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Antibodies and antibody-drug conjugates targeting the cell surface

protein 6 transmembrane epithelial antigen of prostate 1 (STEAP1)
are in early clinical development for the treatment of castration-

resistant prostate cancer (PCa). In general, antigen expression directly

affects the bioactivity of therapeutic antibodies, and the biologic

regulation of STEAP1 is unusually complicated in PCa. Paradoxically,
STEAP1 can be induced or repressed by the androgen receptor

(AR) in different human PCa models, while also expressed in AR-null

PCa. Consequently, there is an urgent need to translate diagnostic
strategies to establish which regulatory mechanism predominates in

patients to situate the appropriate therapy within standard of care

therapies inhibiting AR. Methods: To this end, we prepared and

evaluated 89Zr-labeled MSTP2109A (89Zr-2109A), a radiotracer for
PET derived from a fully humanized monoclonal antibody to STEAP1

in preclinical PCa models. Results: 89Zr-2109A specifically localized

to the STEAP1-positive human PCa models CWR22Pc, 22Rv1, and

PC3. Moreover, 89Zr-2109A sensitively measured treatment-induced
changes (∼66% decline) in STEAP1 expression in CWR22PC in vitro

and in vivo, a model we showed to express STEAP1 in an AR-

dependent manner. Conclusion: These findings highlight the ability

of immuno-PET with 89Zr-2109A to detect acute changes in STEAP1
expression and argue for an expansion of ongoing efforts to image

PCa patients with 89Zr-2109A to maximize the clinical benefit asso-

ciated with antibodies or antibody-drug conjugates to STEAP1.
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On the basis of its upregulation in several contexts, the cell
surface protein 6 transmembrane epithelial antigen of prostate 1
(STEAP1) has been the focus of multiple antibody development pro-
grams for therapy (1,2). The most mature technology is MSTP2109A,

a fully humanized monoclonal antibody targeting an extracellular
epitope. 2109A is under early clinical evaluation for the treatment
of castration-resistant prostate cancer (CRPC) as an antibody-drug
conjugate termed DSTP3086S (NCT01283373).
To better understand the in vivo properties of DSTP3086S,

a companion imaging trial with a 89Zr-labeled adduct of 2109A for
PETwas simultaneously opened at Memorial Sloan Kettering Cancer
Center (MSKCC) for patients with CRPC (NCT01774071). The pri-
mary endpoint of this trial was to determine safety and ability to
detect sites of metastatic prostate cancer as well as pharmacokinetics
and biodistribution of the systemically administered radiotracer.
On the basis of these considerations, we considered it timely

to revisit preclinical prostate cancer (PCa) models to explore
additional applications for 89Zr-2109A PET in the management of
CRPC. Because STEAP1 can be an androgen-regulated gene, we
felt one immediately obvious application to consider was the use
of 89Zr-2109A PET to monitor the impact of antiandrogen therapy on
its expression. Indeed, we have previously disclosed two readily
translatable immuno-PET strategies for measuring androgen re-
ceptor (AR) signaling by targeting gene products transcriptionally
regulated by AR (3–5).
Although our prior immuno-PET strategies were intended to

assess antiandrogen pharmacodynamics, our rationale for studying
STEAP1 expression changes induced by antiandrogen therapy is
slightly different. Paradoxically, STEAP1 expression can be androgen-
stimulated, androgen-repressed, or androgen-independent in pre-
clinical PCa models (6–11). Because of the limited breadth of PCa
models, it is challenging to extrapolate which mechanism predom-
inates in clinical disease. Understanding this could have immedi-
ate implications for how DSTP3086S is applied in patients. For
instance, should STEAP1 prove to be most commonly androgen-
repressed or androgen-independent in clinical disease, DSTP3086S
could likely be immediately applied in combination with standard-
of-care antiandrogen therapy to improve survival benefit.
In this regard, the purpose of this study was to investigate

whether 89Zr-2109A could measure treatment-induced changes in
STEAP1 expression in preclinical PCa models. We anticipated
these data would empower a trial profiling a larger population of
patients to better define this aspect of STEAP1 biology.

