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Loss of phosphatase and tensin homolog (PTEN) and activation of the PI3K/AKT signaling pathway are hallmarks of prostate
cancer (PCa). However, these alterations alone are insufficient for cells to acquire metastatic traits. Here, we have shown
that the histone dimethyl transferase WHSC1 critically drives indolent PTEN-null tumors to become metastatic PCa. In a
PTEN-null murine PCa model, WHSC1 overexpression in prostate epithelium cooperated with Pten deletion to produce a
metastasis-prone tumor. Conversely, genetic ablation of Whsc1 prevented tumor progression in PTEN-null mice. Molecular
characterization revealed that increased AKT activity due to PTEN loss directly phosphorylates WHSC1 at S172, preventing
WHSC1 degradation by CRL4Cdt2 E3 ligase. Increased WHSC1 expression transcriptionally upregulates expression of RICTOR,
a pivotal component of mTOR complex 2 (mTORC2), to further enhance AKT activity. Therefore, the AKT/WHSC1/mTORC2
signaling cascade represents a vicious feedback loop that elicits unrestrained AKT signaling. Furthermore, we determined that
WHSC1 positively regulates Rac1 transcription to increase tumor cell motility. The biological importance of a WHSC1-mediated
signaling cascade is substantiated by patient sample analysis in which WHSC1 signaling is tightly correlated with disease
progression and recurrence. Taken together, our findings highlight a pivotal link between an epigenetic regulator, WHSC1, and
key intracellular signaling molecules, AKT, RICTOR, and Rac1, to drive PCa metastasis.

Introduction

Prostate tumors are the most frequently diagnosed cancer in men
worldwide, and they proceed through a series of defined states,
including prostatic intraepithelial neoplasia (PIN) and adenocarcinoma, followed by progression to invasive and metastatic cancer
(1, 2). Despite recent progress, the major clinical challenges are
to provide an effective means to stratify metastatic cancer from
indolent tumors and to treat patients who have a deadly metastatic cancer (3). Thus, understanding the underlying mechanism
by which indolent lesions give rise to metastatic cancer will likely
benefit disease diagnosis and intervention.
Recurrent mutations, copy number alterations, and chromosomal rearrangements are implicated in prostate cancer (PCa)
progression and metastasis (4–7). Of metastatic tumors, up to 70%
exhibit phosphatase and tensin homolog (PTEN) loss-of-function
mutations or genomic alterations in components of the PI3K signaling pathway (4, 8), indicating critical roles of PTEN and PI3K/
AKT signaling in PCa metastasis. Intriguingly, prostate-specific
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Pten deletion in mice induces high-grade PIN (HGPIN) or adenocarcinoma, but with minimally invasive carcinoma incidence (8, 9).
Previous studies have indicated that PTEN loss triggers a defense
mechanism partially through feedback activation of TGF-β and
p53 signaling to constrain tumor malignancy (9, 10). Likewise,
disruptions of such restricted barriers lead to full-blown disease
(9–11). In addition, compelling evidence indicates that signaling
circuit alterations, such as overexpression of ETS-related gene
(ERG) and MAPK or downregulation of NK3 homeobox 1 (NKX3.1)
and the PH domain and leucine-rich repeat protein phosphatase
1 (PHLPP1), facilitate the metastatic transformation of PTEN-null
indolent tumors (12–17). These observations underscore that a
“second hit” is indispensable for the acquisition of metastatic traits
during tumor cell evolution.
Epigenetic perturbations are emerging as important contributing factors for tumorigenesis (18). Among these factors, histone
methyltransferases constitute a compelling target for anticancer
therapy because their enzymatic activity can be feasibly manipulated (19). For instance, enhancer of zeste homolog 2 (EZH2),
a subunit of Polycomb repressive complex 2 (PRC2), has been
demonstrated to have a prominent function in tumorigenesis,
and compounds that target EZH2 are undergoing clinical trials
(20–23). Interestingly, one study showed that EZH2 transcriptionally upregulates the expression of Wolf-Hirschhorn syndrome
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candidate 1 (WHSC1) through negative regulation of microRNA
levels and that the oncogenic functions of EZH2 largely depend
on WHSC1 (24). WHSC1 (also known as MMSET and NSD2) is a
histone methyltransferase that catalyzes the dimethylation of histone H3 at lysine 36 (H3K36me2), a permissive mark associated
with active gene transcription (25, 26). WHSC1 haploinsufficiency is linked to Wolf-Hirschhorn syndrome (WHS) (27), which is
manifested by growth and mental retardation as well as congenital heart defects. As supporting evidence, Whsc1 germline knockout mice displayed embryonic development defects reminiscent
of WHS symptoms (28). Beyond the roles of WHSC1 in development, WHSC1 is also intimately associated with human tumorigenesis. The oncogenic role of WHSC1 was first reported in multiple myeloma, in which the (4;14)(p16;q32) translocation results
in WHSC1 overexpression (29–31). WHSC1 is also frequently
overexpressed in solid tumors such as oligodendroglioma, breast,
prostate, and head and neck cancers (32–34). Cell culture studies
indicated that WHSC1 modulates NIMA-related kinase-7 (NEK7),
Twist family bHLH transcription factor 1 (TWIST1), and nuclear
factor κ-light-chain-enhancer of activated B cells (NF-κΒ) to promote tumorigenesis (34–36). Nevertheless, the genetic characterization of WHSC1 to determine its role in PCa metastasis and the
signaling coordinated by WHSC1 remain undefined.
