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ABSTRAC

The six-transmembrane epithelial antigen of the prostate
(STEAP; STEAP1 and STEAP2) metalloreductases are therapeu-
tic targets for advanced prostate cancer, and their expression has
been linked to androgen receptor (AR) signaling; however, the
regulatory mechanism and functions of STEAP1 and STEAP2 in
prostate cancer progression remain elusive. In this study, we
explore how in vitro androgen modulation and AR inhibition
influence the expression of STEAP family members in cell lines
with varying reliance on androgen signaling. Our data show
that in response to androgen deprivation, STEAPI and
STEAP?2 exhibit elevated transcript levels, whereas STEAP4 levels
are reduced, mirroring the expression profile of kallikrein-related
peptidase 3 (KLK3). As STEAP1 and STEAP2 are implicated in
the exocytic pathway, we evaluated expression profiles in small
extracellular vesicles (sEV) released from prostate cancer cells
and in circulating sEVs. STEAP1, but not STEAP2, is upregulated

Introduction

Prostate cancer

Prostate cancer is a multifaceted disease, with approximately
300,000 new cases diagnosed annually in the United States (1). The
standard of care for locally advanced and metastatic disease is a
combination of androgen deprivation therapy (ADT) and direct
receptor antagonists, such as enzalutamide. However, castrate
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in sEVs from AR-negative cells, which express low cellular
STEAPI, and AR-positive cells, which express high cellular
STEAP1. These results indicate selective packaging of STEAPI in
prostate cancer cell-derived sEVs, irrespective of AR status and
cellular STEAP1 expression levels. Finally, ex vivo analysis of
circulating sEVs from genetically engineered mice carrying
prostate cancer shows that STEAP1 is found in the sEV cargo and
that its levels are independent of protumorigenic Pl integrin
expression in the prostatic epithelium.

Implications: Understanding how androgen dependence affects
STEAPI expression in both tumor cells and sEV's across distinct
disease stages will illuminate the clinical benefit of combinatorial
AR and STEAPI-directed therapies and inform the optimal
placement of STEAP1 targeting within the prostate cancer disease
continuum.

resistance is an inevitable reality for nearly all patients, hallmarked
by a resurgence of androgen receptor (AR) activity (2). The selective
pressure of androgen blockade drives adaptive resistance mecha-
nisms via extensive transcriptomic reprogramming, resulting in
disease progression often in incurable stages, including castrate-
resistant prostate cancer (CRPC) and neuroendocrine prostate
cancer (NEPC; refs. 3, 4). Primary prostate cancer has a low mu-
tational burden; however, late-stage disease presents with various
AR aberrations, including the emergence of constitutively active
splice variant (ARV7) or complete loss of AR signaling, rendering
AR-directed therapies ineffective (3-6). Moreover, the transition
to advanced disease stages is transcriptionally heterogeneous,
resulting in distinct molecular subtypes and significant inter-
patient variability (5, 6). This presents a significant clinical chal-
lenge and highlights the need to develop novel diagnostic methods
and therapeutics.

STEAP family proteins in prostate cancer

The six-transmembrane epithelial antigen of the prostate (STEAP)
is a family of cell surface metalloreductases comprised of four
members: STEAP1, STEAP2, STEAP3, and STEAP4. In mammals,
STEAP1-4 regulate intracellular stress, inflammation, and prolifer-
ation by mediating iron and copper homeostasis (7). Although all
STEAP family members share similar structural homology and lo-
calization patterns, each protein retains distinct cellular functions
(8). Elevated expression of STEAP 1, 2, and 4 has been implicated in
tumorigenesis contributing to prosurvival and migratory pheno-
types and correlates with poor survival outcomes (7, 9-13). Previous
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studies reported that blocking STEAP1 with an mAb reduces
in vitro cellular communication between cancer cells and in vivo
tumor progression, establishing a role of STEAP1 as a mediator
of intercellular communication in prostate cancer pathogenesis
(14-16). Downregulation of STEAP1 alters the expression of
110 proteins linked to extracellular vesicles (EV; ref. 11). This
suggests that extracellular STEAP1 interacts with the tumor mi-
croenvironment contributing to cell growth, invasion, and metas-
tasis (11, 14-16). Although STEAP1 involvement in prostate cancer
pathogenesis is apparent, the precise regulatory mechanisms and
contributions to cancer progression remain unclear.

It is well established that STEAP proteins are regulated by the AR
signaling network (7). STEAP1 tissue-restricted expression, enrich-
ment in malignant tissue, and cell surface localization make it an
attractive therapeutic target for primary and metastatic prostate
cancer (7). IHC analysis of organ-confined and metastatic CRPC
(mCRPC) indicated that STEAP1 exhibits greater intratumoral ho-
mogeneity and consistency across distinct metastatic sites than
prostate-specific membrane antigen (PSMA), another therapeutic
target (5). Single-cell analysis from patients with late-stage CRPC and
NEPC revealed a tight correlation among STEAP1, STEAP2, and AR-
positive gene regulatory networks, highlighting broader expression
than PSMA across transcriptomically distinct molecular subtypes (6).
Furthermore, STEAP1 and STEAP2 have demonstrated promising
clinical utility as a tumor antigen for T cell-redirecting therapies,
including the bispecific T-cell engagers (i.e., xaluritamig; AMG 509)
or CAR T-cell therapy, in clinical and preclinical investigations (5,
17-19). This highlights the potential of STEAP1 and STEAP2 as
biomarkers and therapeutic targets in prostate cancer.

