enzalutamide. The epithelial ramifications of fibroblastic AR-V7
and CD105 expression were defined by three-dimensional co-cultures
of human PCa epithelia and three primary mouse fibroblasts cultures
in a collagen matrix. Enzalutamide and carotuximab treatment
decreased Ki67 expression of 22Rv1 cells when co-cultured with
wild-type fibroblasts, compared with a negligible inhibition of Ki67
when co-cultured with AR-V7OE fibroblasts (Figure 5B). Annexin
V staining was higher in 22Rv1 co-cultured with either wild-type fi-
broblasts or AR-V7OE upon treatment of the combination of enzalu-
tamide plus carotuximab. To complement neutralizing antibody
studies targeting CD105, we knocked out CD105 in wild-type fibro-
blasts using CRISPR-Cas9, and subsequently confirmed this by flow
cytometry (Figure S4C). Ki67 was decreased in 22Rv1 co-cultured
with CD105 knockout (CD105KO) fibroblasts treated with enzaluta-
mide and carotuximab in combination, compared with control sam-
ples. In addition, enzalutamide caused a significant elevation in
epithelial annexin V staining when co-cultured with CD105KO fibro-
blasts, compared with control samples. Parallel studies of tissue re-
combinants of 22Rv1 and control wild-type or AR-V7OE fibroblasts
were orthotopically grafted in NOD SCID gamma (NSG) mice and
allowed to expand for 6 weeks prior to enzalutamide administration
for 4 days prior to sacrifice (Figure 5C). Histologic evaluation of tu-
mor proliferation (phosphorylated-histone H3) and cell death
(TUNEL) reflected a similar pattern to that found in co-culture
studies, where there was significantly less cell death when AR-V7OE

fibroblasts were part of the tumors, compared with wild-type fibro-
blasts (p = 0.0469).

ARSI/carotuximab combination therapy in patients

To conduct a translational proof of principle, a clinical trial of car-
otuximab in combination with either abiraterone or enzalutamide
was conducted. The trial required that all patients experienced dis-
ease progression on ARSI therapy. Details of eligibility are provided
in Table S1. While planned for a total of 40 patients, this study was



Figure 4. Androgen and CD105 signaling regulates fibroblastic AR-variant expression

(A) The Jenkins dataset of PCa patients developing metastatic disease progression demonstrated a correlation between the expression of CD105 and RBM38 (p =

2.4 � 10�50).42 (B) The Alumkal cohort of metastatic CRPC patients demonstrated a correlation between the expression of CD105 and RBM38 as well as a correlation

between RBM38 and AR.43 The normalized expression values were centered by the mean across all the samples. The x and y axis are the mean centered log2 transcripts per

million relative expression values computed by using Pearson’s correlation method. (C) Flow cytometry for cell-surface CD105 was analyzed in 22Rv1 or C4-2B cells co-

cultured in Transwells with CAF with indicated treatment for 72 h in 2% O2. (D) AR-FL and AR-V2 mRNA expression was measured in wild-type (WT) mouse prostatic fi-

broblasts following the indicated treatments for 72 h. (E) AR-FL and AR-V7 mRNA expression in human CAFs were measured following 48-h incubation with LNCaP-

conditioned media in the presence or absence of MAB-206. Western blot for ID1 expression was visualized in 22Rv1 cells following enzalutamide (Enza) and MAB-206 after

48-h treatment under 2%O2. ID1mRNA expression in both NAF and LNCaPwasmeasured following co-culture with IgG orMAB-206. (F) Cell-surface CD105wasmeasured

in LNCaP and CAFs following treatment with IgG or MAB-206 (MAB) for 48 h at 2% O2. (G) RBM38 expression was measured in CAF cells treated with enzalutamide in the

presence or absence of MAB-206 for 48 h at 2% O2. (H) The data support a mechanism where AR antagonism promotes IL-6 for downstream CD105 signaling in RBM38-

mediated AR-V7 generation. Enzalutamide was used at 5 mM, carotuximab 10 mg/mL, M1043 10 mg/mL, MAB-206 150 ng/mL, IgG 10 mg/mL, and DMSO was used as

vehicle control. GAPDH was used as loading control for qPCR. Data were analyzed using two-tailed t test, where statistical significance was indicated: *p < 0.05, **p < 0.01,

and ****p < 0.0001.
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interrupted by a decision by Tracon Pharmaceuticals to abandon
development of carotuximab due to negative trials in kidney cancer
and soft tissue sarcoma. Prior to this decision, 11 patients were
accrued. Characteristics of these patients are shown Table 1. Of
note, while all patients had at least one prior ARSI, several had
up to five clinical interventions prior to enrollment. Two of these
patients were not assessable due to rapid disease progression prior
to completion of the loading dose of carotuximab. Adverse events
observed were consistent with previous studies of carotuximab.45,46