Here, we use genetically engineered mouse (GEM) models
and establish that WHSC1 is a critical determinant for full metastatic transformation of PTEN-null indolent tumors. Molecular characterization illustrates that AKT directly phosphorylates
WHSC1-S172 to prevent its degradation by CRL4Cdt2 E3 ligase.
This posttranscriptional regulation contributes to the effects of
WHSC1 on PCa metastasis. More importantly, our study reveals
that an unexpected but critical feedback loop between epigenetic
(WHSC1) and key intracellular (PTEN or AKT/RICTOR/Rac1)
molecules promotes full penetrance of metastatic PCa.

Results

WHSC1 is associated with human metastatic PCa. In line with the
increased expression of WHSC1 reported in a subset of human
primary prostate tumors (24), our data mining using public data
sets indicated that WHSC1 expression was elevated in tumors
compared with normal counterparts (refs. 4, 37, 38; Figure 1A; and
Supplemental Table 1; supplemental material available online with
this article; https://doi.org/10.1172/JCI91144DS1). In addition,
correlation studies demonstrated that WHSC1 expression was
positively associated with adverse clinicopathological features,
including seminal vesicle invasion and the Gleason score (Supplemental Figure 1). Interestingly, we noticed that metastatic tumors
exhibited a more profound increase in WHSC1 expression among
the different patient cohorts examined (Figure 1A). In a relevant
study, a Kaplan-Meier plot revealed the significant association
between higher WHSC1 expression and disease relapse in 2 separate patient cohorts (using data sets GSE21032 and GSE40272;
Figure 1B and refs. 4, 39). To further assess the clinical relevance
of WHSC1 in PCa, we performed IHC staining with a validated antibody against WHSC1 on an Asian radical prostatectomy
cohort (40), a tumor tissue microarray (TMA) composed of 118
patient specimens (Supplemental Table 2). Examination of clinical
prostate specimens showed significantly higher WHSC1 expres-
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sion in prostate tumors (mean 3.91, median 4.00) in comparison
with the adjacent normal prostate counterparts (mean 1.43, median 1.52). As summarized in Figure 1C, approximately 50% of PCa
specimens exhibited intermediate to intense nuclear WHSC1
staining, whereas less than 25% of normal prostate counterparts
displayed such a pattern. More importantly, WHSC1 expression
levels in prostate tumor cells behaved as an independent predictor to stratify the risk of biochemical recurrence in patients (Figure 1D). Cox proportional hazards regression analyses revealed
that tumor recurrence was highly sensitive to a gradual increase
in the WHSC1 protein level, as judged by the increasing hazard
ratios (HRs). All together, these findings indicate that WHSC1 is
a potential biomarker for PCa diagnosis and suggest that WHSC1
might play a causal role in PCa metastasis.
WHSC1 promotes the metastasis of PCa cells. To define the role
of WHSC1 in PCa metastasis, we first generated WHSC1-depleted LNCaP and PC3 cells. In agreement with the previous findings
(33, 35), silencing WHSC1 expression compromised the growth,
migration, and anchorage-independent growth of PCa cells (Supplemental Figure 2, A–C and E). Conversely, overexpression of
WHSC1 enhanced the migration of PCa cells, whereas a WHSC1
mutant lacking a catalytic SET domain abolished its oncogenic
effects (Supplemental Figure 2, D and E). Next, we conducted an
intracardiac injection assay to determine whether dysregulated
WHSC1 expression altered tumor cell metastasis to the bone. A
PC3-based cell line stably expressing the luciferase gene was used
to visualize the metastatic lesion via luminescence, and WHSC1
was overexpressed or depleted, as shown in Figure 2A. As revealed
by bioluminescent imaging (BLI), tumor cells bearing ectopically expressed WHSC1 (WHSC1-OE) profoundly metastasized to
the skeleton after 1 month of inoculations, whereas control mice
displayed significantly fewer luminescent signals (Figure 2A).