EVs in prostate cancer

EVs are membrane-enclosed structures released from cells that
play a crucial role in cell-to-cell communication and influence cell
motility contributing to cancer progression (20-23). sEVs, ranging
from 100 to 200 nm, are often of endosomal origin and carry a
diverse array of cargo. Their abundance in serum, plasma, urine,
and saliva makes them a potential modality for noninvasive disease
monitoring (20, 21). Prior research studies have shown that sEVs
derived from prostate cancer cells influence differentiation, angio-
genesis, metastasis, anchorage-independent growth, and premeta-
static niche formation by transferring protumorigenic cargoes to
distant cells (24-28). However, studies have yet to assess the sys-
temic, long-term impacts of prostate cancer-derived sEVs on the
tumor microenvironment and the protein pathway involved in this
process.

Here, we show androgen deprivation context-dependent effects
on the expression of STEAPI and STEAP2 compared with STEAP4.
Moreover, the deviations in STEAPI regulation correlate with
ARV7 status. Furthermore, we show that STEAP1 is found in sEVs
isolated from human prostate cancer cells, whereas STEAP2 is
minimally expressed, and we reveal the expression of STEAPI in
sEVs from prostate cancer-bearing mouse plasma.

Materials and Methods

Cell culture conditions

Human prostate cancer cells LNCaP (CRL-1740, RRID:
CVCL_1379), C4-2 (CRL-3314, RRID: CVCL_4782), C4-2B (CRL-
3315, RRID: CVCL_4784), DU145 (HTB-81, RRID: CVCL_0105),
22Rv1 (CRL_2505, RRID:CVCL_4735), and PC3 (CRL-3471, RRID:
CVCL_BO0E3) were obtained from ATCC and cultured as previously
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described (2, 29, 30). Cells were cultured for a period of approxi-
mately 2 months and then replaced by new thaws.

For pharmacologic AR manipulation assays, cells were seeded at
equal densities, viability was ensured to be >70-80%, and harvested
at 75% to 80% confluency. Cells were cultured in phenol red—free
Improved Minimum Essential Medium (IMEM; Gibco, 10-026-CV)
with 10% charcoal dextran-stripped FBS (HyClone, SH30086.03),
1% L-glutamine, and 1% penicillin-streptomycin (Gibco, 15140-
122) for 72 hours before additional treatments with either enzalu-
tamide (Selleck Chemicals, S1250) or 5a-DHT (Selleck Chemicals,
S4757) at indicated doses and time points. All treatments were
performed in triplicates. Control groups were treated with a con-
centration of DMSO (Invitrogen, D12345) equivalent to that of the
highest dose.

Mouse models

Supplementary Table S1 describes the genotype of male mice
used in this study. Animal care complied with standards established
by the Office of Laboratory Animal Welfare, Department of Health
and Human Services at NIH. Experimental protocols were approved
by the Institutional Animal Care and Use Committee at Thomas
Jefferson University.

Gene expression analysis

RNA was isolated using TRIzol (Invitrogen, 15596018) according
to the manufacturer’s protocol. RNA was quantified using Nano-
Drop OneC (Thermo Fisher Scientific), and the purity threshold
was set at 2.0 for 260/280 nm ratio and 2.0-2.2 for 260/230 nm ratio.
Pellets were stored at —80°C.

cDNA was generated using SuperScript IV VILO Master Mix
(Invitrogen, 11755500) per the manufacturer’s protocols. gPCR was
conducted with the primers described in Supplementary Table
S2 with QuantStudio 3 RT-PCR (Applied Biosystems, A28131) and
Power SYBR Green PCR Master Mix (Applied Biosystems, 4367659)
using 100 ng ¢cDNA per well in technical triplicate. Genes were
normalized to housekeeping gene RPLPO encoding 60S ribosomal
subunit. Experiments were performed in n = 3 or n = 4 for each
gene condition.

EV isolation from C4-2B, DU145, and PC3 cells by differential
ultracentrifugation

EVs from cell culture supernatants of prostate cancer cells were
isolated as previously described (25, 31, 32).

EV isolation from mouse plasma and sEV isolation by density
gradient

For each EV preparation from mouse plasma, blood samples
from mice with the same genotype (n = 3) and comparable age,
collected by intracardiac puncture, were combined (25). Four
preparations for each genotype were used. To obtain plasma, the
isolated blood from mice was centrifuged at 16,100 x g for
30 minutes at 4°C. Afterward, EVs were precipitated using a poly-
mer solution mixed with mouse plasma in a 1:4.16 ratio, incubated
for 45 minutes at 4°C, and then spun down at 1,500 x g for
30 minutes at 4°C. The supernatant was removed, and the resulting
EV precipitate was spun at 1,500 x g for 5 minutes at 4°C. The EVs
were resuspended in 60 pL of PBS and were further isolated using
iodixanol density gradient (IDG) separation, as described before
(24). The 10 sEV fractions obtained were washed with 1 mL of PBS
twice by centrifuging at 120,000 x g for 70 minutes at 4°C.
The collected fractions were pooled and resuspended in 60 pL of
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PBS as follows: low-density sEVs (Id-sEV, 1.101-1.136 g/mL),
middle-density sEVs (md-sEV, 1.141-1.181 g/mL), and high-density
sEVs (hd-sEV, 1.186-1.188 g/mL). The isolated sEV samples were
stored at —80°C.

