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ABSTRACT
◥

A common outcome of androgen deprivation in prostate
cancer therapy is disease relapse and progression to castra-
tion-resistant prostate cancer (CRPC) via multiple mechanisms.
To gain insight into the recent clinical findings that highlighted
genomic alterations leading to hyperactivation of PI3K, we
examined the roles of the commonly expressed p110 catalytic
isoforms of PI3K in a murine model of Pten-null invasive CRPC.
While blocking p110a had negligible effects in the development
of Pten-null invasive CRPC, either genetic or pharmacologic
perturbation of p110b dramatically slowed CRPC initiation
and progression. Once fully established, CRPC tumors became
partially resistant to p110b inhibition, indicating the acquisition
of new dependencies. Driven by our genomic analyses highlight-

ing potential roles for the p110b/RAC/PAK1 and b-catenin
pathways in CRPC, we found that combining p110b with
RAC/PAK1 or tankyrase inhibitors significantly reduced the
growth of murine and human CRPC organoids in vitro and
in vivo. Because p110b activity is dispensable for most physi-
ologic processes, our studies support novel therapeutic strategies
both for preventing disease progression into CRPC and for
treating CRPC.

Implications:This work establishes p110b as a promising target for
preventing the progression of primary PTEN-deficient prostate
tumors to CRPC, and for treating established CRPC in combination
with RAC/PAK1 or tankyrase inhibitors.

Introduction
The development of prostate cancer heavily depends on the avail-

ability of circulating androgen. Androgen deprivation is often an
effective therapeutic method for patients with prostate cancer. How-
ever, refractory prostate cancer ultimately develops in many cases
following antiandrogen therapy (1–4). With earlier versions of andro-
gen deprivation therapy, the resultant castration-resistant prostate
cancer (CRPC) was still dependent on the low levels of remaining
androgen, but with modern drugs, at least a fraction of CRPC tumors
appear to be independent of androgen receptor (AR) function for
growth (2, 5–7). The discovery of successful clinical strategies for
malignant CRPC treatment and prevention has suffered from the lack
of preclinical models and mechanistic discovery (8). Indeed, among
the total >1,000 cancer cell lines established in public repositories,
there are less than 10 isolated from human prostate tumors (9).

The PI3K pathway is an attractive drug target in diverse cancer
types, including prostate cancer (10–12). The class 1A group of PI3Ks
that have been proven to be most important in cancer are hetero-
duplexes composed of a regulatory/adapter subunits and of one of the
three possible catalytic subunits, termed p110a, p110b, and p110d,
encoded, respectively by PIK3CA, PIK3CB, and PIK3CD genes. Upon
activation, the catalytic p110 subunit phosphorylates the D3 hydroxyl
group of phosphatidylinositol 4,5-bisphosphate (PIP2) to form phos-
phatidylinositol 3,4,5-trisphosphate (PIP3; ref. 13). PTEN, which acts
as a critical suppressor in the PI3K pathway by dephosphorylating
PIP3 at the D3 position, is frequently inactivated in diverse types of
cancers, including over 40% of primary and up to 70% of metastatic
prostate tumors (2, 14, 15).

The p110a and p110b isoforms of PI3K are ubiquitously expressed
in all tissues, and serve as the key catalytic subunits of PI3K in solid
tissues. In normal physiology, the p110a isoform is largely responsible
for signaling from activated growth factor receptors, while the p110b
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isoform is specifically required for signaling downstream of activated
G-protein–coupled receptors and a few tyrosine kinases receptors. In
oncogenesis, p110a is required for tumors driven by activated receptor
tyrosine kinases and oncogenes (13, 16, 17). In our previous studies
using a genetically engineeredmouse (GEM)model of prostate tumors
driven by Pten deletion, we found that p110b was essential for
the development of high-grade prostatic intraepithelial neoplasia
(HG-PIN) in the anterior lobe of the prostate (18). Consistently, we
and others have found that the PI3K signal in PTEN-deficient human
prostate cancer cell lines is predominantly dependent on
p110b (19–23). Despite this progress, a key question remains con-
cerning the role of p110b/a in the development and maintenance of
CRPC, the study of which has been challenged by the lack of cell line
models that recapitulate the molecular characteristics of CRPC.

In addition, it has been reported that activating mutations and
amplifications occur at significant frequencies in the PIK3CB gene
encoding p110b during the development of advanced CRPC (2, 15).
Since activatingmutations in catalytic subunits of PI3K had previously
been seen only in PIK3CA (24, 25), these findings were quite remark-
able, and suggest that p110b could be of particular importance for
CRPC. Another striking finding of this SU2C/PCF study was the
realization that theWnt signaling pathway was mutationally activated
in a significant proportion of CRPC tumors—specifically, the muta-
tions were seen in b-catenin (2).

In this study, we investigated the roles of p110 isoforms in invasive
CRPC arising in Pten-deficient GEM models. Our data show that
p110b plays a key role in the initiation and development of CRPC. This
experimental evidence provides a compelling rationale for clinical
investigation of p110b-directed therapy to prevent CRPC develop-
ment in Pten-deficient primary tumors. Moreover, combinations of
p110b inhibitors with the inhibition of either PAK1, a key downstream
signaling component of p110b signaling via RAC activation by
PIP3 (26), or b-catenin pathway via tankyrase inhibitors showed
therapeutic efficacy in fully established CRPC, providing novel ther-
apeutic strategies for treating CRPC at a more advanced stage.

Materials and Methods
Mice used and castration surgery

Ptenflox/flox (Ptenf/f), p110aflox/flox (p110af/f), p110bflox/flox

(p110bf/f; ref. 18), and PbCre4 mice (PbCre4) in C57BL/6 back-
ground (18) were used in this study. TPRESS-ERG mice (27) were
fully backcrossed to C57BL/6 background before crossing with
Ptenflox/flox. All mouse experimental protocols were approved by
the Institutional Animal Care and Use Committee of Dana-Farber
Cancer Institute, Harvard Medical School, Boston, MA. Surgical
castration was performed as described previously (6). For drug
treatment, age-matched CRPC mice were randomly grouped to
receive either AZD6482, BYL719, or vehicle-control treatment. No
animal was excluded from analysis. The investigator was not
blinded to the allocation of mice to mouse groups.