During 2 months of follow-up, we observed that mice injected
with WHSC1-OE displayed a greatly decreased median survival
and had paralyzed limbs caused by severe bone lesions (Supplemental Figure 2F). As supporting evidence, there was a prominent increase in osteolysis in the WHSC1-OE group (Figure 2B).
In sharp contrast, we noticed starkly decreased colonization of
tumor cells within the skeleton and significantly longer lifespan
in the absence of WHSC1 (Figure 2, A and B). This observation
was strengthened by histopathological examination. We stained
the bone lesions with tartrate-resistant acid phosphatase (TRAP),
a hallmark of activated osteoclasts, to determine whether the
lesions had fully progressed. Consistent with BLI, positive staining was markedly increased in WHSC1-OE mice (Figure 2C).
Likewise, E-cadherin was used to trace the epithelial origin of PCa
cells; there were more colonized tumor foci within the skeleton in
WHSC1-OE mice, whereas a loss of WHSC1 significantly impaired
the metastasis of PCa cells (Figure 2C).
WHSC1 deficiency prevents the progression of PTEN-null tumors
in mice. Next, we aimed to use GEMs to define the role of WHSC1
in prostate tumorigenesis. We first generated Whsc1fl/fl mice to
circumvent embryonic lethality (Supplemental Figure 3A) and
crossed these mice with Probasin-Cre (PBCre/+) mice to delete Whsc1
in the prostate epithelium (hereafter referred to as WHSC1PC–/–
mice). Histopathological examination of prostates isolated from
4-month-old control and WHSC1PC–/– mice indicated that WHSC1
jci.org   Volume 127   Number 4   April 2017
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Figure 1. Clinical relevance of WHSC1
expression in PCa patients. (A) Box
plot of WHSC1 expression levels in
patients (Yu et al., GSE6919, ref. 37;
Grasso et al., GSE35988, ref. 38; Taylor
et al., GSE21032, ref. 4). Statistical
significance is determined by 1-way
ANOVA followed by Tukey’s multiple
comparisons test. *P < 0.05, **P < 0.01.
(B) The association of WHSC1 mRNA
with biochemical recurrence (BCR) using
data sets GSE21032 and GSE40272
(P values by log-rank test). (C)
Expression and clinical relevance of
WHSC1 were assessed in a human PCa
TMA. WHSC1 staining indexes using a
10-point quantification scale in cohorts
of normal prostate counterparts
(n = 96) and prostate tumors (n = 108)
are shown. (D) Kaplan-Meier plot of
recurrence after radical prostatectomy
based on the WHSC1 expression index
in patients (P values by log-rank test).
HR, hazard ratio. Scale bars: 50 μm (C),
300 μm (D).

was not essential for prostate development or homeostasis under
physiological conditions (Supplemental Figure 3B). This observation was further strengthened by immunostaining for cytokeratin
8 (CK8) and transformation related protein 63 (p63) to indicate
luminal epithelial cells and basal cells within the prostate epithelium, respectively (Supplemental Figure 3C). Overall, we did not
detect any obvious differences between control and WHSC1PC–/–
mice under steady conditions.
Prostate-specific Pten deletion mice (Ptenfl/fl × PBCre/+ mice,
hereafter referred to as PTENPC–/– mice) are accepted as an excellent mouse model to recapitulate tumor progression and histopathological features of the human disease (4, 8). In line with
the notion that WHSC1 expression is increased in PCa patients,
WHSC1 protein was significantly upregulated in PTENPC–/– mice
compared with WT controls (Figure 3A, top). Thus, we sought
to determine whether WHSC1 is required for the progression of
PTEN-null tumors. We crossed WHSC1PC–/– mice with Ptenfl/fl mice
to ablate WHSC1 in a PTEN-null background (referred to hereaf1286
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ter as PTENPC–/– WHSC1PC–/– mice; Figure 3A). The histopathological analysis of the entire animal cohorts revealed that depletion
of WHSC1 compromised prostate tumor progression. As indicated
in Figure 3B, PTENPC–/– mice largely advanced to HGPIN or adenocarcinoma at 4 months of age, with less frequent development
into locally invasive carcinoma. In sharp contrast, WHSC1-deficient mice developed lesions after a long latency, with incomplete
penetrance, in which tumor progression was largely compromised
at the low-grade PIN stage at 4 months of age (Figure 3B, bottom).
Next, we examined whether WHSC1 inactivation compromised
the proliferation advantage elicited by PTEN loss. The proliferative index, as measured by Ki-67–positive cells, was significantly
reduced in the prostates of PTENPC–/– WHSC1PC–/– mice compared
with those in PTENPC–/– mice (Supplemental Figure 3D). Together,
these results highlight that WHSC1 deficiency impairs the tumor
progression induced by PTEN loss.