Nanoparticle tracking analysis

As previously published, nanoparticle tracking analysis (NTA;
RRID: SCR_014239) was used to determine the size distribution and
concentration of sEVs derived from prostate cancer cells and from
B1 FF, and f1 FF TRAMP (TR) mouse plasma (24, 31).

ZetaView NTA

NTA was performed using the ZetaView QUATT (Particle
Metrix, RRID: SCR_016647) to assess the size distribution and
concentration of sEVs derived from 1 FF, 1 FF TR, wild-type, and
TR mouse plasma. A 1.5 mL aliquot of diluted sEVs was loaded into
the instrument. For each measurement, 11 positions were scanned,
and 60 frames per position were captured (video settings: high)
using the 488-nm laser with the following instrument parameters:
scatter filter wavelength, sensitivity at 80, shutter at 100, minimum
brightness at 20, and cell temperature at 23°C.

Lysate preparation

Cells were lysed with RIPA buffer [RIPA buffer composition:
150 mmol/L NaCl (Fisher Chemical, S271-10), 1.0% NP-40 (Fisher
Chemical, 85124), 0.5% deoxycholate (Alfa Aesar, J62288), 0.1%
SDS (Invitrogen, AM9823), and 50 mmol/L Tris pH 8.0 (Fisher
Chemical, BP152-5) along with an inhibitor cocktail containing
50 pL of 1 mol/L NaF (Fisher Chemical, $299), 10 uL Halt Protease
Inhibitor (Thermo Fisher Scientific, 1862209), 10 uL phenyl-
methylsulfonylfluoride (Acros Organics, 329-96-6), and 0.013 g
B-glycerophosphate (Acros Organics, 13408-09-8). Total protein
quantification was performed by DC Protein Assay Kit (Bio-Rad,
5000111) according to the manufacturer’s protocol.

Immunoblotting

The immunoblotting (IB) analysis of C4-2B, DUI145, and
PC3 total cell lysates and their derived sEVs and sEVs from mouse
plasma was conducted as previously described (24, 31, 33). For
LNCaP and C4-2, IB was performed using 10% Bio-Rad gels (Bio-
Rad, 546-1033).

All primary antibodies were handled as per the manufacturer’s
protocol. Rabbit mAbs to STEAP1 (Cell Signaling Technology, 88677,
RRID: AB_2800128, 1:1,000), B-Actin (Cell Signaling Technology,
4970, RRID: AB_2223172, 1:1000), and TSG101 (Abcam, ab125011,
RRID: AB_10974262, 1:1,000) were used. Rabbit polyclonal antibodies
to calnexin (CNX; Abcam, ab22595, RRID: AB_2069006, 1:1,000),
c-Src (Santa Cruz Biotechnology, sc-18, RRID: AB_631324, 1:250),
STEAP2 (Proteintech, 2021-1-AP, RRID: AB_10665556, 1:500),
STEAP4 (Proteintech, 11944-1-AP, RRID: AB_308517, 1:1,000), and
AR (EMD Millipore, 06-680, RRID: AB_310214, 1:1,000) were used.
Mouse mAbs to CD9 (Santa Cruz Biotechnology, SC-13118, RRID:
AB_627213, 1:200), Alix (Bio-Rad, MCA2493, RRID: AB_872031,
1:250), CD81 (Abcam, ab23505, RRID: AB_447487, 1:1,000), and vin-
culin (Sigma-Aldrich, V9264, RRID: AB_10603627, 1:1,000) were used.

Densitometry and data analysis

Image] software (NIH, RRID: SCR_003070) was used to deter-
mine the band intensity of STEAP1 and loading markers. The
analysis was done by normalizing each sample’s pixel intensity
(AUC) to loading.

AACRJournals.org
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RNAi

Transfection solution was prepared using ON-TARGETplus
Human STEAP1 (26872) SMARTpool (Horizon Discovery,
1L-003713-01-0005) and siRNA ON-TARGET control (Horizon Dis-
covery, D-001810-10-20) with Opti-MEM (Gibco, 31985-070) and
DharmaFECT 4 (Horizon Discovery, T-200-03) for a final concen-
tration of 10 nmol/L per well (Supplementary Table S3). C4-2 cells
were seeded at 2.0 x 10° cells per well in a poly-L-lysine-coated six-
well plate for overnight transfection in Opti-MEM.

In silico expression correlations

cBioPortal patient-derived datasets were queried to visualize gene
correlations among STEAPI, AR, KLK2, KLK3, KLK15, NKX3-1, and
TMPRSS2. Prostate adenocarcinoma (The Cancer Genome Atlas,
Firehose Legacy) and metastatic prostate adenocarcinoma (SU2C/
PCF Dream Team) mRNA expression from capture Z-scores was
quantified by RNA Seq V2 RSEM and fragments per kilo base per
million mapped fragments (FPKM), respectively (34). Expression
distribution was measured for diploid tumors for each gene, in which
the Z-score threshold was restricted to +2 for all queries (35-37).

We obtained RNA sequencing (RNA-seq) data for 210 mCRPC
samples previously described (38). The AR activity score was measured
by the expression levels of seven genes, excluding STEAPI and STEAP2,
previously described in ref. 39. The Z-scores of KLK2, KLK3, FKBP5,
PLPPI, RAB3B, NKX3-1, and ACLS3 were determined for each gene
across all samples, and then both STEAPI and STEAP2 were compared
with average Z-scores for the seven genes, as well as KLK3 by itself.