Drug treatment
We used AZD6482 (p110b inhibitor) and BYL719 (p110a inhib-

itor) as described previously (28). For in vivo treatment, AZD6482 and
IPA3 were formulated in 7.5% NMP (Sigma, 443778), 40% PEG400
(Sigma, 81172), and 52.5% ddH2O. BYL719 was dissolved in 0.5%
methyl cellulose (Sigma, M0555). AZD6482 and IPA3 were delivered
by intraperitoneal injection, and BYL719 was delivered with oral
gavage daily for 8 weeks. For in vitro assays, AZD6482 was dissolved
in DMSO.

CRPC organoid generation and drug testing
Prostate organoids were generated from ventral lobes of transgenic

CRPC according to standard protocol (29). In brief, ventral prostates
were minced into 2–3 mm pieces, followed by digestion with 5 mg/mL
collagenase from 2 hours to overnight at 37�C. Cell pellets were
digested with trypsin for 30 minutes at 37�C, and washed with
AdDMEM/F12K medium. A total of 20,000 cells in suspension were
mixed with 40 mL growth factor–reduced matrigel, and seeded on a
24-well plate. A total of 0.5mLmurine organoid culturingmediumwas
added to 24-well plate. CRPC organoids were cultured with completed
murine organoid culturing media with no DHT. Ctnnb1 or Pak1 gene
was knocked out using single-guide RNA/spCas9 system. Plasmids
consisting of Ctnnb1- or Pak1-specific guide RNA were purchased
from GenScript. Lot numbers list: Ctnnb1-1: U9594CE020-2/C21767,
Ctnnb1-2: U9594CE020-3/C21759, Pak1-1: U3791CE020-2/X34290,
Pak1-2: U3791CE020-3/X34292. Guide RNA for GFP was applied as a
control. Culturing media with drugs were refreshed every 3 days.
Organoid numbers were either counted under a light microscope or
with Celigo (Nexcelom Bioscience), and pictured with a Zeiss Axio
microscope.

Mouse gene expression arrays and RT-PCR
Ventral prostate glands were dissected from age-matchedwild-type,

HG-PIN, or CRPC Pten-null mice. Pten-null mice at 8 weeks were
treated with either surgical or sham castration for 4 additional weeks.
Total tissue RNA was lysed with TRIzol and purified using an RNA
extraction kit (Qiagen). Expression array analysis was performed
according to standard protocols (30) and analyzed by using dChip
(http://www.dchip.org/). Functional enrichment analysis was carried
out by using DAVID (https://david.ncifcrf.gov/). For qRT-PCR, total
RNAwas reverse transcribed to cDNAusing reverse transcriptase, and
qRT-PCR was performed in Applied Biosystems, 7300 real-time PCR
system with specific primers.

Human clinical data analysis
Copy number, mRNA expression, mutation, and clinical data of

prostate cancer in The Cancer Genome Atlas (TCGA) database and
from the cohort of SU2C/PCF CRPC were downloaded from
cBioPortal for Cancer Genomics (http://www.cbioportal.org/;
refs. 31, 32). Putative copy-number alterations identified usingGISTIC
algorithm and mRNA expression Z-scores were obtained from cBio-
Portal. An AR score was generated for each prostate tumor sample
(expression profiled as part of several different studies and available
through cBioPortal) by log normalizing the average expression of the
21 AR genes (each gene being assigned an equal weight; refs. 14, 33).
Correlation of gene expression copy number, and Kaplan–Meir sur-
vival curve were analyzed using GraphPad Prism7 statistic package.

Western blotting
Cells or prostate tissues were lysed in RIPA or NP-40 lysis buffer

supplemented with protease inhibitors and phosphatase inhibitors.
Immunoblots were performed as described before (6). In brief, cellular
or tissue proteins were separated in 10% SDS-PAGE, and incubated
with primary antibody either for 3 hours at room temperature or
overnight at 4�C. The signal was detected and/or quantified with
Odyssey (LI-COR Biosciences).

Histology and IHC
Prostate tissues were processed and stained as described

before (34). In brief, embedded tissues were cut into sections, and
deparaffinized with xylene, and rehydrated with diluted ethanol.
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Antigen was retrieved with 10 mmol/L sodium citrate buffer
(pH6.0) at a sub-boiling temperature for 30 minutes. The tissue
sections were quenched with 3% H2O2 for 10 minutes, and blocked
with either 5% normal goat serum or mouse IgG blocking reagent.
The sections were then incubated with primary antibody either at
4�C overnight or room temperature for 2 hours, followed by
incubating with biotinylated secondary antibodies for 15 minutes.
Elite Peroxidase Kit (Vector) was used to amplify staining signals.
3,30-diaminobenzidine (DAB; Vector) was used for enzymatic signal
visualization. The nuclear counterstaining was performed with
Mayer’s hematoxylin (BioGenex).

Antibodies
The following antibodies were used in this study. PAK1 (2602),

p-PAK1/2 (2605), p-AKT (3787), p-ERK (4370), ERK (9102),
p-MEK1/2 (9121), MEK1/2 (9122), b-catenin (8480), cleaved caspase
3 (9661; Cell Signaling Technology), AR (N-20, SC-816), p63 (4A4),
smooth muscle actin (A5228), tubulin, vinculin, actin (Sigma-
Aldrich), ERG (Abcam 92513).

Organoids and cells
The Myc-Cap cells were a generous gift from Dr. Charles Sawyers’

laboratory, and human advanced prostate cancer organoid lines were
kind gifts from Dr. Yu Chen’s laboratory, Memorial Sloan Kettering,
New York, NY.