Overexpression of WHSC1 in prostate epithelium cooperates with
PTEN deficiency to produce metastasis-prone PCa. Given that WHSC1
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Figure 2. Ex vivo bone metastasis analyses of animals injected with WHSC1-depleted and WHSC1-overexpressing PC3 cells. (A) Western blot analysis
of the indicated protein in control, WHSC1 overexpression (WHSC1-OE), and WHSC1 knockdown (WHSC1-KD) cells (top panel). The middle panel shows the
representative BLI images for control, WHSC1-OE, and WHSC1-KD groups. BLI quantitation of limb metastasis, which was calculated as the means ± SEM
of bioluminescent signals, is shown in the bottom panel (n = 9 per group). One-way ANOVA followed by Tukey’s multiple comparisons test, **P < 0.01. (B)
Representative x-ray images for bone metastasis are shown in the top panel, and osteolytic area sizes are quantified in the bottom panel. One-way ANOVA
followed by Tukey’s multiple comparisons test, **P < 0.01. Arrows denote areas of overt osteolysis (n = 8 per group). (C) H&E-, TRAP-, and E-cadherin–
stained images of bone sections from the mice as indicated. T, tumor cell; M, bone marrow; arrow, TRAP-positive stained cells. Scale bar: 50 μm (C).

expression is frequently upregulated in metastatic patients and correlates with disease relapse, we generated WHSC1 overexpression
mice to mimic WHSC1 elevation in patients. WHSC1OE/+ mice harbor a single copy of a minigene consisting of a CAGGS (a hybrid
chicken β-actin and cytomegalovirus) promoter, a loxP-STOP-loxP
(LSL) cassette (a stop cassette consisting of 4 copies of polyadenylation sequences), and Myc-tagged WHSC1 cDNA knocked into the
Rosa26 locus (Figure 3C and Supplemental Figure 4A). In general,
WHSC1OE/+ mice were healthy without overt defects in growth and
reproduction. Upon crossing of these mice with PBCre/+ mice, the
LSL stop cassette was removed to produce WHSC1 overexpression

within the prostate epithelium (WHSC1PCOE/+) (Supplemental Figure 4B, bottom). During 8 months of follow-up, WHSC1PCOE/+ mice
exhibited normal prostatic histology in a manner similar to that of
control mice (Supplemental Figure 4B), indicating that cooperative
oncogenic lesions might be required for WHSC1 functions.
Both PTEN loss and WHSC1 overexpression are frequently
observed in metastatic PCa. Curiously, neither alone is sufficient
to drive metastasis; therefore, we aimed to determine whether
WHSC1 overexpression collaborates with PTEN loss to produce
metastasis-prone cancer in mice. WHSC1OE/+ mice were crossed
with Ptenfl/fl and PBCre/+ mice to generate prostatic WHSC1 overjci.org   Volume 127   Number 4   April 2017
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Figure 3. WHSC1 promotes PCa metastasis. (A and B) Inactivation of WHSC1 inhibits PTEN-deficient prostate tumor progression. (A) Western blot
analysis of the indicated protein in anterior prostate (AP) lysates from 4-month-old WT, PTENPC–/–, and PTENPC–/– WHSC1PC–/– mice (top). IHC staining for
WHSC1 expression is shown in the bottom panel. (B) H&E-stained sections of representative AP, dorsal-lateral prostate (DLP), and ventral prostate (VP) of
4-month-old mice. Pie graphs (bottom) show the results of tumor progression in PTENPC–/– and PTENPC–/– WHSC1PC–/– mice at 4 months of age. HGPIN, highgrade PIN; LGPIN, low-grade PIN. (C–E) Overexpression of WHSC1 cooperates with PTEN loss to develop metastatic PCa. (C) Scheme of WHSC1OE/+ mice.
(D) IB analyses of indicated proteins in AP lysates from WT, PTENPC–/–, and PTENPC–/– WHSC1PCOE/+ mice. Blot images are derived from replicate samples run
on parallel gels. (E) Representative luminescence images of PTENPC–/– and PTENPC–/– WHSC1PCOE/+ mice at 4 months of age. Quantification results of distal
metastasis for the examined animals are shown in the right panel (n > 12). Fisher’s exact test was used to determine statistical significance. *P < 0.05.
Scale bars: 50 μm (A and B).

