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Abstract
Background—Androgen receptor (AR) plays a critical role in the progression of both androgen-
dependent and androgen-independent prostate cancer (AIPC). Ligand-independent activation of
AR in AIPC or castration resistant prostate cancer (CRPC) is often associated with poor prognosis.
Recently, tyrosine kinase Ack1 has been shown to regulate AR activity by phosphorylating it at
tyrosine 267 and this event was shown to be critical for AIPC growth. However, whether a small
molecule inhibitor that can mitigate Ack1 activation is sufficient to abrogate AR activity on AR
regulated promoters in androgen-depleted environment is not known.

Methods—We have generated two key resources, antibodies that specifically recognize
pTyr267-AR and synthesized a small molecule inhibitor of Ack1, 4-amino-5,6-biaryl-furo[2,3-
d]pyrimidine (named here as AIM-100) to test whether AIM-100 modulates ligand-independent
AR activity and inhibits prostate cell growth.

Results—Prostate tissue microarray analysis indicates that Ack1 Tyr284 phosphorylation
correlates positively with disease progression and negatively with the survival of prostate cancer
patients. Interestingly, neither pTyr267-AR expression nor its transcriptional activation was
affected by anti-androgens in activated Ack1 expressing or EGF stimulated prostate cells.
However, the Ack1 inhibitor, AIM-100, not only inhibited Ack1 activation but also able to
suppress pTyr267-AR phosphorylation, binding of AR to PSA, NKX3.1, and TMPRSS2
promoters, and inhibit AR transcription activity.

Conclusion—Ack1 Tyr284 phosphorylation is prognostic of progression of prostate cancer and
inhibitors of Ack1 activity could be novel therapeutic agents to treat AIPC.
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Introduction
Activation of androgen receptor (AR) is a critical event in the recurrence of most prostate
cancers [1,2]. Androgen deprivation therapy is used to treat prostate cancers by suppressing
production of testicular androgen either as a result of surgical castration or of administration
of luteinizing hormone-releasing hormone superagonists. Treatment with antiandrogens or
AR antagonists (e.g., bicalutamide or casodex and flutamide) is also used. These standard
systemic treatments although initially present favorable outcomes, eventually relapse with
emergence of a more aggressive form of prostate cancer often termed as androgen-
independent prostate cancer (AIPC) or castration resistant prostate cancer (CRPC).
Mechanisms of AR activation responsible for CRPC includes AR gene amplification or
mutation, overexpression of AR or coactivators, changes in interaction with coregulatory
molecules including either coactivators and/ or corepressors and ligand-independent AR
activation by tyrosine kinases [1–7]. As AR activity acquires resistance to high doses of the
antagonists, AR-regulated genes become overexpressed in CRPC [8,9]. However, the
precise mechanism of loss of antiandrogen sensitivity in CRPC is not fully understood.

Increasing evidences indicate that tyrosine kinases play a significant role in progression of
prostate cancer by regulating AR activity [1,2,5,6,8,10,11]. Heregulin-stimulated HER2
activation induced Ack1 activation and AR tyrosine phosphorylation primarily at Tyr-267,
located within the transactivation domain [6]. Further, Ack1 knockdown inhibited heregulin-
dependent AR tyrosine phosphorylation and AR activation. Consistent with this data, AIPC
samples exhibited tyrosine-phosphorylated AR protein which correlated with tyrosine-
phosphorylated Ack1 [6].

Ack1 is a ∼141 kDa non-receptor tyrosine kinase (NRPTK) expressed ubiquitiously and can
be activated by variety of growth factor stimuli, for example, heregulin, EGF, FGF, PDGF,
and insulin [6,10,12,13]. Upon ligand binding to receptor tyrosine kinase (RTKs), Ack1 is
phosphorylated at Tyr284, resulting in kinase activation [10]. Ack1 gene amplification and
overexpression is prevalent in many tumor types (including prostate), correlated with poor
prognosis, and is associated with increased cell motility and invasiveness and metastasis
[10,14–16]. Knockdown of Ack1 increased apoptosis in transformed cells, suggesting that
Ack1 signaling enhanced survival [10,17]. Taken together, targeting Ack1 kinase may be a
potential therapeutic strategy in prostate cancer.

Despite the awareness of tyrosine kinases and their implications in prostate cancer, a small
molecule inhibitor capable of attenuating AR binding to promoters/enhancers of androgen
regulated genes in androgen-lacking environment is not available. Here, we report that Ack1
Tyr284 phosphorylation correlates positively with disease progression. Additionally, we
generated two critical experimental resources, pTyr267-AR-specific phospho-antibodies and
Ack1 inhibitor, AIM-100. AIM-100 inhibited Ack1 Tyr284-phosphorylation attenuated
pTyr267-AR transcriptional activity which in turn resulted in cell cycle arrest. Our data
suggests that inhibition of Ack1 activity could be highly effective therapeutic strategy for
treatment of prostate cancer.