Statistical analyses
Statistical analyses were performed with the two-tailed P value or

one-way ANOVA, and represented as means � SD or mean � SEM.
�, P < 0.05; ��, P < 0.01; ���, P < 0.001; ����, P < 0.0001. n.s. indicates
not significant (P > 0.05).

Results
Genetic ablation of p110b slows the initiation of CRPC

GEM models of Pten-null prostate tumor have been studied in
numerous labs as models for androgen-sensitive and castration-
resistant prostate tumorigenesis (5, 35, 36). In the Pten-floxed mouse
strain used in this study, a HG-PIN phenotype is induced by probasin-
Cre at 8weeks of agewith nearly 100%penetrance in allmouse prostate
lobes, that is, the ventral prostate (VP), anterior prostate (AP), and
dorsal lateral prostate (DLP). Androgen deprivation with surgical
castration at 8 weeks of age induces rapid regression in all HG-PIN
prostatic lobes due to extensive apoptosis. However, a castration-
resistant subpopulation of the Pten-null prostate tumor cells survives
and continues to proliferate, repopulating the atrophied glands by 4 to
8 weeks after castration. Notably, androgen deprivation within 16 to
18 weeks after castration accelerated progression of the otherwise
stable HG-PIN to invasive CRPC.

In theory, PI3K should be a good target in PTEN-deficient
tumors (37, 38). Because themost positive results with PI3K inhibitors
coming from the clinic have featured inhibitors that selectively target
individual PI3K isoforms, our labs have previously studied which p110
subunits were required for the initiation of PIN.We found that genetic
ablation of p110a alone had no effect on PIN development, while
ablation of p110b dramatically slowed or stopped PIN formation in the
AP but had little effect in the VP andDLP. Ablation of both p110a and
p110b was required to completely block PIN initiation in the entire
prostate (6).

Because deletion of either p110a or p110b does not hinder devel-
opment of PIN in the VP lobes, we were able to test the roles of each in

invasive CRPC initiation and development. To examine which p110
isoforms play key roles in invasive CRPC initiation, we generated
compound mice by crossing Pten-floxed mice with the mice bearing
either p110a- or p110b-floxed alleles and a probasin-Cre transgene to
mediate prostate epithelial-specific ablation of the floxed alleles. The
resulting doubly ablated animals are termed p110a;Pten-null or
p110b;Pten-null. The adult compound mice were surgically castrated
at 8 weeks of age and housed for an additional 16 weeks, which allowed
the development of extensive CRPC, featuring invasive lesions in the
control Pten-null mice (Fig. 1A). Histologic analysis showed thatmost
VP acini from the castrated p110b;Pten-null mice displayed a nearly
normal luminal architecture featuring a single layer of luminal epi-
thelial cells (Fig. 1A; Supplementary Fig. S1A). The connective tissues
between individual acini were loose, and each individual acinus was
surrounded by a thin rim of fibromuscular layer without stromal
reaction. In contrast, the castrated p110a;Pten-null mice showed focal
hyperplastic regions with robust stromal changes, similar to the
control Pten-null mice (Fig. 1A).

In a striking contrast to the loss of p110a, invasive lesions were
almost absent in p110b;Pten-null mice at 16 weeks postsurgery. The
number of acini with a normal appearance, characterized by a single
layer of luminal cells, was noticeably higher in p110b;Pten-null mice
compared with either Pten-null controlmice or p110a;Pten-null mice,
indicating that p110b plays a more important role in CRPC initiation
(Fig. 1B). Macroscopically, the weights of all three lobes (AP, VP,
DLP) of p110b;Pten mice were less than those of the Pten-null CRPC
controls (Fig. 1C). In contrast, only the AP lobe weights were
decreased in p110a;Pten-null CRPC mice, with no significant histo-
logic changes when compared with control Pten-null mice (Fig. 1C;
Supplementary Fig. S1B). These weight data are highly correlated with
pathologic alterations. Both the expansion of the malignant epithelial
compartment and the stromal reaction probably contribute signifi-
cantly to the change in the weight of the lobes, which can be used as
surrogate measure for tumor expansion. This GEM study indicates
that, while genetic deletion of either p110a or p110b can mitigate
CRPC tumorigenesis, p110b plays a more important role than p110a
in regulating Pten-null CRPC initiation.

The protein expression levels of p110 subunits, as well as activation
of the downstream effector, AKT, were examined in the VP lobes
harvested from themice. A partial loss of p110bprotein expressionwas
seen in the p110b;Pten-null mice, with concomitant reduction of both
Akt and GSK-3b phosphorylation (Supplementary Fig. S1C). The
partial rather than complete loss of p110b protein is presumably due to
the continued expression of p110b in stromal cells present in the
prostate tissues—for example, studies have demonstrated distinct
populations of stromal cells, including subepithelial cells, smooth
muscle cells, wrapping cells, and interstitial fibroblasts in prostate (39).
This point also highlights the challenge in using bulk tissue lysates for
examining protein expression.

To study the long-term effects of p110 isoform ablation, we
surgically castrated 8-week-old mice with prostate-specific Pten-null,
p110a;Pten-null or p110b;Pten-null and harvested CRPC tumors
at prolonged times postsurgery. Histologic analyses revealed that
malignant CRPC developed in Pten-null mice from microinvasions
(3–4 months postsurgery) to invasive lesions (at 7–8 months post-
surgery), and ultimately to undifferentiated sarcomatoid carcinomas
(Supplementary Fig. S1D; 13/13).