expression in a PTEN-null background (PTENPC–/– WHSC1PCOE/+
mice). IB analysis indicated that WHSC1 expression was increased
3- to 4-fold in the prostate epithelium of PTENPC–/– WHSC1PCOE/+
mice in comparison with that of PTENPC–/– mice (Figure 3D). In line
with the notion that WHSC1 catalyzes the dimethylation of histone
H3 at lysine 36, we observed a simultaneous increase in H3K36me2
1288
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levels in WHSC1 overexpression mice. Notably, the expression level of WHSC1 in the overexpression mice was comparable with that
in PCa cells, including LNCaP, LNCaP-Abl, and PC3 cells (Supplemental Figure 4C), suggesting that the PTENPC–/– WHSC1PCOE/+
mice used in this study could largely reflect the pathological conditions in human PCa.
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Figure 4. WHSC1 promotes PCa metastasis.
(A) H&E-, cyclin D1–, and Ki-67–stained
sections of representative DLP at 6 weeks
of age. (B) H&E-stained sections of DLP
at 4 months of age (top). IHC analyses of
αSMA (middle) and AR (bottom) in prostate
tumors are shown. (C) IHC staining of AR
and CK8 expression in lymph nodes and
lungs from 4-month-old mice. Quantitative reverse transcriptase PCR (qRT-PCR)
analysis of AR and CK8 expression in lymph
nodes is shown in the right panel. Student’s
t test, *P < 0.05. Scale bars: 50 μm (A–C).

To better visualize tumor progression and metastasis in vivo,
the compound mice were crossed with Rosa26-LSL-luciferase
reporter mice for imaging analysis. As indicated in Figure 3E,
PTENPC–/– WHSC1PCOE/+ mice displayed much stronger bioluminescence intensity in the primary prostate lesions. More importantly,
metastatic spreading of tumor cells to distant organs, including
the lymph nodes and lungs, was observed with high penetrance
in the WHSC1 overexpression mice. However, luminescent imaging analysis did not detect convincing bone metastatic lesions in
WHSC1 overexpression mice. The quantitative results indicated
that PTENPC–/– WHSC1PCOE/+ mice harbored the metastatic spread
of tumor nodules to lumbar lymph nodes in 11 of 14 cases and lung
metastasis in 5 of 14 cases at 4 months of age (Figure 3E, right).

This observation contrasted with PTENPC–/– mice, in which 5 of
16 mice harbored lymph node metastasis, and only 1 of 16 mice
developed metastatic lung lesions.
The results obtained from luminescent imaging analysis were
further strengthened by histopathological analyses. At 6 weeks of
age, both PTENPC–/– and PTENPC–/– WHSC1PCOE/+ mice developed
HGPIN lesions without obvious morphological differences (Figure 4A, top). However, examination of the proliferation index, as
indicated by positive cyclin D1 and Ki-67 staining, revealed that
tumor cells bearing a higher level of WHSC1 inherited advantageous growth traits (Figure 4A, middle and bottom). By 20 weeks
of age, PTENPC–/– WHSC1PCOE/+ mice developed focally invasive
PCa with an altered stroma, as reflected by the attenuation or
jci.org   Volume 127   Number 4   April 2017
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Figure 5. AKT phosphorylates WHSC1 at the S172 site to stabilize its
protein in PCa cells. (A) Western blot analysis of the indicated protein in
mouse AP lysates (mAP) and human prostate cell lines (left). qRT-PCR
analysis of relative WHSC1 mRNA (right). (B) IB analysis of Ptenfl/fl mouse
embryonic fibroblasts (MEF) infected with Ad-GFP or Ad-Cre. Relative Pten
and Whsc1 mRNA levels are shown in the right panel. Student’s t test,
**P < 0.01. (C) IB analysis of PC3 and LNCaP cells treated with 30 μM
LY294002 for the indicated duration of time. (D) IB analysis of PC3 cells
transfected with scramble or AKT oligonucleotides with or without MG132
treatment for the indicated duration of time. (E) Sequence alignment of
the putative AKT phosphorylation site at S172 in WHSC1. (F) IB analysis of
whole cell lysates (WCL) and immunoprecipitates derived from PC3 cells as
indicated. (G) In vitro kinase assays depicting major AKT phosphorylation
sites in WHSC1. (H) IB analysis of WCL and immunoprecipitates derived
from PC3 cells treated with LY294002, IGF-1, or λ-phosphatase. (I) Left:
The indicated protein in WT and S172A mutated cells. Right: Relative
WHSC1 mRNA expression. Statistical significance was determined by 1-way
ANOVA. (J) WT and S172A cell lysates were subjected to IP with anti-WHSC1
antibody and IB with anti-ubiquitin (anti-Ub) and anti-AKT substrate antibody. (K) Representative BLI and x-ray images of the mice after 2 months
of inoculations with control and S172A cells (left). Quantitation of BLI and
osteolytic area sizes in limbs (right; n = 5). One-way ANOVA followed by
Tukey’s multiple comparisons test, **P < 0.01. (L) Representative IHC staining of WHSC1 and phospho-AKT in patients. Box plot shows the relative
WHSC1 level in lower, middle, and higher phospho-AKT patients (an Asian
radical prostatectomy cohort). Staining indexes using a 10-point quantification scale. Low, <4; middle, 4 and 6; high, >6. Wilcoxon signed-rank test
was used to calculate statistical significance. Scale bar: 50 μm (L).

