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Abstract
Background Metastatic castration resistant prostate cancer (mCRPC) is incurable and progression after drugs that target the
androgen receptor-signaling axis is inevitable. Thus, there is an urgent need to develop more effective treatments beyond
hormonal manipulation. We sought to identify activated kinases in mCRPC as therapeutic targets for existing, approved
agents, with the goal of identifying candidate drugs for rapid translation into proof of concept Phase II trials in mCRPC.
Methods To identify evidence of activation of druggable kinases in these patients, we compared mRNA expression from
metastatic biopsies of patients with mCRPC (n= 101) to mRNA expression in localized prostate from TCGA and used this
analysis to infer differential kinase activity. In addition, we assessed the differential phosphorylation levels for key MAPK
pathway kinases between mCRPC and localized prostate cancers.
Results Transcriptomic profiling of 101 patients with mCRPC as compared to patients with localized prostate cancer
identified evidence of hyperactive ERK1, and whole genome sequencing revealed frequent amplifications of members of the
MAPK pathway in 32% of this cohort. Next, we confirmed elevated levels of phosphorylated ERK1/2 in castration resistant
prostate cancer as compared to untreated primary prostate cancer. We observed that the presence of detectable phos-
phorylated ERK1/2 in the primary tumor is associated with biochemical failure after radical prostatectomy independent of
clinicopathologic features. ERK1 is the immediate downstream target of MEK1/2, which is druggable with trametinib, an
approved therapeutic for melanoma. Trametinib elicited a profound biochemical and clinical response in a patient who had
failed multiple prior treatments for mCRPC.
Conclusions We conclude that pharmacologic targeting of the MEK/ERK pathway may be a viable treatment strategy for
patients with refractory metastatic prostate cancer. An ongoing Phase II trial tests this hypothesis.

Introduction

There is an unmet need for new treatments for metastatic
castration resistant prostate cancer (mCRPC) that is resistant
to abiraterone acetate or enzalutamide. With adequate pre-

clinical and clinical rationale, targeted therapeutic strategies
beyond hormonal manipulation of the androgen receptor
(AR) axis might be applied in this disease state. Small
molecule kinase inhibitors are effective against multiple
cancers [1]. In many cases, mutations in the kinase itself, or
an upstream regulator, render these kinases constitutively
active. However, identification of activating mutations in
druggable kinases in mCRPCs is rare [2, 3]. Targeting of
hyperactive wild-type kinases that nevertheless promote
disease progression may still be a viable strategy [4–6].
Hyperactive kinase activity in prostate cancers can be
inferred through downstream transcriptomic signatures and
phosphoproteomics [6].
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In the current study, our objective was to identify kinases
activated in mCRPC that are targetable by existing,
approved drugs, with the goal to identify candidate drugs
for rapid translation into proof of concept Phase II trials in
mCRPC. Virtual Inference of Protein-activity by Enriched
Regulon (VIPER) analysis comparing mRNA expression
signatures from 101 mCRPC tumors acquired as part of a
multi-institutional trial [2, 7] to localized prostate adeno-
carcinoma (TCGA) identified ERK1 (MAPK) as a potential
kinase target in mCRPC. ERK1 is druggable with trameti-
nib, an inhibitor of MEK1/2, currently approved for mela-
noma. Prior reports demonstrate that ERK1/2 is
phosphorylated in mCRPC at high frequencies despite a
paucity of activating mutations in the principal proto-
oncogenes in the pathway [8, 9]. Whole genome sequencing
on this same cohort of metastatic tumors from patients with
mCRPC was recently published, and consistent with prior
sequencing reports of mCRPC metastases, there were
infrequent activating mutations in genes within the MAPK
pathway. However, we interrogated this sequencing data to
detect amplification of selected MAPK pathway genes and
found amplifications in 32% of this cohort. We also confirm
ERK1/2 phosphorylation is characteristic of CRPC and
report ERK1/2 phosphorylation in localized prostate can-
cers correlates with disease recurrence after surgery. In the
clinic, we observed efficacy of trametinib monotherapy in a
patient who failed multiple prior treatments for mCRPC.
Our data suggest pharmacologic targeting of the MEK/ERK
pathway may be a viable strategy for patients with refrac-
tory mCRPC. These results are rationale for an ongoing
Phase II trial of MEK1/2 inhibitor trametinib in patients
with mCRPC (NCT02881242).