In contrast, 53.8% of p110b;Pten-null mice showed a PIN
phenotype, with 38.5% of the mice showing focal microinvasions,
and only 7.7% harboring diffuse invasion. Notably, none of the
p110b;Pten-null mice developed a sarcomatoid carcinoma in the
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10–11 months postcastration (Fig. 2B). With p110b deletion, most
VPs showed near normal appearance (Fig. 2A). Interestingly,
however, invasive lesions were found universally in p110a;Pten-
null mice. In addition, 44.4% of the p110a;Pten-null animals
developed sarcomatoid carcinomas, comparable with Pten-null
CRPC controls (38.5%; Fig. 2B). The results indicate that

p110b, rather than p110a, plays the more critical role in Pten-
null CRPC.

Small-molecule inhibition of PI3K p110b blocks CRPC initiation
The genetic studies described above suggest that p110bmight block

CRPC initiation and progression. As a drug target, p110b has the

Figure 1.

p110b rather than p110a plays amore critical role in the initiation of CRPC. Targeted deletion of p110bdiminished invasive lesions in Pten-null CRPC tumors at 16weeks
after castration surgery. A, Scheme of experimental procedures for the p110 isoform study in CRPC. Pten-null mice harboring HG-PIN were surgically castrated at
8 weeks of age and housed for an additional 16 weeks before tumor collection (top). Histologic analyses of castrated GEM mice. IHC of SMA showed
continuous staining in either p110b;Pten-null-CAS or p110a;Pten-null-CAS in the indicated period. SMA showed discontinuous staining in invasive lesions in
control Pten-null CRPC. Ventral prostate is shown in each case. H&E indicates hematoxylin and eosin staining. SMA is smooth muscle actin. Scale bar, 50 mm
(bottom). B, Table 1. Statistical analysis of the number of invasive castrated GEM mouse. p110a;Pten null-CAS indicates castrated Pten�/�; p110a�/�. p110b;
Pten null-CAS indicates castrated Pten�/�; p110b�/�, and Pten null-CAS indicates castrated Pten�/�. C, p110b;Pten null-CAS universally showed a significant
tumor weight reduction compared with control Pten null-CAS animals in all lobes. p110a;Pten null-CAS only showed a statistically significant decrease in AP
weight, not in the remaining lobes.
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advantage over other class I PI3K isoforms of being largely dispensable
for normal physiology in adult animals (18, 40, 41). However, the
geneticmodels are limited in that p110b expression is blocked from the
early stages of prostate development. To investigate the role of p110b
in CRPC further, we tested a p110b-specific inhibitor, AZD6482, also
known as KIN193 (22), in our CRPCmodel. Pten-null mice harboring
HG-PIN prostate tumors were surgically castrated at 8 weeks of age.
After 3 days of recovery postsurgery, castrated Pten-null mice were
treatedwithAZD6482 continuously for 8weeks (Fig. 3A). Notably, the
mice did not seem to be deleteriously affected by this treatment,

showing no obvious signs of distress. Invasive lesions in the VP
were used as a measure of the development of CRPC. Long-term
treatment of castrated Pten-null mice with AZD6482 dramatically
diminished invasive lesions (Fig. 3B). Overall tumor weights from the
AZD6482-treated group were also significantly lower than those seen
in the vehicle-control group, that is, 65.6% in VP, 58.4% in AP, and
60.8% in DLP relative to control castrated Pten-null mice (Fig. 3C;
Supplementary Fig. S2A and S2B). In particular, weights of the AP
lobe, which was the most responsive, were dramatically decreased
in contrast to vehicle controls. Mice treated with BYL719, a

Figure 2.

p110b plays a dominant role in tumor invasion in Pten-
null CRPC. A, Top: Scheme showing that p110b, not
p110a, plays a more critical role in CRPC tumor pro-
gression. Bottom:H&E staining of representativeCRPC
tissues from aged GEM mice. p110b;Pten null-CAS
showed dramatically slowed tumor progression in
aged CRPC. p110a;Pten null-CAS showedmarked inva-
sive progression similar to that seen in Pten null-CAS.
Green arrows indicate invasive lesions in aged GEM
mice. VP is shown. Scale bar, 50 mm. B, Table 2.
Statistical analyses of the role of p110 isoforms in CRPC
progression in aged mice. A total of 53.8% p110b;Pten
null-CAS, and 11.1% p110a;Pten null-CASmice showed a
noninvasive phenotype. In contrast, all Pten null-CAS
mice (13 mice) showed invasive lesions. 44.4% of
p110a;Pten null-CAS had developed into sarcomatoid
carcinomas comparable with 38.5% of this phenotypes
seen in Pten null-CAS mice. None of the p110b;Pten
null-CAS mice (13 mice in total) developed sarcoma-
toid carcinomas in the indicated time period. For
analysis, 13 mice ages 13 months or older in p110b;Pten
null-CAS group, 13 mice ages 13 months in Pten null-
CAS group, and 9 mice ages 10 months in p110a;Pten
null-CAS group were used.
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p110a-selective inhibitor (42), did not show significant reduction in
VP orDLP tumorweights (Fig. 3C; Supplementary Fig. S2A).Western
blots of ventral prostate tissues demonstrated that p110b inhibition in
Pten-null CRPC by AZD6482 has more profound effect than that of
p110a inhibition in decreasing the signals of Akt and its downstream
targets, that is, p-S6. There was a trend toward decreasing mTORC1
signaling as well (Fig. 3D; Supplementary Fig. S2C). These results
indicate that a p110b-specific inhibitor might be efficacious in block-
ing CRPC initiation, if given at the time of androgen ablation therapy.