Materials and Methods
Cell Lines, Antibodies, and Plasmids

293T, LNCaP, and DU145 cells were obtained from ATCC. Ack1 mAb (A11), alpha-
tubulin (TU-O2), Actin (I-19), pTyr(PY20)HRP conjugate antibodies (Santacruz); pTyr284-
Ack1 (Millipore); Her2 Ab-2 (Clone 9G6.10; Thermo Scientific); EGFR (Epitomics)
antibodies, were purchased from the respective companies. Flag-tagged AR, myc-tagged
constitutively active Ack1 (caAck), kinase dead Ack1 (kdAck) have been described
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previously [6,10]. EGF, heregulin, DHT, casodex, and flutamide were purchased from
Sigma.

Generation and Purification of pTyr267-AR Phospho-Antibody
Two AR peptides coupled to immunogenic carrier proteins were synthesized: (i) the
phosphopeptide: Ac-K-Ahx-QLRGDCMpYAPLLGVP-amide and (ii) the non-phospho
peptide: Ac-K-Ahx-QLRGDCMYAPLL-GVP-amide.

Two rabbits were immunized twice with phosphopeptide and ELISA was performed to
determine the relative titer of sera against phosphorylated and non-phosphorylated peptides.
Two antigen-affinity columns were used to purify the phospho-specific antibodies. The first
column was the non-phosphopeptide affinity column. Antibodies recognizing the non-
phospho residues of the peptide bound to the column. The flow-through fraction was
collected and then applied to the second column, the phospho-peptide column. Antibodies
recognizing the phospho-residue bound to the column which was eluted as phospho-specific
antibodies.

Ack1 Inhibitor AIM-100 Synthesis
The reported diarylfuropyrimidine Ack1 inhibitor [18], compound 5 shown below was
prepared using standard methods [19]. It was named as AIM-100. The synthesis of AIM-100
which starts from commercially available 1 is shown in a scheme below.

Reagents and conditions—(a) Ac2O, HCOOH, 60°C, 6 hr, followed by slow addition
of 1 at 0°C then rt 12 hr, 90%; (b) AcOH, microwave heating at 200°C, 60 min, 75%; (c)
POCl3, 55°C, 2hr, under argon, 100%; (d) (S)-(+)-Tetrahydrofurfurylamine, EtOH, reflux, 5
hr, 87%.

Flow Cytometry
LNCaP and LAPC4 cells (1 × 105/ml) were treated with AIM-100 (4 μM, 72 hr). Cells were
harvested, washed with PBS and were fixed with 80% ethanol. For flow analysis cells were
washed with PBS containing 0.2% BSA and treated with propidium iodide and RNAse A
(37°C for 1 hr). Cells were analyzed by Becton and Dickenson Flow Cell sorter and
quantitated by Modfit software.

Immunoprecipitation, Immunoblotting,Chromatin Immunoprecipitation (ChIP) Analysis,
Quantitative RT-PCR, Reporter Assays, and MTT Assays

These assays have been described in our earlier publications [6,10,20].

Tissue Microarray (TMA) Analysis
We generated prostate TMA block with 263 patient samples (Table I). The tissue array
slides (4 slides including 2 test duplicate slides, and positive and negative controls) were
stained with pTyr284-Ack1 (Milipore) and pTyr267-AR antibodies at 1:100 dilution,
overnight. Negative controls were included by omitting pTyr284-Ack1 or pTyr267-AR
antibodies during primary antibody incubation or incubating pTyr284-Ack1 antibody with
purified activated-Ack1 protein prior to TMA staining. The staining was examined in a
blinded fashion by two independent pathologists.
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Statistical Analysis
Boxplots were used to summarize the intensity sampling distribution at each progression
stage. To assess the association between pTyr284-Ack1 levels and progression stages and
groups of prostate cancer, the Spearman's rank correlation coefficient was estimated.
Analysis of variance (ANOVA) was performed to examine whether the expression levels of
pTyr284-Ack1 differ among different tumor stages and CRPC samples. Tukey–Kramer
method was further performed to examine the differences in expression levels between pairs
of stages (Table II). The association of the expression levels of pTyr284-Ack1 and the
overall survival was assessed using the log-rank test, and then summarized using Kaplan–
Meier survival curves.