loss of the periglandular smooth muscle layer (Figure 4B). PTEN
mutant tumors were largely indolent, characterized by wellconfined tumor cells within layers of αSMA-positive smooth muscle cells. In contrast, the smooth muscle sheaths surrounding
the tumors in PTENPC–/– WHSC1PCOE/+ mice were either discontinuous or partially disappeared in subset areas of prostatic acini. As a consequence, the luminal cell origins of prostate tumor
cells indicated by androgen receptor–positive (AR-positive) cells
extended beyond the basement membrane and invaded the stromal compartment (Figure 4B). The emergence of a potential epithelial-mesenchymal transition, as reflected by the reduction in
E-cadherin and increase in vimentin expression, correlates with
tumor invasion in comparison with the adjacent region with confined tumors (Supplemental Figure 4D). Since the WHSC1 overexpression allele was fused with a Myc tag, we used Myc positivity to track the epithelial-derived tumor cells and demonstrated
that those invading cells are ectopically expressing vimentin, a
mesenchymal marker (Supplemental Figure 4D). In line with the
invasive tumors observed in primary tumors, molecular pathological analysis of PCa-bearing PTENPC–/– WHSC1PCOE/+ mice showed
metastatic spread of CK8- and AR-positive prostate tumor nodules in the lymph nodes and lungs (Figure 4C). Quantitative
reverse transcriptase PCR analysis of Ar and keratin 8 transcripts
revealed that there was more tumor invasion within the lymph
nodes of PTENPC–/– WHSC1PCOE/+ mice (Figure 4C, right). Collectively, the GEM model indicates that WHSC1 overexpression
cooperates with PTEN deficiency to promote PCa metastasis.
AKT directly phosphorylates WHSC1 at S172 to promote its stability. Having established the oncogenic role of WHSC1 in PCa
metastasis, we aimed to determine which oncogenic insults led
to WHSC1 elevation in metastatic PCa cells. Intriguingly, though
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the WHSC1 protein was increased in PTENPC–/– mice (Figure 3A,
top), we noticed that the Whsc1 mRNA did not display an appreciable difference between WT and PTENPC–/– mice (Supplemental Figure 5A). Similarly, the WHSC1 protein (Figure 5A, left), but
not its mRNA (right), was significantly increased in metastatic
PCa cells (DU145, PC3, LNCaP, and LNCaP-Abl cells) compared
with normal prostate epithelial cells (RWPE-1 cells and mouse
anterior prostate), benign prostatic hyperplasia epithelial cells
(BPH), and primary PCa cells (22RV-1) (Figure 5A). Likewise,
depletion of PTEN in mouse embryonic fibroblasts and RWPE-1
cells led to a significant increase in the WHSC1 protein but not
its mRNA (Figure 5B and Supplemental Figure 5B). These observations suggest that WHSC1 expression is upregulated by a posttranscriptional regulation mechanism.
In the context of PTEN loss, the most pronounced signaling
event is the constitutive activation of AKT (41, 42), and it is known
that AKT can influence proteasome-dependent protein degradation (43–45). Indeed, we noticed that the WHSC1 protein level
appeared to be positively correlated with AKT activity in a subset
of human PCa cells (Figure 5A, left), which prompted us to investigate whether there was a relationship between AKT activation
and the WHSC1 protein level. When AKT signaling was inhibited
by either LY294002 treatment (PI3K inhibitor) or siRNA knockdown, the half-life of the WHSC1 protein was attenuated (Figure 5,
C and D). In addition, we showed that MG132 treatment reversed
the effect of AKT depletion, suggesting that AKT prevents WHSC1
degradation in a proteasome-dependent manner (Figure 5D).