Established CRPCs are refractory to p110b inhibition
We have demonstrated—via both genetic and pharmacologic strat-

egies—that p110b is essential for the development of CRPC driven by
the loss of Pten. These observations indicate that the inhibition of
p110bmight also be efficacious in tumors that have already developed.
To test this hypothesis, we turned to organoid cultures ofmurinePten-
null CRPC (OPN1/2) to mitigate both the high-cost and time require-
ments of using GEM models extensively in these studies. These
organoids display typical epithelial markers such as cytokeratin

Figure 3.

p110b kinase inhibition decreases invasive CRPC. A, Schematic view of drug treatment to Pten-null CRPC. B, p110b kinase inhibitor treatment decreased invasive
lesions inCRPC.Histologic viewsof representativeprostates fromdrug-treatedmice and controlmice. IHC: anti-p63, p-Akt S473. Ventral prostate is shown. Scale bar,
50 mm. C, p110b kinase inhibition decreased CRPC tumor burden. Prostate tumor weights comparing drug-treated mice with control mice. For drug treatment, the
dose of AZD6482 was 20 mg/kg, while BYL719 was 45 mg/kg, once daily in each case. For statistical analysis, the following numbers of mice were measured:
AZD6482 treatment, 7 mice; vehicle controls, 7 mice; BYL719 treatment, 6 mice. D, Western blots of ventral prostate tissues indicated that p110b pharmacologic
inhibition decreased the activation of the PI3K signal in Pten-null CRPC. Pten-null mice were surgically castrated at 8weeks, and treatedwith either AZD6482 (p110b
inhibitor) or BYL715 (p110a inhibitor) daily for 8 weeks. E, Histology of organoids derived from ventral prostate of Pten-null CRPC mice (H&E). Organoids showed
strong epithelial marker expression (IHC: pan-cytoskeleton) and faint androgen receptor expression (IHC: AR). Scale bars, 50 mm. F, Immunoblotting of CRPC
organoid lysates indicated activated PI3K pathway (IB: p-Akt S473) as a consequence of Pten deletion (IB: Pten). Immunoblotting of organoid lysates derived from
Pten-null; ERGmice showed ERG overexpression (IB: Erg). Myc-Cap cells were a negative control for PI3K pathway activation. OPN1 organoidswere generated from
the ventral prostate of an aged mouse (2 years old) after castration surgery at 14.5 months. OPN2 organoids were derived from ventral prostate of an aged mouse
(1.5 years old) after castration surgery at 12.5 weeks. G, p110b inhibitor treatment alone did not completely inhibit Pten-null CRPC organoid growth. OPN organoids
were treated with 5 mmol/L AZD6482.
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Figure 4.

Combinational treatment using p110b and PAK1 or b-catenin inhibitors suppressed Pten-null CRPC organoids growth. A, Heatmap analysis showed genes
dysregulated in Pten-null CRPC samples. Microarray data were analyzed and visualized by using dChIP. Total RNA was extracted from ventral lobes of either wild-
type, intact Pten-null, or castrated Pten-null mice. A total of 3 mice per group. B,mRNA levels of representative genes (PAK1, b-catenin) in Pten-null CRPC tissues
compared with levels from either wild-type or non-castrated PIN tissue using qRT-PCR. mRNA of targets was normalized to that of actin. A total of 3 mice were
measured for each group. C,Combination treatment with p110b (AZD6482) and PAK1 (IPA3) or b-catenin (TNKS) inhibition significantly reduced organoid numbers.
Organoid numbers were normalized to DMSO controls. D, Representative pictures of organoid numbers were significantly reduced by combination treatment of
b-catenin (5mmol/L TNKS) and p110b inhibitors (5mmol/L AZD6482). Pictures were taken on day 6. E, The growth of normal prostate organoids was not apparently
affected by combination treatments anchored on p110b inhibition. Normal organoids were generated from the ventral prostate of a wild-type 5-month-old GEM
mouse (Pten flox/flox). Representative pictures showed that the sizes of normal prostate organoid were not noticeably affected by combination treatment of p110b
(AZD6482) and PAK1 (IPA3) orb-catenin (TNKS656) inhibition comparedwith those ofDMSOcontrol. F, The growth of Ptenwild-type prostate tumor organoidswas
not significantly affected by combination therapies anchored on p110b. Myc-Cap prostate cancer cells were applied to generate the Pten wild-type prostate cancer
organoid (Myc-organoids). In brief, 0.5 � 107 Myc-Cap cells mixed with 100 mL matrigel were subcutaneously injected in male SCID mice for tumor generation.
Subcutaneous tumors were harvested and processed to generate Myc-organoids after 4 weeks of tumor growing. Myc-organoids were cultured in mouse organoid
culturing media, and treated with either combination or single inhibitors. The sizes of Myc-organoids were not significantly affected by combination treatment with
p110b (AZD6482) and PAK1 (IPA3) or b-catenin (TNKS656) inhibition compared with DMSO control. Representative pictures of Myc-organoids responding to
combination drug treatment.
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Figure 5.