Results
Tyr284-Phosphorylated-Ack1 Expression Positively Correlates With Disease Progression
and Inversely Correlates With the Survival

We generated a TMA of clinically annotated prostate (n=263) tumor samples (Table I).
Tyr284 being the primary autophosphorylation site in Ack1 [10,13,21], pTyr284-Ack1
antibodies were used to assess Ack1 activation. To validate pTyr284-Ack1 antibodies for
immunohistochemistry, RWPE or mouse embryonic fibroblast (MEFs) cells treated with
EGF ligand (or no ligand) and MCF7 cells treated with heregulin (or no ligand) were fixed
and used for antibody validation. Ligand treated cells exhibited Tyr284 phosphorylation of
Ack1, in contrast untreated cells had significantly low or undetectable levels of pTyr284-
Ack1 (data not shown). Subsequently, prostate tumor samples were used for antibody
validation; prostate tumors exhibited high levels of pTyr284-Ack1 which was diminished
when antibodies were incubated with purified Ack1 protein (Fig. 1A). We have earlier
observed that in contrast to pTyr284-Ack1, the total Ack1 levels remained unchanged
between normal and tumor samples, as seen by immunobloting and immunohistochemistry
[10,13].

We analyzed the data from 243 patients samples for correlation. Tyr284-phosphorylated-
Ack1 expression is significantly correlated with the severity of disease progression
(Spearman's rank correlation coefficient=0.32, P<0.0001; Fig. 1B,C). ANOVA results
indicated that Tyr284-phosphorylated Ack1 expression differed significantly among
progression stages and CRPC (P<0.0001). The expression levels of pTyr284-Ack1 in CRPC
were significantly higher than those in normal, BPH; the expression levels were significantly
lower in the BPH samples when compared to almost all of the later stages (Table II). The
results from all pairwise comparison using the Tukey–Kramer method for pTyr284-Ack1
between different groups are summarized in Table II. There were 168 individuals with
available pTyr284-Ack1 staining and survival information, and these data were used for
survival analysis. The expression level of pTyr284-Ack1 in prostate cancer patients was
significantly associated with overall survival (log-rank P = 0.041; Fig. 1D). Patients whose
tumor expressed lower pTyr284-Ack1 levels have a better survival outcome than those with
higher levels.

Generation of Phospho-Antibodies That Specifically Recognize pTyr267-AR
Ack1 has been shown to regulate AR activity by phosphorylating it at tyrosine 267 [6]. To
better understand Ack1 function in prostate cancer, we generated antibodies that recognized
pTyr267-AR protein. Heregulin treatment of serum and androgen-depleted LNCaP cells
resulted in a time-dependent accumulation of endogenous pTyr267-AR (Fig. 2A).
Incubation of pTyr267-AR antibodies with AR-phosphopeptide prior to immunoblotting
resulted in complete loss of pTyr267-AR recognition (Fig. 2A, 2nd panel). Similarly,
LAPC4 cells too displayed time-dependent Tyr267-phosphorylation of endogenous AR (Fig.
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2B). Validity of pTyr267-AR antibodies was further confirmed by transfecting 293T cells
with kdAck or caAck [10] with AR constructs, followed by immunoblotting with pTyr267-
AR antibodies. Coexpression of AR with caAck but not with kdAck resulted in AR Tyr267
phosphorylation, which was detected upon immunoblotting with pTyr267-AR antibodies,
while unphosphorylated AR was not recognized (Fig. 2C). Specificity of pTyr267-AR
antibodies was further assessed by incubating pTyr267-AR antibodies with AR267-
phosphopeptide which resulted in total loss of pTyr267-AR recognition (Fig. 2C, 2nd panel).
Serum and androgen-depleted LNCaP cells treated with heregulin ligand exhibited
endogenous pTyr267-AR expression which was undetectable in DU145 cells which lack
AR, confirming the specificity of the antibodies (Fig. 2D).

We have performed TMA staining with pTyr267 AR antibody, representative data is shown
in Supplementary Figure 1. It demonstrates significant AR 267-phosphorylation staining in
different stages of prostate cancer progression, which correlates well with pTyr284-Ack1
staining (Supplementary Fig. 1).

AR Tyr267-Phosphorylation Is Unaffected by Anti-Androgens
To assess the role Tyr267-phosphorylation of AR in determining sensitivity to
antiandrogens, serum and androgen-depleted LNCaP and LAPC4 cells were treated with
heregulin or EGF ligands and bicalutamide or flutamide. EGF or heregulin ligand treatment
resulted in significant increase in pTyr284-Ack1 and pTyr267-AR expression which was
unaffected by bicalutamide or flutamide (Fig. 3A,B, top panels).