MATERIALS AND METHODS

General Methods

The human PCa cell line CWR22Pc was a generous gift from Marja
Nevalainen of Thomas Jefferson University and cultured according to

the previously disclosed protocol (12). CWR22Rv1, PC3, and HEK293T
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were purchased from American Type Culture Collection and cultured

according to the manufacturer’s instructions. Antibodies to AR (sc-816;
Santa Cruz Biotechnology), FKBP5 (AF4094; R&D Systems),

glyceraldehyde-3-phosphate dehydrogenase (ab9485; Abcam), PMEPA1
(WH0056937M1-100UG; Sigma-Aldrich), SGK (3272; Cell Signaling

Technology), and STEAP1 (sc-271872; Santa Cruz Biotechnology) were
purchased and used according to the manufacturer’s instructions. The

mouse monoclonal antibody to prostate-specific membrane antigen
(13D6) was the generous gift of Dr. Polly Gregor at MSKCC.

Radiosynthesis of 89Zr-2109A

The antibody MSTP2109A was provided by Genentech. Desfer-

rioxamine B was conjugated to lysine residues via succinimidyl esters
as previously described (13). The radiolabeling was performed in

neutral buffers at room temperature for 1 h, resulting in a specific
activity of approximately 11.1 MBq/mg and a radiochemical yield

of greater than 80%. Radiochemical purity was greater than 99% as
determined by instant thin-layer chromatography using a running

buffer of 5 mM diethylenetriaminepentaacetic acid, pH 5.

Lindmo Assay

A complementary DNA encoding full-length human STEAP1 was
purchased (Open Biosystems) and transiently transfected into 1 · 107

HEK293T cells using Lipofectamine 2000 (Invitrogen). The overex-
pression of the protein was confirmed by immunoblot of whole-cell

lysates 72 h after transfection. A separate treatment arm was reserved
for the Lindmo assay. Starting with 2.5 · 106 cells, a range of dilutions

was assayed for antigen binding by incubation with radiolabeled an-
tibody for 1 h at room temperature. The cell-bound and unbound

activity was manually partitioned and assayed with a g counter. The
percentage of bound activity was plotted against the reciprocal of

the cell concentration, and a linear regression was used to determine
the y-intercept (i.e., immunoreactive percentage of the antibody lot).

Generation of CWR22Pc Sublines with Stable

AR Suppression

CWR22Pc cells were infected with lentiviral AR short hairpin

(shRNA) particles from the MISSION TRC shRNA collection
(Sigma-Aldrich) at a multiplicity of infection equal to 3 and selected

with puromycin for 8 d, and then whole cell lysates were collected
using M-PER protein extraction reagent (Pierce). shRNA reagents used

in this study were TRCN0000003715 (shRNA-1), TRCN0000003717
(shRNA-2), TRCN0000003718 (shRNA-3), TRCN0000314730

(shRNA-4), TRCN0000350462 (shRNA-5), and the nonmammalian,
nontargeting shRNA control (SHC202V).

Cell Proliferation Assays

Cells were counted and seeded in 12-well plates (0.1 · 106 per well)

18 h before the initiation of drug treatment (vehicle or enzalutamide or
ARN-509 at 10 mM). At 2 and 5 d, cells were washed and trypsinized.

Viable cells were determined with a trypan blue exclusion assay.

Animal Studies

All animal studies were conducted in compliance with the Research
Animal Resource Center guidelines at MSKCC. Three- to 5-wk-old

male CB-17 severe combined immunodeficiency mice were obtained
from Taconic Farms. The animals weighed approximately 20–25 g.