Novel combination therapies based on p110b efficiently inhibit human CRPC. A, Representative pictures of organoids in which either b-catenin or PAK1 was knocked
outwith CRISPR.B,Xenograft tumors generated fromhumanorganoidsMSK-PCa1 fromSCIDmice receiving combinational treatmentwith p110b and PAK1 inhibitors
(AZD6482þIPA3) showed smaller sizes than those fromgroups receiving the individual inhibitors (AZD6482 or IPA3), or vehicle control (CON).C, Statistical analysis
showed tumorweightswere significantly decreasedwhen tumor-bearing SCIDmice received combinational drug (AZD6482þIPA3) treatment comparedwith those
with either individual inhibitor treatment alone, or vehicle control.D,Representative xenograft tumors from SCIDmice receiving combinational treatment with p110b
and b-catenin inhibitors (AZD6482þTNKS656) showed smaller sizes than those from groups receiving individual inhibitor treatment (AZD6482 or TNKS656),
or vehicle control (CON). E, Tumor weights from tumor-bearing SCID mice receiving combinational treatment with b-catenin and p110b inhibitors
(AZD6482þTNKS656) were significantly decreased compared with those from mice receiving either vehicle control (CON), or single drug treatment (AZD6482
or TNKS656). Human PTEN-null CRPC tumors were generated with MSK-PCa1 organoid tumor fragments via subcutaneous implantation in recipient SCID mice.
Tumor numbers: CON: n¼ 9, TNKS656: n¼ 9, AZD6482: n¼ 11, AZD6482þTNKS656: n¼ 13. F, H&E staining of xenograft tumors sections from SCIDmice receiving
drug treatments or control (top). IHC staining with cleaved caspase 3 antibody showed that the numbers of cleaved caspase 3–positive cells were dramatically
increased in tumor sections from tumor-bearing SCIDmice receiving combinational drug treatment (AZD6482þIPA3) comparedwith those receiving individual drug
treatment or vehicle control (bottom).G and I, Statistical analysis of the numbers of cleaved caspase 3–positive cells in tissue sections stainedwith cleaved caspase 3
antibody, which were counted under a 40� objective lens. Over seven tumors were counted per category. (Continued on the following page.)
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expression and can be successfully maintained through multiple
passages (Fig. 3E). As expected, these organoids do not express Pten
and exhibit prominent Akt phosphorylation (Fig. 3F). Interestingly,
the growth of the organoidswas not completely inhibited byAZD6482,
evenwhen used at a relatively high dose (5mmol/L; Fig. 3G). Aswewill
show later this observation was repeated in vivo as well as in other, but
not all of our CRPCmodels. The lower sensitivity of established tumor
organoids to AZD6482 inhibition was not particularly surprising, as it
has been shown in other systems that it is easier to inhibit tumor
initiation than to inhibit the growth of established tumors.

Combined inhibition of p110bwith PAK1 or b-catenin increased
therapeutic efficacy on established PTEN-null CRPCs

We sought to identify other potential druggable targets that can be
combined with PI3K p110b inhibition. Because the events that
occur during the development of CRPC might actually be rendering
tumors partially resistant to p110b inhibition, we performed tissue
expression array analysis using RNA extracted from multiple mouse
prostate ventral lobes progressing from PIN to CRPC. Heatmap
analysis showed that the transcriptomes of normal prostate, PIN, and
CRPCwere clearly distinct (Fig. 4A). Gene expression profiles showed
thatmRNA levels of over 700 geneswere upregulated inCRPC samples
in comparison with the samples from both primary tumor and wild-
type prostate tissues (Fig. 4A; Supplementary Table S1 and S2).
DAVID software analysis showed that multiple signaling pathways
were involved in CRPC tumorigenesis, including the p53 pathway and
the cell-cycle pathway (Supplementary Fig. S4A; Supplementary
Table S3). To further narrow the field of candidate targets, we looked
for genes that were upregulated in CRPC both in our mouse models
and in human data. We further stipulated that the protein products of
the genes selected were potentially druggable.

We focused on two potential targets. First, PAK1was upregulated in
bothmurine and human CRPC data. The observation was particularly
interesting as it is a critical downstream effector of RAC1/CDC42 that
is known to be activated by p110b (43). Notably, p110b, but not p110a,
directly binds RAC1/CDC42 (44), and we have found p110b to be
required for the activation of RAC1/CDC42 seen in PTEN-null
tumors (45). Because there are PAK inhibitors in clinical trials, we
reasoned that a PAK inhibitor might be a good candidate to comple-
ment p110b inhibition. The results showed that the numbers of Pten-
null CRPC organoids, OPN1 and OPN2, were significantly decreased,
in a dose-dependent manner, when treated with escalating doses of the
PAK1 inhibitor IPA3 (46–48) from 1 to 10 mmol/L (Supplementary
Fig. S3A and S3B, top). Moreover, earlier work has shown that
targeting two nodes in the same pathway can be particularly effective
both because the pathway can be more completely inhibited and
because resistance to one inhibitor in a pathway often occurs via
mutations in a second pathwaymember (49). In fact, mTOR inhibitors
have been shown to synergize with PI3K inhibitors in preclinical
studies and combinations of Raf, MEK, and ERK inhibitors have been
shown to synergize in both preclinical models and in clinical trial (50).

The Wnt/b-catenin pathway was an attractive candidate for a
resistance mechanism arising in the genesis of CRPC. b-Catenin has
previously been found to render cells/tumors resistant to PI3K inhi-
bition in preclinical models (51). Moreover, there have been recent
reports of aberrant activation of the Wnt/b-catenin pathway in
metastatic CRPC (2, 52). Transcriptome profiling revealed aberrant
upregulation of the Ctnnb1 gene encoding b-catenin in the CRPC
group (Fig. 4B; Supplementary Table S1). Finally, a number of
inhibitors of the b-catenin pathway are currently in clinical trials. We
will present detailed analyses of PAK1 and b-catenin as potential
complementary targets for p110b inhibitors in the sections below.

We next tested the importance of PAK1 and b-catenin using the
OPN model of CRPC organoids. Similar to p110b inhibition, inhibit-
ing the PAK1 or b-catenin pathways alone had modest impacts on the
growth of organoids (Fig. 4C). The combined inhibition (using the
p110b inhibitor AZD6482 plus the PAK1 inhibitor IPA3, or AZD6482
plus the b-catenin pathway inhibitor TNKS656) strongly suppressed
the growth of Pten-null CRPC organoids (Fig. 4C andD). Notably, the
markers of pathway activity, including AKT phosphorylation, phos-
phorylation of PAK1, and b-catenin abundance, could be inhibited
with individual inhibitors in Pten-null CRPC organoids (Supplemen-
tary Fig. S3C–S3E). Importantly, the effect of combinatorial treatment
appeared to be specific, as they did not affect the growth of organoids
generated from either normal wild-type mouse prostates (Fig. 4E;
Supplementary Fig. S5A and S5B) or Pten wild-type prostate cancer
(Myc-organoids) (Fig. 4F; Supplementary Fig. S5C and S5D).