Materials and methods

Metastatic biopsies of mCRPC, DNA, and RNA
sequencing

The acquisition of mCRPC tumor biopsies, DNA whole
genome, and RNA-sequencing were part of a multisite
prospective IRB-approved trial (NCT02432001) described
in detail elsewhere [2, 7]. Briefly, after obtaining signed
informed consent, image guided biopsies were obtained
from metastases (43% bone, 39% lymph node, 11% liver,
8% other site) from patients with mCRPC (27% after abir-
aterone, 17% after enzalutamide, 20% after both). Biopsies
were embedded in OCT and snap frozen. Laser capture
microdissection was used to enrich for tumor content. DNA
and RNA was isolated and sequenced as previously descri-
bed [2], with sequencing from 101 patients used in the
present analysis. Amplification was defined as copy num-
ber ≥ 3 through methods as previously described [2, 7].

VIPER analysis

VIPER was used to identify evidence of activation of
selected protein kinase pathways from RNA-seq data sets as
previously described [10]. Differential kinase activity was
inferred between the two groups of samples (mCRPCs and
primary prostate adenocarcinoma from TCGA) based on
gene expression changes attributable to the kinases and
downstream transcription factors. VIPER scores were
computed and visualized using TumorMap [11].

Immunohistochemistry

Tissue microarrays (TMAs) were constructed from prosta-
tectomy specimens from patients without prior local or
hormonal therapy and included separate arrays consisting of
primary tumor, benign tissue adjacent to primary tumor, and
normal prostate tissue separate from tumor foci. A CRPC
TMA was constructed from tissue acquired from palliative
transurethral resections in patients with CRPC after prior
treatment with ADT alone. TMAs were stained for phos-
phorylation of residues Thr202/Tyr204 with an anti-ERK
antibody (Cell Signaling Technology (catalog #4376). To
compare CRPC, primary prostate cancer, and benign tissue,
H-scores were calculated based on intensity of cellular
staining and percent positive cells [12] and comparisons
made between groups by Kruskal–Wallis test. A separate
TMA was constructed from radical prostatectomy speci-
mens from patients with localized prostate cancer who
underwent curative intent radical prostatectomy between
1994 and 1999 without prior therapy, with detailed long-
term clinical follow-up. These specimens were scored as
positive or negative for any phosphorylated ERK1/2 stain-
ing. Hazard ratios for biochemical failure were calculated
and adjusted for clinicopathologic features known to affect
risk of recurrence.

Phosphoproteomics

An existing, published phosphoproteomic database of
mCRPC and localized treatment-naive prostate cancer tis-
sue containing a mixture of tumor and benign gland was
interrogated for known ERK1/2 kinase targets [6]. Data
were filtered for a false discovery rate cutoff of 0.05, at least
a 4-fold difference between mCRPC and benign, and the
presence of a known curated function on phosphosite.org.

Results

We sought to identify kinases activated in mCRPC that
could be targeted by existing, approved drugs, with the goal
of identifying candidate drugs for rapid translation into
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proof of concept Phase II trials in mCRPC. We employed
Virtual Inference of Protein-activity by Enriched Regulon
(VIPER) analysis on 53 kinases to identify potential kinase
targets by virtue of their inferred activation in mCRPC [10].
VIPER scores were determined using mRNA expression
signatures from 101 biopsies of CRPC metastases acquired
as part of a multi-institutional trial [2, 7] to that of localized
prostate cancer (TCGA) (Supplementary Table 1). This
analysis identified 7 kinases with inferred activation sig-
nificantly higher, and 4 lower, in mCRPC versus primary
prostate cancers (Fig. 1a). Of the seven kinases with
increased inferred activation, MAPK3 (ERK1) and SRC (c-
SRC) are potentially actionable by approved drugs (e.g.,

trametinib and dasatanib, respectively). However, dasata-
nib, which inhibits SRC, was unsuccessful in a prior trial in
mCRPC [13], so we focused on ERK1.

Given that point mutations in genes of MAPK pathway
members have been rarely identified in patients with
mCRPC [2, 3, 9], we hypothesized that amplifications of
MAPK pathway genes [14, 15] or genes coding for proteins
that have been shown to activate the MAPK pathway in
mCRPC [16] would be more frequent in mCRPCs than in
localized prostate cancers. The whole genome sequencing
data [2] for the same patient cohort used to determine the
VIPER scores was queried for any amplifications (focal or
broad) of selected genes (Fig. 1b). Overall, more than 32%

Fig. 1 a Inferred kinase activation between mCRPC versus localized
prostate adenocarcinoma (TCGA) by VIPER. The most activated (red)
and repressed (blue) in the mCRPCs compared with localized prostate
cancers (TCGA) with p < 0.05. Tick marks represent kinase targets
projected onto the gene expression signature. Act: inferred differential
activity; Exp: differential expression. MAPK3= ERK1. b Presence or

absence of amplification in selected MAPK pathway related genes in
these patients. c ERK1/2 kinase targets differentially phosphorylated
between mCRPC and treatment-naive localized prostate tissue. Data
was filtered for a false discovery rate cutoff of 0.05, at least a 4-fold
difference, and the presence of curated function on phosphosite.org
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of the mCRPCs had amplifications [2] in one or more
MAPK related genes, including amplifications of FGFR1 in
10% and BRAF in 6%.