Of the assessable patients, the PFS rate at 8 weeks was 44%. Using
RECIST 1.1 and PCWG3 criteria, median radiographic PFS was
12 weeks (Figure 6A, range 7–66 weeks). When considering factors
related to longer PFS, it became clear that previous lines of therapy
affected outcomes: patients with two lines of therapy experienced
Molecular Therapy Vol. 31 No 1 January 2023 83

http://www.moleculartherapy.org


Figure 5. Fibroblastic AR-V7 expression is consequential to PCa enzalutamide sensitivity

(A) Overexpression of AR-V7 (AR-V7OE) in WT mouse prostatic fibroblasts was validated by RT-PCR and characterized for the expression of CAF marker expression in the

presence or absence of enzalutamide and/or M1043 for 72 h. (B) Proliferation of 22Rv1 cellsWSmeasured by flow cytometry for Ki67 following three-dimensional co-cultures

with mouse prostatic fibroblasts (WT, AR-V7OE, or CD105 knockout [CD105KO]) under indicated treatments for 72 h (n = 3). Under the same conditions, apoptosis was

measured by annexin V (n = 3). (C) Tissue recombinants of 22Rv1 andmouse prostatic fibroblasts (WT or AR-V7OE) were orthotopically grafted and subsequently treated with

enzalutamide for 4 days prior to sacrifice. The tumors were evaluated histologically for H&E, and immunohistochemistry (IHC) was used for phosphorylated-histone H3 and

TUNEL staining (arrows indicate positive staining). Enzalutamide was used at 5 mM in culture or 1 mg/kg in mice, carotuximab at 10 mg/mL, M1043 at 10 mg/mL, and DMSO

used as vehicle control. Data were analyzed using two-tailed t test, where statistical significance was indicated: *p < 0.05, **p < 0.01.
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clinical progression at an average of 52 weeks (range, 32–66 weeks).
Among the participants, there were several notable outcomes. One
subject (patient 3) with more than five lines of therapy, including
docetaxel chemotherapy and stereotactic radiotherapy to brain me-
tastases, experienced a 28% decrease in his serum prostate-specific
antigen (PSA) concentration and remained on therapy for 12 weeks
before clinical and radiographic progression of his central nervous
system (CNS) disease. The two subjects (patients 5 and 10) who re-
mained on therapy the longest (66 and 60 weeks, respectively), had
only two lines of therapy and no prior taxane treatment. One of
84 Molecular Therapy Vol. 31 No 1 January 2023
these patients (patient 10) experienced 3 months of clinical stability
after stopping combination therapy. His PSA declined from 18.5 to
4.7 ng/mL before rising to 57.3 ng/mL, at which time he elected to
have treatment with a non-steroidal anti-androgen. He had a
remarkable biochemical response with a greater than 90% decline
in his serum PSA concentration and remained on therapy for
9 months. Of interest, after halting carotuximab therapy, he was tax-
ane responsive and experienced a substantial PSA decline on
chemotherapy (57% decrease; PFS, 8 months), despite demon-
strating docetaxel resistance in the past. While limited in number,



Table 1. Summary of patients enrolled and treatment outcomes

Patient ID Age (years) Baseline PSA (ng/mL) Previous lines of therapy Previous ARSI Previous taxane Best response PFS (weeks) Comments

1 72 38.8 3 A/E no PD 7

2 70 728.3 2 A/E no NA NA unable to complete loading dose

3 57 244.4 5+ A/E yes SD 12 PSA decline to 175.3 ng/mL

4 71 11.8 2 A/E no PD 7
PSA decline following d/c
carotuximab while on
enzalutamide