Approximately 1 · 106 human prostate cancer cells were injected
subcutaneously into one or both flanks of intact male mice in a 1:1

mixture (v/v) of medium and Matrigel (BD Biosciences). Tumors
became palpable within 3–6 wk. Enzalutamide was prepared for dos-

ing with a final dimethyl sulfoxide concentration of 5%, and vehicle
was 1% carboxymethyl cellulose, 0/1% polysorbate 80, and 5% di-

methyl sulfoxide. Vehicle or enzalutamide was given daily by oral
gavage. Tumors were processed for either protein or RNA. Protein

expression was analyzed by immunoblot. RNAwas converted to com-

plementary DNA and analyzed by quantification polymerase chain
reaction for messenger RNA (mRNA) expression. Tumor volume

measurements were determined with caliper measurements of the
dimensions (width · length · height).

Small-Animal PET Imaging

PETwas conducted using a Focus 120 micro-PET scanner (Siemens).

Mice were injected with 11.1–12.95 MBq of 89Zr-2109Avia the tail vein.
While anesthetized with 2% isoflurane, the mice were imaged at var-

ious time points (1, 4, 8, 24, 48, 120, and 168 h after injection).
Images were acquired within an energy window of 350–750 keV

and a coincidence-timing window of 6 ns. Mice were imaged for
the time necessary to record 20 million coincident events. The data

were converted into 2-dimensional histograms, and images were
reconstructed by filtered backprojection.

Biodistribution Studies

To evaluate the uptake of 89Zr-2109A in human PCa xenografts,
biodistribution studies were conducted. After tumors grew to approx-

imately 200 mm3, mice received 2.77–3.7 MBq of 89Zr-2109A via tail
vein injection. Animals (n 5 5) were humanely euthanized by CO2

asphyxiation at 1, 4, 8, 24, 48, 120, and 168 h after injection. Blood

and 13 organs were harvested immediately after sacrifice. The organs
were the heart, lung, liver, kidney, spleen, stomach, large intestine,

small intestine, bone, muscle, skin, pancreas, and brain. The tissues
were weighed and counted using a g counter to measure incorporation

of 89Zr. Calibration with known amounts of 89Zr was performed to
determine the amount of activity in each organ. The activity in each

organ was decay-corrected, and the percentage injected dose per gram
of tissue was calculated and reported.

Statistical Analysis

Data were analyzed using the unpaired, 2-tailed Student t test.
Differences at the 95% confidence level (P , 0.05) were considered

to be statistically significant.

RESULTS

89Zr-2109A Is Specifically Bound by Human PCa Models In

Vitro and In Vivo
89Zr-2109A was radiolabeled using routine bioconjugation

chemistry to append desferrioxamine B to the antibody, and in-
cubation with 89Zr oxalate at room temperature for 1 h afforded
high radiochemical yields of the construct. A binding assay in
HEK293T cells transiently overexpressing full-length human
STEAP1 showed approximately 85% of the radiolabeled lot to
be immunoreactive for STEAP1 (Supplemental Fig. 1; supple-
mental materials are available at http://jnm.snmjournals.org).
We next conducted proof-of-concept imaging studies in intact

male mice inoculated subcutaneously with CWR22Pc cells, an
AR-positive human PCa model we had previously shown to
abundantly express STEAP1. Evidence of specific tumor uptake
was observed within 4 h and persisted for 168 h (Fig. 1A). The
companion biodistribution study corroborated this trend, and the
accumulation of 89Zr-2109A in the tumor exceeded the activity in
the blood after 24 h. Maximal intratumoral activity was observed
at 120 h (Fig. 1B; Supplemental Fig. 2). Retention of the radiotracer
was generally low in normal tissues, or depleted over time, with the
notable exception of the spleen. Encouragingly, little accumulation
of activity was observed in the bone (a target of certain free Zr41

salts) (14), suggesting minimal radiotracer degradation in vivo.
To determine the specificity of 89Zr-2109A binding, we coin-

jected 89Zr-2109A and a 1,000-fold excess of unlabeled 2109A
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(Fig. 1C; Supplemental Fig. 3). At 24 h, there was a significant
reduction in tumor activity, whereas normal tissues with abundant
activity were not affected by the unlabeled antibody. Consistent
with these findings, little 89Zr-2109A was observed by PET or
biodistribution studies in CWR22Rv1 or PC3 tumors, 2 human
PCa models we showed to express substantially lower STEAP1
protein in vivo (Fig. 1C; Supplemental Figs. 4–7). Collectively,
these findings support the specific interaction between 89Zr-2109A
and its antigen on STEAP1 in complex biologic systems.