We separated the tumor samples into high and low KLK3 ex-
pression samples by Z-scoring the log-transformed transcript per
million (TPM) values by [log,(TPM + 1)]. We defined the KLK3-high
samples as Z-scores >0.75 (n = 26), KLK3-low samples as
Z-scores < —0.75 (n = 28), and intermediate samples corresponding
to Z-scores between —0.75 and 0.75. Next, we compared the log-
transformed TPM expression of STEAPI and STEAP2 in both groups.
Within the “low KLK3” group, we selected high STEAP2 log,(TPM
+ 1) >6 expressing patients and looked at the corresponding STEAPI
values to compare expression levels between matched patients.

Statistical analysis

Statistical analysis for gene expression and IB quantification
was performed using GraphPad Prism 9 (GraphPad Software,
Inc., RRID: SCR_002798) as described in the figure legends.
P values <0.05 were considered statistically significant. Relative
mRNA expression is shown as individual replicates with error bars
representing mean + SEM. P values were calculated using two-way
ANOVA or mixed-model ANOVA with a 95% confidence interval
followed by the indicated post hoc test.

Data availability

The data analyzed in this study were obtained through con-
trolled access from the European Genome Archive (EGA) with
ascension numbers EGAD00001008991, EGAD00001008487, and
EDAG00001009065.

Results
Alterations in the expression of STEAP family members in
response to androgen deprivation

We investigated changes in the transcript levels of STEAPI,
STEAP2, STEAP4, and KLK3, a classical AR target gene, in response
to androgen deprivation. Hormone therapy-sensitive (HTS) LNCaP,
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CRPC C4-2, and CRPC 22Rvl cells were used to evaluate how
varying reliance on androgen signaling affects STEAP expression
profiles. Cells were cultured in charcoal-stripped serum (CSS) to
model androgen deprivation in vitro. CSS removes exogenous hor-
mones and precursors, reducing AR-dependent ligand activation,
which is confirmed by an evident decrease in KLK3 in LNCaP and
22Rvl cells (Fig. 1A). For LNCaP and C4-2 cells, which rely on
ligand-activated full-length AR, STEAPI and STEAP2 transcripts
increase under androgen deprivation conditions (Fig. 1A), whereas
STEAP4 transcript decreases mirroring the expression profile of
KLK3 or does not change (Fig. 1A). In contrast, 22Rvl cells,
expressing ARV7, a constitutively active AR variant that lacks the
ligand-binding domain, show STEAPI and STEAP2 decrease in re-
sponse to androgen deprivation (Fig. 1A). As STEAPI is a thera-
peutic target of interest, we validated these results at the protein level
by IB, observing the same trend in expression (Fig. 1B). Total AR
protein levels are slightly decreased, although results are nonsignif-
icant as CSS reduces AR transcriptional output rather than affecting
the protein level. To examine how combinatorial AR blockade affects
STEAP expression, we treated cells with increasing doses of enza-
lutamide, a competitive AR inhibitor that blocks ligand binding and
nuclear translocation (Supplementary Fig. S1). Across all cell lines,
the transcriptional changes observed in response to androgen dep-
rivation remain consistent, recapitulating the expression profiles in
Fig. 1A. Under regular growth conditions, the effect of enzalutamide
is negligible, and the combination does not significantly alter the
response compared with androgen deprivation alone (Supplemen-
tary Fig. S1).

These data confirm that STEAPI and STEAP2 transcripts are
elevated under low-androgen conditions, exhibiting inverse ex-
pression profiles compared with STEAP4 and KLK3.

Rescue of STEAP1 expression is time dependent

We validated the dependence of STEAP expression on andro-
gen signaling by using DHT to induce AR transcriptional activity.
In LNCaP cells, 24-hour stimulation with DHT yields minimal
changes in STEAPI expression under full-hormone or CSS con-
ditions, regardless of dose (Fig. 2A). STEAP2 follows the same
expression pattern as STEAPI (Supplementary Fig. S2). The ro-
bust response of KLK3 confirms AR transcriptional activity
(Fig. 2). STEAP4 parallels KLK3, indicative of positive AR regu-
lation (Fig. 2; Supplementary Fig. S2). C4-2 cells mirror the re-
sponse of LNCaP cells under all conditions (Supplementary Fig.
§2). In contrast, 22Rv1 cells are responsive to 0.1 nmol/L dose of
DHT under low-androgen conditions, exhibiting a twofold in-
crease in STEAPI expression relative to androgen deprivation
alone (Fig. 2B).