5 72 8.8 2 A/E no SD 66

6 73 2.2 2 E yes SD 16 clinical progression at 32 weeks

7 79 182.6 3 A/E no PD 7

8 74 192.3 4 A/E no NA unable to complete 2 weeks

9 75 123.1 5+ A/E yes PD 7

10 74 5.9 2 A no SD 60

11 60 70.5 5 A/E yes PD 7

Prior ARSI therapy included abiraterone (A) and/or enzalutamide (E). Combination therapy achieved progressive disease (PD), stable disease (SD), or not available (NA). The weeks of
on-treatment progression-free disease (PFS) are indicated.
The patients enrolled in the NCT03418324 study had multiple lines of prior therapy inclusive of ARSI and taxanes, having progression on either abiraterone or enzalutamide. There
were variable responses to the open-label combination therapy strategy of either abiraterone or enzalutamide with carotuximab. Radiographic PFSR 8 weeks was a measure response
with stable disease.
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some patient outcomes appeared to parallel treated mouse models
of CRPC.

Gene expression analysis was performed on the circulating tumor
cells (CTCs) of the differentially responsive subjects. The pre- and
on-treatment patients’ blood samples were enriched for CTCs using
theNanoVelcro platform.47 The expression pattern of genes, previously
described to define PCa outcome, were measured by a custom
NanoString genepanel curated based on the PCS (ProstateCancerClas-
sification System) and PAM50 subtyping classification systems.48,49

ARG2, CSRP1, and KIAA1324 were identified from blood collected
prior to treatment having responsivity to the combination therapy,
based on Z score (Table S2; Figure S5A).50 Human genome data ob-
tained from the Bittner dataset demonstrated that these three markers
were highly expressed inPCa comparedwith 15 other cancer types (Fig-
ure S5B). Furthermore, expression of KIAA1324 was similarly ex-
pressed in only breast, esophageal, and pancreatic cancers compared
with PCa. From our clinical samples, pre-treatment CTC markers
differentiated the responsive patients from the non-responsive subjects
with a significant combinedZ score. In further validating themodel sys-
tems used, we found that the gene expression patterns observed clini-
cally for CSRP1, KIAA1324, and ARG2 could be recapitulated in
cultured 22Rv1 cells (Figure 6C). As a point of reference, two PCa line-
age plasticity markers, NKX2.2 and SCG3, followed a similar induction
pattern asCSRP1,KIAA1324, andARG2 following enzalutamide or en-
zalutamide and carotuximab combination. However, examining gene
expression in the CTCs on treatment differentiated the patients respon-
sive to the ARSI/carotuximab combination treatment from those not
responsive through several differentially expressed genes (Table S2).
In particular, the expression of AR-V7 (AR-CE3) and downstream
gene, CDC20, were significantly downregulated by combination ther-
apy in responsive patients, as identified in pre-clinical studies
(Figure S2E).

DISCUSSION
Intensive AR signaling suppression is part of advanced PCa patient
standard of care, primarily utilized to treat CRPC. Not surprisingly,
ARSIs have greater efficacy in castration-sensitive patients. However,
ARSI treatment seemed to promote AR-V7 expression in both cancer
epithelia and CAF populations by autocrine and paracrine BMP
signaling (Figures 1 and 2). The epigenetic loss of Tgfbr2 expression
in CAF has previously been reported.51 Here, we demonstrated that
this loss in TGF-b signaling, similarly achieved by the expression of
CD105, can promote AR-V7 expression. The upregulation of CD105
expression by enzalutamide was associated with epithelial-derived
BMP ligand expression. Both the loss of Smad2/3 signaling down-
stream of TGF-b signaling and the gain of BMP signaling cause the
common induction of ID transcriptional activity.52,53 Accordingly,
we found AR-V7 to be downregulated by CD105 neutralizing anti-
bodies, carotuximab, andM1043 in respective human and mouse cells.
Given these considerations, an inhibitor of AR-V7 expression that also
downregulates paracrine mediators of tumor progression represents a
significant advance in the use of ARSI therapies.12 ARSIs are being de-
ployed during PCa progression, and the observed elevation of BMP li-
gands and CD105 signaling further the importance of AR-V7 regula-
tors such as RBM38 (Figure 3). Specifically, BMP/CD105-dependent
ID1 loading on the RBM38 promoter was necessary for its transcrip-
tion. The extensive study of AR-V7 thus far had not revealed the
RNA-binding proteins responsible, despite the recognized importance
of the splicing event. The direct interaction of RBM38 in response to
ARSI with the AR-cryptic exon 3was evidence of its role inAR splicing,
potentially through RNA stabilization.54 RBM38 is reported to have
Molecular Therapy Vol. 31 No 1 January 2023 85
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Figure 6. Targeted androgen and CD105 inhibition combination therapy