Next, we tested whether our newly developed treatment strategies
might be efficacious in more genetically complex models of advanced
CRPC. Alterations in ERG, a member of the ETS transcription factor
family, and PTEN deletion often co-occur in human CRPC (15). To
this end, we generated organoid cultures from a CRPCmodel with the
deletion of Pten and the expression of fusion protein TMPRSS2-ERG
(Supplementary Fig. S6A and S6B; Fig. 3F, right lane; ref. 53). Esca-
lating doses of IPA3 also significantly reduced numbers of OPE1 and
OPE2 (Pten-null; ERG CRPCs) organoids (Supplementary Fig. S3B,
bottom). Notably, combination treatment using p110b inhibitors and
either PAK1 or b-catenin blockade significantly reduced organoid
numbers (Supplementary Fig. S6C). Therefore, combining p110bwith
either PAK1orb-catenin inhibition is capable of abolishing the growth
of murine CRPC organoids, while leaving normal prostate cells intact.
These data provide a strong rationale for further efficacy studies of the
combination strategies.

P110b-based combination therapies efficiently inhibit human
CRPC

As a final test of this hypothesis, we tested these therapeutic
strategies on newly established patient-derived advanced CRPC orga-
noids, MSK-PCa3, previously characterized to have PTEN deletion,
low AR expression, and elevated ERG expression (9). MSK-PCa3
organoid numbers decreased in a dose-dependent manner when
treated with escalating doses of PAK1 inhibitor, IPA3 (Supplementary

(Continued.) H,Representative H&E staining of tumor sections from tumor-bearing SCIDmice receiving either drug treatments or control (top). IHC staining showed
the numbers of cleaved caspase 3–positive cells were significantly enhanced in tumor sections frommice receiving combinational treatment (AZD6482þTNKS656)
compared with those receiving single-drug treatment or vehicle control (bottom). For F and H, scale bars represent 50 mm. J, Schematic model of PI3K pathway
activation in PTEN-null CRPC progression. In the PTEN-null prostate before castration, the PI3K andAR pathways both contribute to the development of PINwith AR
signaling serving to somewhat blunt PI3K signaling (left). In androgen-depleted conditions, AR-suppressed genes, such as PAK1, b-catenin are overexpressed and
PI3K signaling largely via p110b is enhancedwhich in turn activates theMAPKpathway via a RAC/PAK1 connection (right). Either p110aor p110b deletion alone affects
CRPC tumorigenesis, while p110b has a more significant role in invasion by upregulating RAC/PAK1 activity, which is downregulated by the AR pathway prior to
castration. Synergic inhibitory effects on PTEN-null CRPC tumorigenesis can be achieved by inhibiting p110b with other key components of the same (PAK1) or
parallel pathways (Wnt/b-catenin pathway).
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Fig. S7A). Similar to what we observed in our Pten-null CRPCmodels,
combining p110b blockade (AZD6482) with either PAK1 (IPA3) or
b-catenin (TNKS656) inhibitor significantly decreased organoid num-
bers compared with that of any single treatment, using either p110b,
PAK1, or b-catenin inhibitors alone (Supplementary Fig. S7B). More-
over, the sizes of the organoids were substantially decreased by the
combination treatment (Supplementary Fig. S7C and S7D), or by
p110b inhibition in organoids having CRIPSR-mediated gene editing
of PAK1 or b-catenin (Fig. 5A; Supplementary Fig. S8A and S8B).
Furthermore, the combined inhibitory effect based on p110b blockade
was also observed in another human prostate cancer organoid, MSK-
PCa1, previously characterized as PTEN-null (Supplementary
Fig. S9A–S9D; ref. 9). We also tested the effect of combined inhibition
of p110b (AZD6482) and p110a (BYL719) in MSK-PCa3 organoids,
and observed a slightly reduction in organoids numbers and diameters
(Supplementary Fig. S10A and S10C). The inhibition of p110a
with either IPA3 or TNKS656 did not affect organoids numbers;
instead, a minimal reduction in organoid diameter was observed
(Supplementary Fig. S10B and S10D). These data suggest that inhi-
bition of p110b is preferable in the conditions evaluated.

Finally, we examined the potential of p110b inhibitor-based
combination therapy in a tumor-bearing SCID mouse model gen-
erated using the relatively fast growing MSK-PCa1 organoids.
Similar to our observations in organoid culture, the combination
treatment with p110b and either PAK1 or b-catenin inhibitors
significantly decreased tumor weights compared with the individual
inhibitors alone (Fig. 5B–E). Decreased tumor growth was accom-
panied by increased number of cleaved caspase 3–positive cells,
indicating an induction of apoptotic cell death by combination
treatments (Fig. 5F–I). In summary, our preclinical data both
in vitro and in vivo suggest that novel combination strategies
based on p110b inhibition can be effective for advanced prostate
cancer treatment.

Discussion
Loss of the tumor suppressor PTEN is extremely common in

advanced CRPC, and results in higher levels of PI3K pathway activity
in the affected tumors (1, 2, 15). Notably, the amplification of
the PIK3CB gene encoding p110b, as well as the first reported
activating mutations in PIK3CB, have recently been documented in
CRPC, indicating that p110b might be a rational target in treating
CRPC (2, 15). Given the adverse effects of long-term p110a inhibition
on glucose metabolism (54), it seemed important to examine p110b as
a target for the prevention and treatment of androgen-independent
CRPC. Because there are only a few humanCRPC cell lines and little or
no data on the prevention of CRPC development using p110b inhi-
bition, we decided to address p110 isoform usage in a genetically
defined murine model of CRPC initiated by Pten loss. We considered
these data would be useful, because the clinical trials of p110b
inhibitors in established CRPC do not address a potential role of
p110b in progression from high-grade prostatic intraepithelial neo-
plasia to CRPC.