STEAP1 Expression Is Regulated by AR in CWR22Pc Cells In

Vitro and In Vivo

Because CWR22Pc is an AR-positive human PCa model whose
growth is inhibited by androgen depletion, we next asked whether
and how AR ablation/inhibition affected STEAP1 expression. We
first stably transduced the cell line with 5 discrete shRNAs to full-
length AR or a nontargeting shRNA to evaluate the impact of AR
ablation on STEAP1 expression. Western blotting confirmed
knockdown of full-length AR in shRNA-1, -3, and -5 (Fig. 2A).
Among these shRNA, only shRNA-2 recognizes an mRNA target
site contained within both the full-length AR and the AR splice
variant, AR-V7 (15). As with other known AR target genes,
STEAP1 was downregulated with knockdown of the full-length
AR (Fig. 2A; Supplemental Fig. 8). To corroborate this finding
pharmacologically, we treated CWR22Pc with bioactive doses of
enzalutamide and ARN-509, standard-of-care and experimental
antiandrogens, respectively (Supplemental Fig. 9) (16,17). Consistent
with the shRNA data, pharmacologic inhibition of AR also repressed
STEAP1 mRNA and protein (Supplemental Figs. 10 and 11).
We next defined experimental parameters to test androgen

regulation of STEAP1 in vivo. Tumor-bearing intact mice were
subjected to treatment with vehicle, orchiectomy, or orchiectomy and
enzalutamide (30mg/kg). Following the tumor growth for 28 d showed
a steady increase in the vehicle-treatment arm, a lag in tumor growth
affected by orchiectomy, and tumor regression in the treatment arm
receiving antiandrogen therapy after orchiectomy (Fig. 2B).
We applied these experimental conditions to a separate cohort

of animals to determine whether STEAP1 expression is acutely
affected by therapies suppressing AR activity. Significant reduc-
tions in STEAP1 mRNA levels (Fig. 2C) accompanied by visibly
obvious changes in STEAP1 protein (Fig. 2D) were observed in
both orchiectomy and orchiectomy combined with enzalutamide

after 7 d (a time point in which no changes in tumor volume are
evident). Intriguingly, enzalutamide did not significantly reduce
STEAP1 levels, a phenomenon perhaps attributable to competition
for AR ligand binding sites with high levels of endogenous circu-
lating androgen. Single-agent enzalutamide therapy minimally
affected TMPRSS2 mRNA levels, whereas orchiectomy sup-
pressed TMPRSS2 (Supplemental Fig. 12).

89Zr-2109A Quantitatively Measures Pharmacologically

Induced Changes in STEAP1 Expression In Vivo

To determine whether these expression changes were large
enough to be quantified with 89Zr-2109A, intact male mice were
inoculated with bilateral subcutaneous CWR22Pc tumors. Seven
days after orchiectomy (or no treatment), a posttherapy PET scan
was conducted, and region-of-interest analysis showed an approx-
imately 66% lower intensity signal at the site of the tumor in the
orchiectomy group (Figs. 3A and 3B; Supplemental Fig. 13). A
biodistribution study was also conducted for selected tissues (Fig.
3C). Tissue activity was significantly lower in the tumors derived
from orchiectomized mice than intact mice. There were no signif-
icant differences in tissue activity in blood, muscle, or bone be-
tween treatment arms.