were evaluated in patients

(A) The time on combination therapy is indicated with relation to the number of

clinical interventions prior to accrual to the phase 2 clinical trial for the individual

patients. (B) CTC enrichment in patients revealed differentially expressed pre-

treatment markers, ARG2, CSRP1, and KIAA1324; when combined, they distin-

guish non-responsive and responsive subjects. (C) 22Rv1 cells treated with enza-

lutamide (Enza), carotuximab (Carotux), or the combination for 72 h at 2% O2 were

evaluated by RT-PCR. Enzalutamide was used at 5 mM, carotuximab 10 mg/mL, and

DMSO used as vehicle control. Data were analyzed using two-ANOVA, where

statistical significance was indicated.
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opposing tumor-suppressive and -promoting functions during cancer
development. Here, the ARSI-induced RBM38 expression seems to
serve as a means of therapy resistance.

There was a similarity between the mechanism of ARSI-induced
AR-V7 expression in stromal fibroblasts and PCa cells. Despite the
consistency of AR-V7 expression, other AR splice variants appear
to differ in expression levels among the prostatic NAF, CAF, and
PCa cell lines examined. The parallels in the mechanism of AR-V7
expression were supported by the strong mechanistic connection be-
tween CD105 and RBM38 expression we revealed in prostatic CAF
and PCa cells (Figures 3 and 4). The consequence of fibroblastic
AR-V7 expression by its overexpression inmouse prostatic fibroblasts
was its support of epithelial resistance to enzalutamide treatment in a
paracrine manner (Figure 5). Based on the established role of IL-6 in
AR-V7 expression, the observation that CD105, ID1, and RBM38
were downstream mediators of IL-6 provided a mechanistic detail
missing thus far (Figure S4). Other cancers, such as bladder, liver, kid-
ney, lung, and breast, also express AR, but the narrow use of ARSI
treatment limits splice variant expression in these tissues.55,56 Howev-
er, the role of AR splice variant expression by fibroblasts of PCa sec-
ondary metastatic sites, such as the bone, lung, and liver, may have a
greater role in ARSI responsivity than originally realized.

The interventional clinical trial testing the viability of combining car-
otuximab with enzalutamide or abiraterone was the first time stromal
fibroblasts and epithelial cells were targeted simultaneously to treat
PCa. Despite the unexpected trial closure due to unavailability of car-
86 Molecular Therapy Vol. 31 No 1 January 2023
otuximab, the nine assessable subjects demonstrated viability of the
combination therapy strategy. While the subjects were generally
heavily pretreated, three of the four patients that demonstrated favor-
able PFS only had two treatment modalities prior to accrual to the
trial (Figure 6). Safety concerns with this combination therapy pri-
marily involved infusion reactions as well as epistaxis and anemia
requiring close management. Considering the heterogeneity of
response, there may be a benefit in a biomarker-selected population,
such as the expression signature found in CTCs enriched before treat-
ment. Indeed, the downregulation of AR-V7 and its downstream
target, CDC20, for the patients on combination therapy distinguished
the responders from the non-responders. Although the gene expres-
sions in the CAFs of these patients remain unknown, the analogous
AR-V7 regulation in both cell compartments preclinically would sug-
gest the concomitant downregulation of AR-V7 in the CAF of the
treatment responders. Importantly, the pre-treatment level of AR-
V7 expression was not distinguished in treatment responders. The
genes differentially expressed in the responder population were vali-
dated in cultured cells upon combination treatment. The three-gene
panel that identified responsive subjects prior to treatment had the
caveat of the small patient number. In conclusion, antagonizing
CD105 with AR in pre-clinical models and patients increased thera-
peutic benefit. We demonstrated ARSIs upregulate AR-V7 expression
in PCa cells and associated fibroblasts in a CD105-dependent
manner. Carotuximab does not induce an antibody-dependent cyto-
toxicity response on its own, but supports a synthetic lethality strategy
when combined with ARSI.