We did not observe an effect on STEAPI transcript levels using
10 nmol/L DHT for LNCaP and 22Rv1 cells at the 24-hour time
point (Fig. 2A and B); therefore, we examined if DHT induced
time-dependent expressional changes in STEAPI transcript levels.
We evaluated transcript levels at 8, 16, and 24 hours after stimu-
lation with 1 nmol/L DHT (Fig. 2C). For LNCaP cells under regular
growth conditions, a mild reduction in STEAPI transcript is ob-
served at the 8- and 16-hour time points (Fig. 2C). In LNCaP cells
in which STEAP]I is elevated upon androgen deprivation, stimula-
tion with 1 nmol/L DHT for 8 and 16 hours reduces STEAPI ex-
pression to levels comparable with the control (Fig. 2C). The
opposite is observed in 22Rvl cells, such that STEAPI decreases
with androgen deprivation, with DHT restoring expression to
baseline across all time points (Fig. 2D). These findings suggest a
temporal dependence of STEAPI transcriptional response with re-
spect to AR stimulation in both cell lines.
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Figure 2. A
Rescue of STEAPT mRNA expression is time
dependent. A and B, Relative mRNA ex-
pression of STEAPT and KLK3 in (A) LNCaP

Dose response
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Expression analysis of STEAP1 and STEAP2 in patients with
mCRPC

To examine clinical correlations between STEAPI and AR, we
queried primary prostate adenocarcinoma (The Cancer Genome Atlas,
Firehose Legacy) and metastatic prostate adenocarcinoma (SU2C/PCF
Dream Team) cohorts from cBioPortal. We evaluated co-expression of
STEAPI and AR mRNAs, as well as with canonical AR target genes
(KLK2, KLK3, KLK15, TMPRSS2, and NKX3-1), as markers for AR
activity. We observe a positive correlation in mRNA expression in
primary adenocarcinoma, which becomes more pronounced in the
metastatic cohort (Supplementary Fig. S3). To corroborate these re-
sults, we analyzed RNA-seq data from 210 mCRPC biopsies from
patients who received prior ADT, as described in Quigley and col-
leagues (40). AR activity was defined as the average Z-score of seven
AR target genes (KLK2, KLK3, FKBP5, PLPP1, RAB3B, NKX3-1, and
ACLS3). A strong positive correlation between AR activity and
STEAPI and STEAP2 expression is observed (Supplementary Fig. S3).
These data suggest a linear relationship between STEAPI transcript
and AR activity with progression to advanced disease stages.

Within the 210-patient cohort, KLK3 expression was evaluated as
a surrogate marker for AR activity to classify patients based on
clinical treatment response. The density distribution of log,-trans-
formed TPM for KLK3 captured expression variability across the
cohort (Fig. 3A), whereas Z-scores allowed for comparison of each
patient with the population mean (Fig. 3B). Patients were stratified
into low, intermediate, and high KLK3 expression groups. Low KLK3
expression corresponds to low AR activity, indicating a clinical
treatment response, whereas high KLK3 corresponds to sustained AR
activity, representing nonresponders (Fig. 3A and B). Approximately
75% of patients fall into the intermediate range with Z-scores
between —0.75 and 0.75. The high-KLK3 group concentrates around
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Z-scores between 0.75 and 1.5, indicating consistent AR activity
among nonresponders. In contrast, the low-KLK3 group shows
greater variability (Z-scores between —4 and —0.75), reflecting het-
erogeneity in AR activity among responders (Fig. 3B).

Excluding the intermediate population, we examined STEAPI
and STEAP2 expression within the low KLK3 (responder) and high
KLK3 (nonresponder) expression groups. Both STEAPI and
STEAP?2 are enriched among nonresponders relative to responders,
correlating with sustained AR activity (Fig. 3C). However, within
the responder group, there is notably greater variability in expres-
sion log,(TPM + 1) between 0 and 8, compared with the nonre-
sponders, which concentrate around log,(TPM + 1) > 8 (Fig. 3C). A
subset of patients in the low KLK3 expression group (responders),
highlighted with the green boxes, exhibits STEAPI and STEAP2
expression levels more than two SDs above the population mean
(Fig. 3C). This subset of patients show STEAPI and STEAP2 ex-
pression comparable with the high-KLK3 group (nonresponders).
Furthermore, these responders show concordant expression, indi-
cating that STEAPI and STEAP2 are upregulated or downregulated
in parallel (Fig. 3D). These findings show that despite low AR ac-
tivity and reduced KLK3, some responders retain elevated STEAPI
and STEAP2 expression. Consequently, KLK3 alone may not fully
capture variability in therapeutic response, underscoring the com-
plementary role of STEAP1 as a prognostic marker for different
patient outcomes.

STEAP1 expression in human prostate cancer cells and derived
SEVs

To investigate if STEAP1 is released and packed into sEVs, we
evaluated its expression in sEVs derived from androgen-independent
C4-2B, PC3, or DU145 human prostate cancer cells. sEVs were
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isolated via ultracentrifugation followed by IDG separation. Classical
sEV markers such as Alix, TSG101, or CD81 were used to charac-
terize the C4-2B, PC3, and DU145 cell-derived sEVs (Fig. 4A-D).
Additionally, the absence of CNX in the lysates from sEVs indicates
that the analyzed sEV samples are free from contamination by the
endoplasmic reticulum compartment (Fig. 4C).

To validate the specificity of the STEAP1 antibody, we down-
regulated the expression of STEAPI in human C4-2 prostate cancer
cells by transfecting them with a SMARTpool STEAPI siRNA and
showing that the STEAPI antibody is specific (Supplementary Fig.
S4). IB analysis of the individual IDG fractions of C4-2B sEVs re-
veals expression of STEAP1 in fractions 1 through 6 (Fig. 4A) and
in DU145 sEVs (Fig. 4B). The sEV marker TSG101 is expressed in
C4-2B and DU145 cells and their derived sEVs (Fig. 4B and C).
Although STEAPI is expressed in IDG fractions 3 and 5 of the sEVs
derived from C4-2B and DU145 cells, STEAP2 is not expressed
(Fig. 4C). Moreover, STEAP1 expression is increased in C4-2B and
DU145 sEV fractions compared with their parental cells (Fig. 4C).