Next, we investigated how AKT regulated WHSC1 protein stability. There was a putative AKT phosphorylation motif RxRxxpS/
pT surrounding serine 172 in WHSC1, and this motif was evolutionarily conserved (Figure 5E). We therefore reasoned that
WHSC1 might be a substrate of AKT. Indeed, mass spectrometry
analyses revealed that the S172 site of WHSC1 was phosphorylated in PC3 cells (Supplemental Figure 5C). In addition, coimmunoprecipitation revealed that both ectopic and endogenous WHSC1
interacted with AKT in cells (Figure 5F and Supplemental Figure
5D). To examine whether AKT directly phosphorylates WHSC1,
we performed in vitro kinase assays and showed that WT but
not S172A mutant WHSC1 protein was directly phosphorylated
by AKT (Figure 5G). In addition, WHSC1 phosphorylation was
detected by the AKT substrate antibody. The intensity of phosphorylation was enhanced by IGF-1 and reduced by LY294002
treatment (Figure 5H and Supplemental Figure 5E). Notably, the
reactivity of WHSC1 with AKT substrate antibody was eliminated
by treatment with λ-phosphatase (Figure 5H) or by preincubation
of phospho-S172 peptide with the antibody (Supplemental Figure
5F), verifying the specificity of the detected WHSC1-S172 phosphorylation. Taken together, these results demonstrate that AKT
directly phosphorylates S172 of WHSC1.
To define the biological significance of S172 phosphorylation,
we substituted alanine for endogenous S172 in PC3 cells using
the CRISPR/Cas9 technology (S172A cells; Supplemental Figure
5G). The WHSC1-S172A protein level, but not its mRNA level,
was largely reduced compared with its WT counterparts (Figure 5I), whereas MG132 treatment attenuated WHSC1 protein
degradation (Figure 5I and Supplemental Figure 5H). With the
diminished phosphorylation of WHSC1 in S172A cells, the S172A
jci.org   Volume 127   Number 4   April 2017
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mutant protein exhibited a profound increase in polyubiquitination (Figure 5J). In keeping with the loss-of-function phenotype
associated with WHSC1, S172A cells showed pronounced defects
in cell migration and anchorage-independent growth (Supplemental Figure 5I). More importantly, inoculations of control and
S172A mutated cells into nude mice revealed that the inhibition
of WHSC1-S172 phosphorylation greatly diminished metastatic
lesions in the limbs, indicating that WHSC1 protein stabilization is
essential for its function in promoting PCa metastasis (Figure 5K).
The pathological association between AKT signaling and WHSC1
expression was further illustrated by patient specimen analysis.
We performed IHC staining for phospho-AKT and WHSC1 on PCa
TMAs (an Asian radical prostate cohort) and observed a positive
correlation between WHSC1 and phospho-AKT levels (Figure 5L).
AKT phosphorylates WHSC1 to counteract CRL4Cdt2-dependent
degradation. Next, we sought to determine the underlying mechanism by which AKT stabilizes the WHSC1 protein. It is known
that AKT influences substrate protein ubiquitination and proteasome-dependent degradation through altering interactions
between substrate proteins and their E3 ubiquitin ligases in a
phosphorylation-dependent manner (43–45). Thus, we hypothesized that the AKT-mediated phosphorylation of WHSC1 altered
the recruitment of E3 ligases and thereby affected its ubiquitination-mediated degradation. To this end, we explored tandem
affinity purification of WHSC1 followed by mass spectrometric
analysis to identify WHSC1-interacting proteins. Interestingly,
two E3 ligase–related proteins, DNA damage binding protein 1
(DDB1) and CDT2 (also known as CDC10-dependent transcript
2, DTL, DACF2), were detected in WHSC1 immunoprecipitates
(Figure 6A). The cullin 4 (CUL4) subfamily members CUL4A and
CUL4B use DDB1 as an adaptor and DDB1 and CUL4-associated
factors (DCAFs) as substrate receptors to recognize substrate proteins (46, 47). Thereafter, we examined the association between
WHSC1 and CUL4 components by coimmunoprecipitation. Figure 6B indicates that CUL4B, DDB1, and CDT2, but not CUL4A,
could be detected in WHSC1 immunoprecipitates. Consistently,
silencing CUL4B and CDT2, but not CUL4A, elevated WHSC1
protein levels in 293T cells (Supplemental Figure 6A), and similar
results were observed in PCa cells (Figure 6C).
To determine whether degradation of WHSC1 by CUL4B
was regulated by AKT-mediated WHSC1-S172 phosphorylation,
we performed an in vitro ubiquitination assay to determine the
ability of CUL4B to add polyubiquitin chains to recombinant WT,
S172A, and S172D WHSC1 proteins. To accomplish this, CUL4B
ligase complexes were purified from Flag-CUL4B–overexpressing 293T cells, and WT and S172-mutated WHSC1 proteins were
produced and purified from a baculovirus-insect cell expression
system. As indicated in Figure 6D, IB with both anti-ubiquitin and
anti-WHSC1 antibodies revealed that polyubiquitinated forms of
WHSC1 were markedly enhanced when an alanine was substituted for WHSC1-S172, whereas phospho-mimic WHSC1-S172D
protein exhibited significantly less polyubiquitination compared
with WT protein. Similarly, when WHSC1-S172A protein was
expressed in 293T cells, it showed significantly more polyubiquitination compared with WT WHSC1 (Supplemental Figure 6B).