To assess whether pTyr267-AR transcriptional activity is resistant to antiandrogens,
luciferase assay was performed. AR-dependent reporter construct, ARR2PB-luciferase was
transfected with or without AR in HEK293 cells. HEK293 cells have undetectable levels of
endogenous AR expression and thus exhibit no AR activity (Fig. 3C). DHT treatment of AR
expressing cells exhibited significant upregulation of AR transcription activity, which was
significantly inhibited by bicalutamide or flutamide (Fig. 3C). Coexpression of AR with
caAck resulted in phosphorylation of AR at pTyr267 (Fig. 2C) and transcriptional activation
in the absence of DHT (Fig. 3D). In contrast to inhibition of AR transcription activity by
anti-androgens, pTyr267-AR mediated transcription of AR-reporter was unaffected (Fig.
3D).

To determine optimal pTyr267-AR transcription activity, LAPC4 cells were electroporated
with ARR2PB-Luc construct, treated with EGF ligand for various time points and luciferase
activity was assessed. Serum and androgen-depleted LAPC4 cells treated with EGF ligand
for 4 hr exhibited optimal pTyr267-AR transcriptional activity (Fig. 3E). DHT treatment of
androgen-depleted LAPC4 cells lead to AR transcriptional activation and bicalutamide or
flutamide treatment exhibited 47% and 35%, decrease in AR transcriptional activity,
respectively (Fig. 3F). In contrast, EGF treatment of LAPC4 cells lead to pTyr267-AR
transcriptional activation and bicalutamide or flutamide treatment exhibited 4.8% and 5.3%,
decrease in pTyr267-AR transcriptional activity, respectively (Fig. 3G), indicating that
transcriptional activity of endogenous pTyr267-AR was relatively resistant to AR
antagonists.

A Small Molecule Inhibitor of Ack1 Suppressed pTyr284-Ack1 and pTyr267-AR Levels
The 4-amino-5,6-biaryl-furo[2,3-d]pyrimidine derivative 5 has recently been reported to be
an ATP mimic that inhibits Ack1 kinase activity significantly [18]. The IC50 were calculated
to be 0.024 μM (by in vitro kinase assay). Selectivity was further assessed by in vitro kinase
assay for related non-RTK Lck, IC50 of which was calculated to be five times higher (0.122
μM) than that of Ack1. However, whether this inhibitor suppresses Ack1 kinase and its
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physiological substrate's activity in vivo has not yet been demonstrated. We synthesized 5,6-
biaryl-furo[2,3-d]pyrimidine using standard methods (compound 5) and named it as
AIM-100. To assess the potential inhibition of Ack1 activity, MEFs were treated with
AIM-100 overnight. Serum-depleted MEFs were treated with EGF ligand followed by
immunoblotting with pTyr284-Ack1 antibody. EGF treatment of MEFs resulted in
significant increase in Ack1 activation, as seen by increase in pTyr284-Ack1 levels (Fig.
4A, lane #2, top panel). AIM-100 treatment exhibited significant decrease in Ack1
activation (Fig. 4A, lane #3, top panel). Similar downregulation of Ack1 activation by
AIM-100 was seen in EGF-treated LAPC4 cells (Fig. 4B, 2nd panel) and heregulin-treated
MCF-7 cells (unpublished data).

Recently, we identified a somatic autoactivating mutation E346K in Ack1 [13]. We
generated HA-tagged E346K mutants of Ack1 and determined the effect of AIM-100 on
Ack1 autoactivation. HEK293 cells transfected with E346K mutant exhibited high level of
Tyr284-phosphorylated Ack1 (Fig. 4C, top panel). However, AIM-100 treatment resulted in
significant downregulation of activated Ack1 (Fig. 4C, top panel), suggesting that AIM-100
is a physiological Ack1 inhibitor.

To test the effect of Ack1 inhibition on AR Tyr267-phosphorylation, LAPC4 cells were
either untreated or treated with EGF and AIM-100. EGF treatment resulted in increased
endogenous pTyr267-AR levels, however, AIM-100 treatment exhibited significant decrease
in AR Tyr267-phosphorylation (Fig. 4B, top panel). Further, autoactivated Ack1 (E346K
mutant) mediated AR Tyr267-phosphorylation was also inhibited upon AIM-100 treatment
(Fig. 4C, panel 2). Taken together with earlier data, it indicates that AIM-100 is effective in
repressing oncogene induced or ligand modulated AR Tyr267-phosphorylation.

AIM-100 Inhibits Prostate Cancer Cell Proliferation
To determine whether Ack1 inhibition affects cell proliferation, LNCaP cells were treated
with AIM-100 for 48 hr. Differential interference contrast imaging revealed that AIM-100
treatment significantly inhibited the growth of cells (Fig. 4D). Further, MTT assay of
LNCaP and LAPC4 cells exhibited significant decrease in cell growth with increasing
concentrations of AIM-100 (Fig. 4E).