We combined IDG fractions based on their densities and ana-
lyzed those with densities between 1.141 and 1.181 g/mL as md-
sEV-enriched fractions. STEAP1 is also detected in PC3 cells and
their derived sEV's (Fig. 4D). Hence, STEAPI is detectable across all
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prostate cancer cells tested and their derived SEVs, whereas
STEAP2 is not. As expected, the tetraspanin CD81 is enriched in
PC3-derived sEVs but is undetectable in PC3 total cell lysate
(Fig. 4D). These findings are summarized in Supplementary Table
S4. Moreover, NTA of sEVs derived from C4-2B, DUI145, and
PC3 cells shows that the size of these SEVs is between 150-250 nm
(Fig. 4E-G). Therefore, our results show that C4-2B, DU145, or
PC3-derived sEVs contain STEAP1.

STEAP1 expression in sEVs derived from plasma of mice
carrying prostate cancer

As the expression of STEAP1 was confirmed in three prostate
cancer cell lines and their derived sEVs, the next step was to assess
whether circulating sEVs from mouse plasma contained STEAP1
(Figs. 5 and 6) and if STEAP1 expression in the prostatic epithelium
is affected by the presence of B1 integrins, which are necessary for
sEVs to support anchorage-independent growth (24). We used
plasma from four genetically engineered mouse models: f1 FF mice,
which have loxP sites flanking the Itgbl gene and produce non-
tumorigenic sEVs; 1 FF TR mice, whose sEVs exhibit enhanced
tumorigenicity; and p1 FF Cre mice and 1 FF Cre TR mice, in
which Cre recombinase enables localized deletion of the Itghl gene
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within the prostate epithelium, resulting in reduced tumorigenicity
potential (Supplementary Table S1).

sEVs from mouse plasma were isolated using IDG separation,
and the obtained fractions were then combined into three sets based
on their densities: 1d-sEVs (1.099-1.130 g/mL), md-sEVs (1.148-
1.186 g/mL), and hd-sEVs (1.189-1.195 g/mL). The 1d-sEV derived
from mouse plasma was excluded from the analysis because of the
lack of STEAP1 expression in human prostate cancer-derived ld-
sEVs. We assessed the expression of classical sSEV markers Alix,
CD9, and CD81 in the sEVs derived from the different mouse ge-
notypes via IB analysis (Fig. 5A-E). Our results show that Alix and
CD9 are expressed in md- and hd-sEVs derived from p1 FF, 1 FF
TR, B1 FF Cre, and p1 FF Cre TR mouse plasma (Fig. 5A-D). When
tested, CNX is absent from mouse plasma-derived sEVs. The sEV
marker CD81 and the tyrosine kinase c-Src, previously shown by
our group to be abundant in sEVs derived from mouse plasma (24),
are also expressed in the p1 FF Cre TR-derived md- and hd-sEVs
(Fig. 5E). Hence, regardless of 1 expression in the prostatic epi-
thelium, all SEV's analyzed express comparable amounts of classical
markers (Fig. 5A-E).

Furthermore, we assessed the expression of STEAPI1 in sEVs
derived from P1 FF, 1 FF TR, and B1 FF Cre TR mouse plasma
(Fig. 6). IB analysis shows STEAP1 expression on all sEVs analyzed,
irrespective of Bl expression (Fig. 6A). STEAP1 expression in md-
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sEVs from the normal genotype Pl FF and the cancer genotype
B1 FF TR is comparable, and the levels observed are not significantly
different (Fig. 6B; Supplementary Table S5). We analyzed the size
distribution of sEVs derived from B1 FF or 1 FF TR (Fig. 6C and
D) mouse plasma, as well as from wild-type and TR (Supplementary
Fig. S5) mouse plasma as controls, using ZetaView. The analysis
shows that the size of sEVs from all the genotypes analyzed is be-
tween 150-250 nm. We further confirm the size of sEVs from p1 FF
and B1 FF TR using NTA (Supplementary Fig. S6). Our results show
that regardless of 1 expression in the prostatic epithelium, all sEVs
analyzed express comparable amounts of STEAP1. A summary of
our findings can be found in Fig. 7.

Discussion

Our data show that a reduction of AR activity yields elevated
STEAP]I transcript and protein levels. The opposing expression profiles
of STEAPI and KLK3, along with the context-dependent influence of
ARV7 status, suggest that AR-independent mechanisms influence
STEAPI1 expression in advanced disease. In the absence of androgen,
we also show that STEAP1 and STEAP2, implicated in the exocytic
pathway, are found in sEVs released from hormone-refractory prostate
cancer cells and in circulating sEVs. This indicates that transcriptionally
active AR is not required for packing STEAPI into sEVs.
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Figure 5.