We next sought to identify putative ERK kinase targets in
mCRPC. ERK1 and ERK2 have similar substrate phos-
phorylation motifs [17]. We previously reported the phos-
phoproteome of mCRPC using phosphopeptides isolated
from benign and cancerous prostates and mCRPC tissues via
label-free mass spectroscopy [6]. We interrogated this exist-
ing dataset for known ERK1/2 substrates to identify potential
phosphorylation targets of ERK1/2. Our phosphoproteomics
study identified a total of 34 ERK1/2 kinase substrates and
compared their phosphorylation rates in the metastatic tissues
to those in the primary prostate tissues (Fig. 1c and Supple-
mentary Table 2). Twenty proteins were found to be over-
phosphorylated in metastatic tissues (Fig. 1c), of which, some
were previously reported to be overexpressed in CRPC
compared to hormone-sensitive tumors.

Prior reports demonstrated that ERK1 and 2 are phos-
phorylated in mCRPC at high frequencies [8, 9]. Phosphor-
ylation of residues Thr202 and Tyr204 was evaluated as
detected by immunohistochemistry on tissue comprised of
normal prostate tissue controls, localized primary prostate
cancer, benign tissue adjacent to the primary prostate cancer,
and CRPC. Epithelial staining of phosphorylated ERK1/2
was significantly higher in CRPC compared to primary
prostate tumors and benign tissue (Fig. 2a). Given the dif-
ference in ERK hyperactivation in CRPC compared to pri-
mary prostate cancer tissue, we postulated that ERK1/2
activation in primary tumors correlates with risk for bio-
chemical failure after radical prostatectomy. TMAs consisting
of 147 radical prostatectomy specimens from patients with
localized prostate cancer and a median of 7.2 years follow-up
were stained for phosphorylated ERK1/2 (Table 1). Speci-
mens were scored as positive or negative by immunohis-
tochemistry. Phosphorylated ERK1/2 in the prostatectomy
specimens was associated with biochemical recurrence, both
adjusted (HR 1.66, p= 0.047) for clinicopathologic features
(PSA, age, Gleason grade, race, year, margins status, T stage)
and unadjusted (HR 1.79, p= 0.013) (Fig. 2b).

A patient with mCRPC complicated by transfusion
dependent anemia who had previously progressed on abir-
aterone, sipuleucel-T, enzalutamide, and radium-223, was
initiated on trametinib therapy at 2 mg daily and had a
serum PSA reduction of 85 and 93% at three and five
months, respectively (Fig. 3a). His hemoglobin stabilized
and he was no longer transfusion dependent after initiation
of trametinib. The patient remained on trametinib without
radiographic or clinical progression until the patient
experienced a lethal stroke approximately 18 months after
treatment initiation. A bone biopsy prior to treatment
initiation in this patient did not yield tissue sufficient for
targeted gene or RNA sequencing.

Discussion

Sequencing of mCRPCs has not revealed frequent recurrent
gain-of-function mutations in kinases, including the MAP
kinases [2, 3]. However, our data suggest that ERK1/2 may
be a potential kinase target in mCRPCs based on the clinical
proteomic and transcriptomic data. Taken alone, the ERK
activation signature inferred from the transcriptome of
mCRPC by VIPER analysis could be explained by
mechanisms independent of ERK itself. For example, Ets
variant transcription factors can activate a MAPK tran-
scriptional program in the absence of ERK activation in
prostate cancer cell models [18]. However, the clinical
phosphoproteomic data demonstrates intense and frequent
phosphorylation of ERK1/2 in mCRPC and is consistent
with direct activation of this kinase.

To our knowledge, the overall frequency of 32% that we
report for amplifications of MAPK pathway members

Fig. 2 a Cytoplasmic epithelial staining for phosphorylated ERK1/2.
NP normal gland, BN benign glands adjacent to primary prostate
cancer, PCa untreated primary prostate cancer, CRPC castration
resistant prostate cancer. b Absence (negative) or presence (positive)
of ERK1/2 phosphorylation within resected primary prostate cancer.
Recurrence is associated with ERK1/2 phosphorylation
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within mCRPCs has not previously been reported. Impor-
tantly, this observed frequency of amplifications of these
genes does not imply a proximal mechanism of activation
for MAPK activation within mCRPCs. Notably, prior
publications have reported increased expression of MAPK
pathway members [8, 9, 19, 20] and high levels of phos-
phorylated ERK1/2 within mCRPCs [8]. Compensatory
activation of PI3 kinase and MAPK can occur in the context
of suppressed androgen receptor signaling [8, 21].
Mechanistic studies in models of castration resistant, AR
null prostate cancers demonstrate hyperactive MAPK sig-
naling activated by paracrine and autocrine FGF/FGFR
activation [16]. AR null prostate cancer xenografts were
also shown to be sensitive to inhibitors of MAPK or FGFR
[16].