To determine whether this decrease in cell proliferation is due to cell cycle arrest, we
performed cell cycle analysis of LNCaP and LAPC4 cells that were untreated or treated with
AIM-100. Cells were stained with propidium iodide and DNA content was measured by
flow cytometry. In contrast to untreated cells, AIM-100 treatment increased the proportion
of cells in G0/G1 phase of cell cycle by 19% and concurrently decreased cells in S phase by
23% (Fig. 4F,G), suggesting that AIM-100 treatment results in cell cycle arrest in G0/G1
phase.

AIM-100 Suppressed pTyr267-AR Recruitment to Androgen-Regulated Gene Regulatory
Sequences

To assess whether AIM-100 blocks recruitment of AR to promoters/enhancers of AR-target
genes, ChIP analysis followed by qPCR of the PSA, TMPRSS2, and NKX3.1 androgen
responsive enhancers (AREs) was performed. In LAPC4 cells treated with DHT, significant
increase in AR binding to the PSA ARE was seen (Fig. 5A). In contrast, EGF-treated
LAPC4 cells exhibited marginal increase in AR binding to the PSA ARE. However, when
ChIP analysis was performed using pTyr267-AR antibodies, substantial increase in binding
pTyr267-AR to PSA ARE was seen upon EGF treatment (Fig. 5B). Control ChIP
experiment performed using pTyr267-AR or AR antibodies in DU145 cells that lack AR,
did not exhibit any amplification of PSA ARE (data not shown). Interestingly, when cells
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were treated with Ack1 inhibitor AIM-100, pTyr267-AR binding to PSA ARE was
significantly compromised (Fig. 5B). ChIP analysis on the GAPDH gene was performed as a
negative control, which showed no recruitment of AR and pTyr267-AR to the GAPDH gene
promoter (data not shown). Similar to PSA, ChIP performed using AR and pTyr267-AR
antibodies followed by qPCR for TMPRSS2 and NKX3.1 AREs too exhibited pTyr267-AR
binding to TMPRSS2 and NKX3.1 AREs, which was abolished upon AIM-100 treatment
(Fig. 5C–F).

AIM-100 Suppressed pTyr267-AR Transcriptional Activity
Further, to probe whether Ack1-mediated AR Tyr267-phosphorylation in the absence of
androgen was sensitive to AIM-100 treatment, luciferase assay was performed. DHT
treatment of LAPC4 cells resulted in significant upregulation of AR luciferase activity that
was unaffected by AIM-100 (Fig. 6A). In contrast, EGF treatment resulted in upregulation
of AR luciferase activity that was attenuated by AIM-100 (Fig. 6B). Similarly, significant
reduction in pTyr267-AR activity was observed when HEK293 cells were transfected with
caAck and AR and luciferase activity was measured in presence of AIM-100 (Fig. 6C).

We have observed that the coexpression of AR with caAck resulted in transcriptional
activation of pTyr267-AR which was unaffected by antiandrogens (Fig. 3). When these cells
were treated with AIM-100, significant decrease in pTyr267-AR transcriptional activation
was noticed (Fig. 6D). To further determine whether Ack1 inhibition modulates pTyr267-
AR target gene expression, PSA mRNA levels were measured by qRT-PCR. LAPC4 cells
treated with DHT exhibited significant increase in PSA mRNA levels as compared to
androgen-deprived cells (Fig. 6E). Addition of EGF stimulated PSA mRNA levels in the
absence of androgens, which was significantly downregulated by AIM-100 treatment, which
is comparable to untreated cells (Fig. 6E).

Discussion
Our data suggests that AR Tyr267-phosphorylation and transcriptional activation by
pTyr284-Ack1 could be one potential mechanism of acquisition of resistance to
antiandrogens by prostate cancer cells. Recently, two compounds RD162 and MDV3100
have been reported to bind AR with five- to eightfold greater affinity than bicalutamide [22].
These second generation antiandrogens were suggested to be better suited for treatment of
CRPC because of their ability to inhibit AR binding to AREs. We have observed that
AIM-100 is highly efficient in suppressing pTyr267-AR binding to various AREs,
suggesting that Ack1 kinase inhibitor/s could also be as effective for treatment of AIPC as
RD162 and MDV3100. To our knowledge, this is the first report wherein a non-RTK
inhibitor suppressed AR binding to AREs and inhibited transcription of AR-target genes.
Whether, Tyr267-phosphorylation of AR results in conformational changes that are
sufficient to modulate affinity of AR LBD for antiandrogens remains to be seen.