Characterization of SEV markers in mouse plasma-derived sEVs. The collected
SsEV fractions derived from mouse plasma were pooled: md-sEVs are the
middle-density fractions enriched in sEVs (md-sEVs), and hd-sEVs are the
high-density fractions (hd-sEVs). IB analysis of Alix expression in IDG-isolated
md- and hd-sEVs from (A) p1 FF and p1 FF TR (these lanes were spliced out of
one single gel) and (B) B1 FF Cre and 1 FF Cre TR (these lanes were spliced
out of one single gel); 4 and 7 pg of md- and hd-sEVs were used in A and B,
respectively. IB analysis of CD9 expression in md- and hd-sEVs from (C) p1 FF
and B1 FF TR (these lanes were spliced out of one single gel; 6 ug of md- and
hd-seVs were used) and (D) 1 FF Cre and p1 FF Cre TR (these lanes were
spliced out of one single gel; 7 ug of md- and hd-sEVs were used). E, IB
analysis of CD81 (left) and c-Src (right) expression in md- and hd-sEVs from
B1 FF Cre TR mouse plasma; 6 pg of md- and hd-sEVs were used.

Gomes and colleagues (41) demonstrated that STEAPI is upre-
gulated in response to androgen deprivation in HTS cells, as well as
in vivo upon castration. Here, we show that the regulation of
STEAP1 and STEAP2 under androgen deprivation remains con-
sistent regardless of intrinsic hormone sensitivity and that alter-
ations in AR status result in context-dependent expression patterns
of both genes. Rocha and colleagues (42) reported that under full-
hormone conditions, treatment with enzalutamide increases
STEAPI transcript levels in HTS context. Similarly, we conclude
that androgen depletion elicits context-dependent alterations in
STEAP expression, though our data suggest that direct receptor
antagonism does not have a substantial impact. This raises questions
about the contribution of AR transcriptional activity versus its li-
gand, androgen, to the regulation of STEAP expression within
distinct contexts. Future investigations should include the use of
inhibitors targeting androgen stability and biosynthesis to deter-
mine if STEAP1 expression can be further altered.

Further complicating the picture of AR signaling in prostate
cancer, single-cell RNA-seq revealed significant heterogeneity in
gene regulatory networks associated with mCRPC and NEPC (6).
This heterogeneity reflects substantial inter- and intrapatient vari-
ability, underscoring why treatment responses differ even among
patients within the same clinical group. Investigations into NEPC
revealed that deletion of ACSLI resulted in upregulation of STEAPI
expression, indicating that restoration of STEAP expression can
occur independently of AR (6, 43). ACSLI expression promotes a
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Figure 6.

STEAPI1 characterization of sEVs derived from mouse plasma. A, IB analysis of
STEAP1 and CD9 expression in IDG-isolated md-sEVs from 1 FF, 1 FF TR, and
B1 FF Cre TR mouse plasma; 4 pg of sEVs were used. B, STEAP1 expression
quantification normalized to loading control CD9. Four EV preparations per
genotype were analyzed. The values are presented as individual replicates
with error bars representing mean + SEM. The P value was calculated using
the Student ¢ test. C and D, ZetaView NTA measurement of size distribution
and concentration of IDG-isolated md-sEVs derived from (C) #1 FF or (D) f1 FF
TR mouse plasma.

reversion to more luminal subtypes, suggesting that high STEAPI
expression could represent a transitional state in which cells are no
longer fully dependent on AR but have not yet acquired all NEPC
characteristics.

The interplay between AR signaling and STEAP1 expression has
significant implications for optimizing therapeutic strategies and
drug development efforts at various stages of prostate cancer. The
first-in-human clinical trial of xaluritamig (AMG 509), a STEAP1-
directed bispecific T-cell engager, for advanced prostate cancer,
showed encouraging clinical activity in heavily pretreated patients
with mCRPC (18). Similarly, STEAP1-directed CAR-T cells dis-
played significant antitumor activity in a preclinical study and are
currently in phase I/II clinical trials in combination with enzaluta-
mide for men with mCRPC (NCT06236139; refs. 5, 17). Studies
have shown that tumor cells will downregulate cell surface antigens
to evade immune recognition through mechanisms of antigen es-
cape (5, 44). In vivo evaluation of STEAP1 CAR-T cells indicated
that prolonged exposure could result in loss of STEAP1 surface
expression, suggesting a potential resistance mechanism (5, 44). The
efficiency of immunotherapy is heavily dependent on antigen pre-
sentation and specificity (44). In vitro investigations revealed that
AMG 509 preferentially targets cells with a high STEAPI surface
enrichment (45). Our findings show that androgen deprivation
increases STEAP1 protein expression. This suggests that STEAP1-
targeted therapies may be more effective in combination with ADT
in early disease stages that are more reliant on AR signaling.
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Schematic drawing of the proposed model. Differential expression of the
STEAP family members (STEAP1, STEAP2, and STEAP4) in prostate cancer cell
lines in response to AR inhibition is shown in the top panel. Under androgen
deprivation conditions, STEAPT and STEAPZ2 exhibit elevated transcript levels,
whereas STEAP4 and KLK3 expression is reduced. These results suggest dif-
ferential AR regulation of the STEAP family in prostate cancer. STEAPI, but
not STEAP2, is upregulated in sEVs from AR-negative (DU145 and PC3) and
AR-positive (C4-2B) cells, indicating selective packaging of STEAP1 into sEVs
independent of AR levels. Analysis of clinical data from patients with mCRPC
reveals a strong positive correlation between AR activity and STEAP1/
STEAP2 expression (middle panel). RNA-seq data from 210 mCRPC biopsies
demonstrate patients with high AR activity (nonresponders) exhibit enriched
STEAP1/STEAP2 expression, whereas responders to ADT show more variable
STEAPT/STEAP2 levels as described in Fig. 3C. Finally, ex vivo analysis of cir-
culating sEVs from genetically engineered mice with prostate cancer shows that
STEAPT is present in the sEV cargo, independent of 1 integrin expression in the
prostatic epithelium (bottom panel). (Created with BioRender.com.)