We found that p110b was extremely critical in the development
of Pten-deficient CRPC, because either genetic or pharmacologic
perturbation almost completely abrogated the appearance of CRPC.
Although p110b is often the key isoform in PTEN-null tumors, it is
likely that the changes in the gene expression arising from the
reduced AR activity, including the decreased PHLPP expression and
increased PAK1 expression found in both our murine models and
the SU2C/PCF data, serve to reinforce the importance of p110b

signaling pathway in the development of CRPC. In addition, in
both the murine models and the patient samples, diminished
androgen signaling was accompanied by the upregulation of the
b-catenin pathway. We used these findings to design combination
therapies coupling p110b inhibition with either PAK1 or Wnt
signaling blockade.

The studies we have conducted on our GEM models indicate
that p110b plays a much more important role than p110a in Pten-
null CRPC. Genetic deletion of p110b almost totally blocked the
development of CRPC, while treatment with a p110b inhibitor largely
abrogated CRPC development. Notably, long-term treatment with
p110b inhibitors is expected to have fewer on-target side effects than
either p110a inhibitor or pan-PI3K inhibitor treatment. Genetic
deletion of p110b in our CRPC model resulted in a phenotype closer
to normal than did the p110b inhibitor treatment. The p110b-specific
inhibitor that we used is known to have a relatively poor pharmaco-
kinetics, suggesting thatmore potent p110b inhibitorsmay be required
to achieve ideal effects. Alternatively, the lower efficacy of the inhibitor
compared with the genetic ablation could be due in part to the known
kinase-independent roles of p110b (55, 56). Our studies may provide
some insight into one peculiar clinical finding—the relative lack of
efficacy of the first-generation pan-PI3K inhibitors in PTEN-deficient
prostate tumors and other tumor types, such as CRPC and GBM,
which feature extremely frequent loss of PTEN. These first-generation
compounds, for example, BKM120 and GDC0941, are known to be
roughly 10-fold less potent against p110b than p110a—thus dose-
limiting side effectsmay be seen fromp110a inhibition before p110b is
targeted. A recent clinical study indicates that a p110b-specific inhib-
itor, GSK2636771, can inhibit the PI3K pathwaywith clinical benefit in
patients with solid tumors, including a patient with metastatic CRPC,
evidenced by tumor reduction as well as a 78% fall in PSA level (57).
The clinical trials of the AKT inhibitor, GDC0068, are also well
advanced with promising early signs. Our results may have clinical
implications beyond the trials of p110b inhibitors in CRPC that have
already started. The results presented above suggest that p110b
inhibitors may be more effective when given along with AR-
directed therapies to patients with early-stage disease. This mode of
intervention would also seem to be particularly promising as a true
p110b inhibitor should have few side effects aside from the known
requirement for p110b activity in spermatogenesis (58), a process that
is already targeted by androgen deprivation.

Our analyses of the Pten-null CRPC tumors arising in our model
show that they recapitulate a number of aspects of human advanced
CRPC, displaying upregulated cell-cycle components (CDK4, cyclin
D1) and b-catenin, along with downregulated zbtb16/PLZF (Supple-
mentary Fig. S4B; ref. 59). One aspect of both ourmurine CRPCmodel
and humanCRPC is the upregulation ofMEK/ERK signaling.We have
previously documented a positive feedback loop involving p110b and
Rac in a Pten-null tumor model (45). Activation of this pathway may
account for the activation of MEK/ERK seen both in our CRPCmodel
and in humanCRPC, because RAC/PAK signaling is known to activate
ERK (Supplementary Figs. S1C, S11A, and S11B; refs. 45, 60, 61). In
addition, examination of two genomic datasets (SU2C/PCF CRPC,
TCGA, provisional versions) revealed an inverse correlation between
AR score and PAK1 expression in CRPC and primary prostate tumors
(Supplementary Fig. S11C). Because it has already been reported that
AR downregulates the PI3K pathway via PHLPP expression, it appears
that the androgen-resistant state may render a tumor more dependent
on p110b signaling bymultiplemeans. The fact that the tumor actually
becomes more molecularly focused on the p110b/RAC/PAK pathway
in response to androgen-targeted therapy further helps us understand
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the SU2C/PCF results. The combined effect onCRPCorganoid growth
observed upon the inhibition of both p110b and PAK1 provides an
exciting new therapeutic concept to improve therapy by targeting the
nodes in this key signaling pathway.

If the diminished AR activity in PTEN-null CRPC tumors serves to
activate PI3K signaling via p110b, it also leaves the cells at least
partially deprived of their prime lineage-specific transcription factor
on which they depend for growth. Thus, it is possible that another
transcription factor pathway might be required for the effective
growth of the resulting tumors. Our data suggest that theWnt pathway
may play this role, at least in part. Aberrant b-catenin expression is
correlated with shortened patient survival (Supplementary Fig. S11D).
These data provide further clinical rationale to target b-catenin for
CRPC treatment. Aberrant activation of Wnt/b-catenin pathway is
clearly involved in metastatic CRPC (2, 52). Our study suggests that
this pathway may become essential under the conditions of reduced
AR activity. Certainly, tankyrase inhibitor treatment decreased CRPC
organoid growth in both murine and human PTEN-null organoids.
Combined inhibition of p110b and tankyrase significantly decreased
CRPC organoid number, providing preclinical evidence of efficacy for
the combination treatment in CRPC. While tankyrase inhibitors can
affect targets other thanb-catenin (62–64), ourb-catenin CRISPRdata
suggest that b-catenin is the likely target in our studies. Whether
b-catenin transcription is directly regulated by the AR pathway or is
regulated through other more indirect mechanisms is an interesting
question about CRPC development. Taken as a whole, our study
indicates that for the advanced CRPC, beneficial effects can be
achieved by combining the inhibition of p110b with the inhibition
of either PAK1 in the same signaling pathway or tankyrase in the
separate Wnt/b-catenin pathway (Fig. 5J). Importantly, our study
points to a key role of p110b for the development of PTEN-deficient
CRPC, indicating that p110b-targeted therapy could be efficacious for
disease prevention.
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