The data in Figure 5B,D,F show that DHT increases pTyr267-AR occupancy on the PSA,
TMPRSS2, and Nkx3.1 promoters. Can androgen ligands regulate pTyr267-AR
phosphorylation? ChIP analysis on DHT-treated prostate cells reveals that pTyr267-AR is
recruited to the ARE elements in the presence of DHT. Our unpublished data indicates that
androgen ligands do not directly phosphorylate AR at Tyr267. However, the basal levels of
pTyr267-AR present in LAPC4 cells seem to be efficiently recruited to ARE elements upon
androgen addition. However, addition of growth factors such as EGF to LAPC4 cells
increases pTyr267-AR's occupancy two- to threefold over DHT-treated cells suggesting that
tyrosine phosphorylation promotes significant AR recruitment even at low concentration of
androgen ligand.
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Doublet bands were seen in immunoblots that were stained for p267Tyr-AR antibodies
(Figs. 2B, 3B, 4C). Previously, we have demonstrated that Ack1 phosphorylates AR at 267
and 363 tyrosine residues, with 267 being the major phosphorylation site [6]. Thus, the
doublet bands in the immunoblots are likely to be due to AR phosphorylation at tyrosine 267
alone or both tyrosines 267 and 363.

AR has been shown to be phosphorylated at serine residues upon EGF treatment and at
Tyr534 by Src [5,23]. Although a selective Ack1 inhibitor, AIM-100 could inhibit other
non-RTKs, for example, Src and Lck. Thus, AIM-100 could potentially inhibit AR
transcriptional activity due to other Tyr/Ser-phosphorylations. Indeed, for the same reasons,
the cell cycle arrest seen by AIM-100 treatment may not be exclusively due to Ack1
inhibition. However, contribution of other tyrosine kinases in pTyr267-ARphosphorylation,
binding of pTyr267-AR to AREs and stimulation of AR transcription activity is likely to be
minimal. Ack1 is the only tyrosine kinase known so far to cause robust AR Tyr267-
phosphorylation, therefore, we believe that the effects of AIM-100 treatment shown here are
primarily due to Ack1 inhibition.