DISCUSSION

In this study, we report the first evidence, to our knowledge, that
treatment-induced regulation of STEAP1 expression can be quan-
titatively measured with 89Zr-2109A PET in a human PCa model.
We established proof of concept by exposing CWR22Pc, a hormone-
dependent human PCa model that harbors AR-regulated STEAP1
expression, to orchiectomy in a mouse. These data, combined with
the recent progress advancing DSTP3086S into the clinic, press for
an expansion of the ongoing effort to quantitate STEAP1 expression
levels in patients with 89Zr-2109A PET to explore the potential
opportunity for combination therapy with an antiandrogen.
To date, the most visible roles for immuno-PET have been

determining the pharmacokinetics of the therapeutic agent,
estimating dosimetry for radiotherapy, or identifying up front
patients whose tumors harbor high antigen expression (18). A less
discussed application whose importance we feel is underscored by
this study is using immuno-PET to assess antigen expression changes
induced by standard-of-care therapies that might be attractive to

FIGURE 1. 89Zr-2109A specifically targets human PCa xenografts in vivo. (A) Representative coronal and transverse slices of intact male mice

harboring CWR22Pc tumors (n5 5) show onset of 89Zr-2109A accumulation at tumor over time. Arrows indicate position of subcutaneous tumor. (B)

Biodistribution data (n5 5/time point) for selected tissues over full time course of study show rate of clearance from circulation, and accumulation at

tumor, for 89Zr-2109A. There is minimal uptake of radiotracer in muscle, as well as little activity in bone, even at later time points during which

radiotracer metabolism can result in free 89Zr41 salts. (C) Summary of tumor-associated activity of 89Zr-2109A shows suppression with excess cold

antibody (89Zr-2109A 1 2109A) and low uptake in human PCa xenografts expressing little to no detectable STEAP1 protein. Inset shows representative

immunoblot of relative expression of STEAP1 in models used in this study. %ID/g 5 percentage injected dose per gram; Trans. 5 transverse.

IMMUNO-PET TARGETING STEAP1 • Doran et al. 2047



combine with the cognate antibody-drug conjugate. PCa is a malig-
nancy for which this application seems particularly germane for at
least three reasons. First, patients with CRPC have endured and failed
several years of chemical castration, antiandrogens, and cytotoxic
chemotherapy. Escape from these chronic treatment pressures pro-
motes diverse evolutionary changes, highlighted by recent molecular

profiles of large-scale CRPC biopsy series
demonstrating immense genomic instability
(19–21). Second, there is compelling and
abundant clinical evidence showing im-
proved local control/outcomes with combi-
nation therapies (22–24), a finding that has
stimulated discussion toward analogous
studies in CRPC (25). Third, the limited
breadth of PCa models notoriously stifles
the discovery of clinically relevant biol-
ogy or the confident prediction of incidence
in clinical disease. In this regard, there are
sound rationales to study the impact of stan-
dard of care on antigen expression directly
in patients with a translational technology
such as immuno-PET.
How STEAP1 is regulated in PCa is not

well understood in any context. That
STEAP1 mRNA levels are suppressed by
genetically or pharmacologically inhibiting
AR suggests an AR/STEAP1 interaction at
the level of transcription. Intriguingly, we
and others (26) have generated ChIP-seq
data for LNCaP or LNCaP-AR, and an
examination of these data revealed no
compelling evidence of AR-binding
peaks within or immediately around the
STEAP1 gene (data not shown). However,
STEAP1 is AR-repressed in these models,
and we are actively pursuing ChIP-seq
studies with CWR22Pc to better under-
stand how AR might regulate STEAP1 in

a genetic background in which STEAP1 is androgen-stimulated.
These considerations further underscore the growing apprecia-

tion that “castration-resistant PCa” is an umbrella term encompass-
ing many molecularly distinct malignancies. That a drug target such
as STEAP1 is so differentially regulated by standard-of-care therapy
makes an especially urgent case for immuno-PET as a companion

diagnostic to an antibody-drug conjugate,
and given that the imaging trial is being
performed concurrently with the therapy
trial, there is a realistic opportunity to dem-
onstrate the virtues of 89Zr-2109A to en-
courage its commercialization.

CONCLUSION

These findings highlight the ability of
immuno-PET with 89Zr-2109A to detect
acute changes in STEAP1 expression and
argue for an expansion of ongoing efforts
to image PCa patients with 89Zr-2109A to
maximize the clinical benefit associated
with antibodies or antibody-drug conju-
gates to STEAP1.
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