Our finding that CRPC tissue has phosphorylated ERK1/
2 far exceeding that of most primary prostate tumors and
benign prostate tissue is consistent with prior reports [8].
The association of ERK1/2 phosphorylation in the primary
tumor with biochemical recurrence has not been previously
reported. However, an earlier study of sixty-three primary
prostate tumors found a positive correlation between ERK1/
2 phosphorylation and both T stage and Gleason Grade
[22], and with rapid progression to CRPC [23].

A large number of kinase inhibitors have been tested in
clinical trials for mCRPC, including dasatanib (multiple
targets including SRC) [24], cabozantinib (MET and
VEGFR2) [25], buparlisib (PI3 kinase) [26], MLN0128
(mTOR) [27], and sorafenib (multiple targets including
RAF) [28], with largely disappointing results [29]. Given
these prior negative trials of single agent kinase inhibitors in
combination with hormone suppression, any prospective
trial of yet another kinase inhibitor for patients with
mCRPC is approached with cautious optimism at best.

Prior studies in the PTEN deletion mouse model system
found overexpression of members of the MAPK signaling
pathway ARAF, BRAF, and CRAF (along with MERTK
and NTRK2) promotes metastases [5]. Positive staining for
these kinases in 69%, 15%, and 26% in mCRPC suggests
these kinases may also be viable targets [5]. However, the
multi-target kinase inhibitor sorafenib, which inhibits BRAF
and CRAF, performed unimpressively in Phase II trials in
mCRPC [28, 30]. Targeting the MAPK downstream, for
example MEK1/2 or ERK, may be more successful than
BRAF or CRAF due to activation of ERK signaling by RAF
inhibitors in the context of wild-type BRAF [31], which is a
characteristic of most mCRPCs [2, 3].

Conclusion

Our data support an ongoing single-arm proof of concept
phase II study of single agent trametinib in men with

Table 1 Demographic, clinical, and pathological characteristics of
patients that generated the TMAs

(N= 147)

Age, M (Q1–Q3) 63 (58–67)

Race, n (%)

Non-black 82 (56%)

Black 65 (44%)

Year of Surgery, M (Q1-Q3) 1998 (1994–1999)

PSA (ng/mL), M (Q1-Q3) 8.9 (5.6–13.4)

Pathological Grade Group, n (%):

1 74 (50%)

2–3 67 (46%)

4–5 6 (4%)

Positive Margins, n (%) 58 (39%)

Seminal vesicle invasion, n (%) 16 (11%)

Extracapsular extension, n (%) 13 (9%)

Positive lymph nodes, n (%) 26 (18%)

Follow-up (years), M (Q1–Q3) 7.2 (6.2–8.7)

SD standard deviation, M median, Q1 25th percentile, Q3 75th

percentile, BMI body mass index, PSA prostate specific antigen

Fig. 3 a A patient with mCRPC who had progressed on abiraterone,
sipuleucel-T, enzalutamide, and radium-223 was treated with trame-
tinib, which induced a PSA response of 85% at three and 93% at five
months. b Schematic of ongoing proof of concept Phase II clinical trial
of trametinib for patients with mCRPC who have progressed on one or
more prior therapies for mCRPC (NCT02881242). Correlative ana-
lyses aim to identify patients most likely to respond and suggest
possible pathways of resistance
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mCRPC who have progressed on at least one prior line of
therapy for mCRPC that includes abiraterone and/or enza-
lutamide (Fig. 3b). ERK1 activation status may represent a
potential molecular selection marker for inclusion on this
study; however, the fact that the most mCRPC specimens
manifest increased ERK activation suggests that factors
independent of ERK activation status may predict for
response to trametinib. It is possible that signaling redun-
dancies and activation of reciprocal pathways may frustrate
or limit efficacy of MEK inhibition alone, potentially
necessitating co-targeting of additional pathways activated
in mCRPC, a strategy that has been explored in model
systems (Mulholland et al.). Exomic and transcriptomic
analyses of study biopsies performed at baseline and at the
time of progression will facilitate our understanding of the
biomarkers of response and resistance to trametinib, and
inform future trials of MEK inhibitors for mCRPC.
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