Tyrosine kinase inhibitors (TKIs) have emerged as a new targets for treatment of several
solid and hematological malignancies [24]. Although EGFR is overexpressed in prostate
cancer, clinical trials showed insignificant clinical benefit in patients with CRPC [25–28].
While Src induces AR tyrosine phosphorylation at multiple sites, AZD0530, a dual Src/Abl
kinase inhibitor has shown little clinical efficacy in patients with advanced CRPC [29]. Why
unlike in other tumors, are TKIs so ineffective in CRPC? Chronic treatment with
bicalutamide inducing overexpression of HER2 and increased AKT activity were suggested
to be the main factors responsible for observed inefficacy of EGFR inhibitor, erlotinib [30].
Inhibition of one RTK may not be sufficient for prostate tumor regression. Since Ack1 is
able to integrate signals from various RTKs including EGFR and HER2, an Ack1 inhibitor
could block signals from multiple RTKs. Our data indicates that Ack1 inhibitor/s could have
significant antitumor effects in CRPC patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
pTyr284-Ack1 expression correlates positively with disease progression and negatively with
survival of prostate cancer patients. A: Validation of pTyr284-Ack1antibodies for
immunohistochemistry studies. Prostate tumor samples were fixed and sectioned followed
by immunohistochemical staining with pTyr284-Ack1 antibodies (left panel). Prostate
tumor sample sections were stained with pTyr284 -Ack1 antibodies that were blocked by
incubation with purified activated Ack1 protein (right panel). B: TMA sections
representing different prostate cancer stages were stained with pTyr284 -Ack1 antibodies.
C: Box plots to summarize distributions of staining intensities for pTyr284 -Ack1 in
different stages of prostate cancer. The box has lines at the lower quartile (25%), median
(50%), and upper quartile values (75%), while the red-cross within the circle marks the
mean value. Whiskers extend from each end of the box to the most extreme values within
1.5 times the inter-quartile range from the ends of the box. The data with values beyond the
ends of the whiskers, displayed with black circles, are potential outliers. A significant
increase in expression of Tyr284-phosphorylated Ack1 (Spearman's rank correlation
coefficient = 0.32, P<0.0001) was seen as prostate cancer progressed. D: Kaplan–Meier
survival curves shows that individuals with prostate cancer that have moderate to strong
staining of pTyr284-Ack1 (>2)have a significantly worse overall survival outcome than
those with lower pTyr284-Ack1 levels(log-rank P=0.041).
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Fig. 2.
Generation of phospho-antibodies that specifically recognize pTyr267-AR. A: Serum and
androgen-depleted LNCaP cells were treated with heregulin (10 ng/ml) for different time
intervals and lysates were subjected to immunoblotting with pTyr267-AR antibodies (top
panel) or with pTyr267-AR antibodies that were incubated with AR phospho267-peptide
(second panel). B: Serumandandrogen-depleted LAPC4cells treated with EGF(10 ng/ml)
for different time intervals. Lysates were immunoprecipitated with pTyr-antibodies,
followed by immunoblotting with pTyr267-AR antibodies (top panel) or with pTyr267-AR
antibodies that were incubated with AR phospho-peptide (second panel). C: HEK293 cells
were transfected with the AR expression construct (2 μg) along with the caAck or kdAck
expression construct (2 μg). Forty-eight hours after transfection lysates were immunoblotted
with pTyr267-AR antibodies (top panel) or with pTyr267-AR antibodies that were
incubated with AR phospho-peptide (second panel). D: Serum and androgen-depleted
LNCaP and DU145 cells were treated with heregulin (10 ng/ml) for different time intervals.
Lysates were immunoprecipitated with pTyr-antibodies, followed by immunoblotting with
pTyr267-AR antibodies (top panel).
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Fig. 3.
Ack1 targeted ARTyr267-phosphorylation is resistant to anti-androgens. A: Serum and
androgen-depleted LNCaP cells were treated with heregulin (10 ng/ml, 45 min) and
bicalutamide (1 μM, 16 hr) or flutamide (10 μM for 16 hr). Cell lysates were
immunoprecipitated using pTyr267-AR antibodies, followed by immunoblotting with AR
antibodies (top panel). B: Serum and androgen-depleted LAPC4 cells were treated with
EGF (10 ng/ml, 40 min) and bicalutamide (1 μM, 16 hr) or flutamide (10 μM for 16 hr). Cell
lysates were immunoprecipitated with pTyr-antibodies, followed by immunoblotting with
pTyr267-AR antibodies (top panel). C: HEK293 cells were transfected with the ARR2PB-
luciferase reporter (500 ng) and FLAG-tagged AR vector (500 ng). Twenty-four hours after
transfection, cells were treated with DHT (2.5 nM, 16hr) and bicalutamide (1 μM, 16 hr) or
flutamide (10 μM, 16 hr) and luciferase activity was determined. Equal expression of AR
was confirmed by immunoblotting the lysates with anti-FLAG antibodies. Data are
representative of three independent experiments. *P≤0.001; **P≤0.04. D: HEK293 cells
were transfected with the ARR2PB-luciferase reporter (250 ng), AR vector (250 ng), and
caAck1 (250 ng). Twenty-four hours after transfection, cells were treated with bicalutamide
(1 μM, 16 hr) or flutamide (10 μM, 16 hr), and luciferase activity was determined. Equal
expression of AR was confirmed by immunoblotting the lysates with anti-FLAG antibodies.
Data are representative of three independent experiments. E: LAPC4 cells were transfected
with ARR2PB-luciferase reporter construct, serum and androgen-depleted, treated with EGF
(10 ng/ml) for various time points and luciferase activity was determined. F: LAPC4 cells