MATERIALS AND METHODS
Animal studies

All animal procedures were performed according to an approved pro-
tocol from the Institutional Animal Care and Use Committee at
Cedars-SinaiMedical Center (IACUC007440).MaleNSG, 8–10weeks
old, were used for prostatic orthotopic grafting, respectively, as
previously described.51 For PDX models, and in accordance with
institutional animal care and use committee approval, prostatectomy
tissues were xenografted into the sub-renal capsules and mice were
treated for 4 days with enzalutamide (1 mg per mouse by oral gavage),
dimethyl sulfoxide (DMSO) was used as vehicle control. In
accordance with institutional animal care and use committee
approval, 3� 105 22Rv1 cells and 9� 105 mouse prostatic fibroblasts
(wild type or AR-V7OE) were suspended in 30–50 mL of type I
collagen and grafted into the anterior prostate. Tumor volume was
calculated using the modified ellipsoid formula volume3 =
p/6 � (width)2 � length. Attrition was controlled by implanting
each mouse with two grafts containing 1.2 � 106 cells per graft.
Mice were returned to cages with littermates after survival
surgeries. Tumors grew for 4 weeks, followed by euthanasia and
tissue analysis. There was blinding of this experiment because,
although all mice were treated the same, the tumor sizes prior to treat-
ment were unknown. For power analysis, an adequate sample size was
used because there were five mice used per group. The number of
mice per group needed to conduct the experiment was five, although
seven were used to control for attrition or unforeseen complications.
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Patients and study design

This was a single-institution, open-label, phase 2 study
(ClincialTrials.gov identifier NCT03418324) that consisted of two
parallel treatment arms defined by the treatment given in concert
with carotuximab with either abiraterone or enzalutamide. Eligible
patients had history of CRPC with biochemical progression (i.e., ris-
ing serum PSA concentration) and radiographic progression on
either abiraterone or enzalutamide. Detailed eligibility criteria are
found in Table S1. Patients who were on active therapy with an abir-
aterone or enzalutamide were required to hold treatment for 2 weeks
prior to starting combination therapy. Patients were required to
restart the ARSI on which they progressed in combination with car-
otuximab. The study was designed to accrue in the two arms indepen-
dently. There were no limits on prior therapy and previous chemo-
therapy was allowed. Patients were >18 years of age and had a life
expectancy of >3 months. ECOG (Eastern Cooperative Oncology
Group) performance status was required to be 2 or better. Patients
were required to have normal organ function including platelets
>60,000/mL, 8.5 g/dL hemoglobin, and serum creatinine <1.5� upper
limit of normal. Patients with non-PSA-producing tumors or those
that progress without increasing serum PSA concentration were
excluded. Patients with uncontrolled hypertension and those unable
to tolerate full standard doses of abiraterone or enzalutamide were
also excluded. Full eligibility criteria are presented in the supple-
mental information. Per the manufacturer’s recommendations, caro-
tuximab therapy was initiated using a 4-week loading period: 3 mg/kg
days 1 and 4 then 10 mg/kg on days 8, 15, and 21. Starting at cycle 2,
carotuximab was administered as a 15-mg/kg infusion every 2 weeks.
Cycles were 28 days in duration. It was determined that 20 patients
per arm would have been adequate to determine the effectiveness of
the planned combinations.

This study was conducted in accordance with the guidelines of
Good Clinical Practice (defined by the International Council on
Harmonization) and the principles of the Declaration of Helsinki.
The protocol was reviewed and approved by the Cedars-Sinai Med-
ical Center (CSMC) Institutional Review Board (Pro00048207). All
patients provided written informed consent in accordance with
CSMC policies.

Study endpoints and procedures

Clinical and biochemical assessments were made every 4 weeks.
Radiographic assessments were obtained every 8 weeks. The pri-
mary endpoint of this study was clinical benefit rate (CBR),
defined as stabilization of disease for at least 2 months or improve-
ment at any time from the start of combination therapy by radio-
graphic and/or biochemical criteria. Biochemical and radiographic
response data were assessed using Prostate Cancer Clinical Trials
Working Group 3 (PCWG3)57 and/or Response Evaluation
Criteria in Solid Tumors (RECIST 1.1) criteria.58 Secondary end-
points included assessment of grade 3–4 toxicity using Common
Terminology Criteria for Adverse Events (CTCAE) 4.0, PFS, and
CBR at 2 and 4 months. See supplemental information for addi-
tional methods.
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