However, further investigations are needed to confirm if all
STEAP1 protein is trafficked to the cell membrane and whether its
expression is sustained.

The expression of STEAPI in sEVs, that we demonstrate here,
has several therapeutic and diagnostic implications. High levels of
STEAP1 and PSMA EVs have been detected and inversely corre-
lated with tumor-reactive CD8 T-cell populations, indicating that
EVs contribute to systemic immunosuppression in patients with
mCRPC (46). Moreover, STEAP1 in sEVs has the potential to
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reduce the amount of available therapeutic drugs via off-tumor
binding. This could potentially trigger misguided immune responses
and contribute to the induction of CAR T-cell exhaustion effects by
promoting hyper T-cell activation before reaching the tumor
site (47).

We assessed STEAP1 and STEAP2 expression in human prostate
cancer cells and their derived sEVs. We show a considerable in-
crease in STEAP1 expression in sEVs derived from all models re-
gardless of AR status. It has been observed that there is minimal
STEAP1 expression in AR-negative cell lines (DU145 and PC3)
compared with AR-positive (C4-2B) cells (48). The substantial in-
crease in STEAP1 expression in DU145-derived sEVs suggests that
the presence of STEAPI in EVs is independent of its expression
levels within the cell. Mariscal and colleagues (49) profiled the
palmitoyl-proteome of large EVs and sEVs and found both
STEAP1 and STEAP2 in sEVs from prostate cancer cells. This study
showed a correlation between STEAP1 and prostate cancer but did
not provide clinical data. In contrast with Mariscal and colleagues
(49), we do not observe STEAP2 in DU145 cell-derived sEVs, which
may be due to differences in detection methods, culture conditions,
or that DU145 cells used in that study were genetically modified
(49). The posttranslational modifications proposed by Gomes and
colleagues (50) on STEAPI, including alterations in the glycosyla-
tion profile such as addition of O-linked P-N-acetylglucosamine,
may contribute to differences in vesicle packaging between
STEAP1 and STEAP2. Further studies are warranted to investigate
alterations in the glycosylation profiles of STEAP1 in HTS and
CRPC cells and their derived sEVs.

Our findings also show that STEAPI is expressed in plasma sEVs
derived from TR mice carrying prostate cancer, as well as from mice
that do not carry tumors. The lack of significant differences between
sEV samples from mice carrying prostate cancer compared with
mice that do not have tumors may reflect limited aggressiveness of
the disease model (24). These findings align with the current liter-
ature, which reports that STEAP1 has been identified in EV's derived
from the plasma of patients with prostate cancer and healthy donors
(49, 51). However, results from Lucien and colleagues (46) show
that STEAPI is strongly associated with metastasis and suggest that
future studies should incorporate more aggressive prostate cancer
models to better evaluate STEAPI loading into EVs. In addition, we
show that sEVs derived from the plasma of TR mice, which lack
B1 integrin expression in the prostatic epithelium, carry STEAPI. As
we had previously demonstrated that tumorigenicity of sEVs de-
rived from TR mice depends on P1 integrin expression, we conclude
that the loading or expression of STEAP1 in all the analyzed sEVs is
independent of PI integrins and may act via an unidentified
pathway (24).

Androgen signaling modulates EV biogenesis influencing EV
size, abundance, cargo composition, and selective packaging
(51-53). In vitro DHT-stimulated AR activation promotes increased
EV size, morphologic changes, and heterogeneous AR-driven cargo
(52, 53). Conversely, androgen suppression enhances EV biogenesis,
likely because of stress-related compensatory mechanisms, pro-
ducing sEVs enriched in AR-independent survival factors and
stress-related proteins (49, 52, 53). Clinically advanced disease
correlates with elevated EV production driven by either overactive
AR or adaptive resistance mechanisms arising from selective pres-
sure of androgen blockade in heavily pretreated patients (46, 51).
However, additional research is required to assess the impact of AR
manipulation on STEAPI expression in sEVs and the subsequent
clinical implications.
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Both clinical and in vitro data support the possibility that
STEAP1 regulation involves a combination of androgen-dependent
and -independent mechanisms (46, 49, 51-53). However, limited
literature exists on the selective packaging and cargo loading of
STEAP proteins, making this an active area of research. These
findings underscore the complexity of tumor adaptation during
disease progression, driven by the cellular microenvironment and
stress conditions, resulting in significant molecular heterogeneity
and variability in patient responses.

The parallel response observed for STEAPI and STEAP2 under
low-androgen conditions coupled with the detection of these mol-
ecules in sEVs across multiple disease stages illuminates the com-
plexity surrounding AR signaling and STEAP regulation in prostate
cancer. Notably, the detection of STEAPI in EVs derived from AR-
negative cell lines suggests potential AR-independent mechanisms
driving its expression or loading in sEVs. Clinically, the detection of
STEAPI1 in EVs holds promise as a noninvasive method for real-
time monitoring of therapeutic response. As STEAP-directed ther-
apeutics continue to advance, a deeper understanding of the
mechanisms that enhance STEAP1 expression will be critical to
optimize therapeutic efficiency and identify the most appropriate
stages in the disease continuum for administering STEAP1-targeted
treatments.
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