Mahajan et al. Page 13

Prostate. Author manuscript; available in PMC 2014 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were transfected with ARR2PB-luciferase reporter construct, serum and androgen-depleted,
treated with DHT (2.5 nM, 16 hr), bicalutamide (1 μM, 16 hr), or flutamide (10 μM, 16 hr),
and luciferase activity was determined. G: LAPC4 cells were transfected with ARR2PB-
luciferase reporter construct, serum and androgen-depleted, treated with EGF (10 ng/ml, 4
hr), bicalutamide (1 μM, 16 hr), or flutamide (10 μM, 16 hr), and luciferase activity was
determined.
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Fig. 4.
Ack1 small molecule inhibitor AIM-100 inhibited pTyr284 -Ack1 expression. A: Serum-
depleted MEFs were treated (or untreated) with EGF (10 ng/ml, 10 min) and AIM-100 (0.8
μM, 16hr), and lysates were immunoblotted with pTyr284-Ack1 antibodies (top panel). B:
Serum and androgen-depleted LAPC4 cells were treated (or untreated) with EGF (10ng/ml,
40 min) and AIM-100 (0.8 μM, 16 hr). Cell lysates were immunoprecipitated using pTyr
antibodies, followed by immunoblotting with pTyr267-AR (top panel) and pTyr284-Ack1
antibodies (second panel). C: HEK293 cells were transfected with empty vector or Ack1
mutant E346K and Flag-tagged AR construct, treated with AIM-100 (1.6 μM, 16 hr) and
whole cell lysates were immunoblotted with pTyr284-Ack1 antibodies (top panel). Cell
lysates were also immunoprecipitated using pTyr antibodies, followed by immunoblotting
with pTyr267-AR antibodies (second panel). D: LNCaP cells were untreated or treated with
AIM-100 (2–6 μM) for 48hr and cells photographed using differential interference contrast
imaging. AIM-100 treatment significantly inhibited the growth of cells. E: LNCaP and
LAPC4 cells were untreated or treated with AIM-100 (1–10 μM) for 72 and 108 hr,
respectively, and MTTassay was performed. Experiment was performed twice with eight
replicates, a representative data set is shown. F: Cell cycle analysis by flow cytometry.
LNCaP cells were untreated or treated with AIM-100 (3 μM) for 72hr. Cells were stained
with propidium iodide and DNA content was measured. Experiment was performed thrice,
and representative data set is shown. G: LAPC4 cells were untreated or treated with
AIM-100 for 72 hr. Cells were stained with propidium iodide and DNA content was
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measured by flow cytometry. Experiment was performed thrice, a representative data set is
shown (with 10,000 cells counted). [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Fig. 5.
AIM-100 inhibits pTyr267-AR binding to AREs. A,C,E: Serum and androgen-depleted
LAPC4 cells were treated (or untreated) with DHT (5 nM, 16 hr) or EGF (10 ng/ml, 1 hr),
and AIM-100 (0.8 μM, 16 hr) and ChIP analysis for total AR binding to the PSA(A),
TMPRSS2 (C), and NKX3.1 (E) AREs was performed followed by quantitative PCR. Data
shown are representative of three independent experiments. B,D,F: Serum and androgen-
depleted LAPC4 cells were treated with DHT (5 nM, 16 hr) or EGF (10 ng/ml, 1 hr), and
AIM-100 (0.8 μM, 16 hr) and ChIP analysis for pTyr267-AR binding to the PSA (B),
TMPRSS2 (D) and NKX3.1 (F) AREs was performed followed by quantitative PCR. Data
shown are representative of three independent experiments. *P≤ 0.001; **P≤ 0.006;
***P≤0.014.
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Fig. 6.
AIM-100 suppressed androgen-independent pTyr267-AR transcriptional activity and PSA
gene expression. A: LAPC4 cells were transfected with the ARR2PB-luciferase reporter.
Cells were serum and androgen-depleted (24 hr), treated with DHT (10 nM, 16 hr), and
AIM-100 (0.8 μM, 16 hr) and luciferase activity was determined. Data are representative of
three independent experiments. B: LAPC4 cells were transfected with the ARR2PB-
luciferase reporter. Cells were serum and androgen-depleted (24 hr), treated with EGF (10
ng/ml, 3 hr) and AIM-100 (0.8 μM, 16 hr), and luciferase activity was determined. Data are
representative of three independent experiments. *P≤0.008. C: HEK293 cells were
transfected with the ARR2PB-luciferase reporter (500 ng), AR vector (500 ng) and caAck1
(500 ng). 24 hr after transfection, cells were treated with AIM-100 (1.6 μM, 16 hr) and
luciferase activity was determined. Data are representative of three independent
experiments. *P≤0.02. D: HEK293 cells were transfected with the ARR2PB-luciferase
reporter (500 ng), AR vector (500 ng), and caAck1 (500 ng). Twenty-four hours after
transfection, cells were treated with bicalutamide (1 μM, 16 hr) or flutamide (10 μM, 16 hr),
and AIM-100 (1.6 μM, 16 hr) and luciferase activity was determined. Data are
representative of three independent experiments. *P≤0.07, **P≤0.05. E: Serum and
androgen-depleted LAPC-4 cells were treated with DHT (5 nM, 16 hr), EGF (10 ng/ml, 3
hr), and AM-100 (0.8 μM, 16 hr). Quantitative RT-PCR for PSA mRNA was performed.
Data are representative of three similar independent experiments. *P≤0.009; **P≤0.06;
***P≤0.01.
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Table I
Prostate TMA Core Distribution

Diagnosis No. of cores Location

BPH 24 1–24

PINs (regular) 25 25–49

PINs (high) 15 50–64

Gleason's 6 34 65–98

Gleason's 7 (3 + 4) 42 99–140

Gleason's 7 (4 + 3) 40 141–180

CRPC 20 181–200

Gleason's 8 & UP 52 201–252

Metastatic cases 11 253–263

Cell line 4 264–267

Total 267
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