As a negative control, the specificity of the ubiquitination assay
was demonstrated by the enzymatic dead CUL4B (CUL4B-DN)
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(Supplemental Figure 6B). Consistent with above observations,
inactivation of CUL4B in an AKT-depleted or S172A-mutated cell
line largely restored the WHSC1 protein level (Figure 6E), and
cell migration was enhanced to an extent similar to that of WT
cells (Figure 6F). These results indicate that CUL4BCdt2-mediated degradation of WHSC1 is counteracted by the AKT-induced
phosphorylation of WHSC1-S172.
Next, we aimed to elucidate the underlying mechanism
by which phosphorylation of WHSC1-S172 prevents CUL4Bmediated destruction of WHSC1. Interestingly, when S172A and
S172D were overexpressed in 293T cells, we found that S172A
enhanced while S172D diminished its interaction with CUL4B
(Supplemental Figure 6C), suggesting that the phosphorylation
of WHSC1-S172 prevented its association with CRL4Cdt2 E3 ligase.
In line with this notion, inhibition of AKT by LY294002 treatment enhanced the interaction between endogenous WHSC1 and
CUL4B, DDB1, and CDT2 proteins (Figure 6G). Similar results
were obtained in WT and S172A-mutated PC3 cells. In agreement
with the reduction in the phosphorylation and the increase in the
polyubiquitination of WHSC1, we detected a more pronounced
association of WHSC1 with CUL4B, DDB1, and CDT2 in S172A
cells compared with WT cells (Figure 6H). These results highlight
that AKT mediation of S172 phosphorylation abolishes the recognition of WHSC1 by CRL4Cdt2 E3 ligase.
The AKT/WHSC1/RICTOR cascade presents a positive-feedback loop within PCa cells to stimulate AKT signaling. To illustrate
the mechanisms by which WHSC1 cooperated with PTEN loss to
promote PCa progression, we conducted transcriptome analyses
with or without WHSC1 depletion. As expected, Ingenuity Pathway
Analysis (IPA) indicated that “molecular mechanisms of cancer”
is one of the most significantly altered pathways (Supplemental
Figure 7A). More importantly, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis revealed that “regulation of
actin cytoskeleton,” “focal adhesion,” and “mTOR signaling” were
prominently enriched gene set concepts in the absence of WHSC1
(Figure 7A). As all of these processes greatly influence PCa progression and metastasis, we attempted to identify the genes directly
regulated by WHSC1 to modulate these key processes.
Given that mTOR signaling might be altered in the absence
of WHSC1, and we showed that AKT phosphorylated and stabilized WHSC1 in PCa cells, we first examined whether WHSC1
could enhance AKT activation and thereby lead to the vicious
feedback stimulations of AKT signaling in PCa cells. In line with
this hypothesis, we observed that depletion of WHSC1 profoundly
inhibited AKT signaling activity, as reflected by the reduced phosphorylation of AKT (S473), FOXO1, S6, and mTOR (Supplemental
Figure 7B). Conversely, overexpression of WHSC1, but not SET
domain–truncated WHSC1, resulted in hyperactive AKT signaling
(Supplemental Figure 7, B and C). Based on the results from cell
culture studies, we further extended analyses to our mouse models. Immunostaining revealed there was a significant increase in
phospho-AKT and phospho-S6 staining in tumor cells expressing
a high level of WHSC1 (PTENPC–/– WHSC1PCOE/+). Conversely, the
staining intensities were substantially reduced in the tumor sections of PTENPC–/– WHSC1PC–/– mice (Figure 7B). Western blotting
verified this observation, as indicated by enhanced or reduced
phosphorylation of S6 and mTOR in prostate lysates derived from
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Figure 6. AKT phosphorylates WHSC1 to prevent CUL4BCdt2-dependent degradation. (A) A tandem affinity-purified Flag-WHSC1 protein complex from
293T cells was resolved and visualized by silver staining. (B) IB analysis of the indicated protein in WCL and immunoprecipitates derived from 293T cells
transfected with Flag-WHSC1. (C) IB analysis of WCL transfected with CUL4B siRNA in PC3 and LNCaP cells. (D) WT, WHSC1-S172A, and WHSC1-S172D proteins were incubated with and without CUL4B complex components, recombinant Ub, ATP, E1, and E2 enzymes as indicated and then subjected to Western
blotting. (E) IB analysis of WCL in control and CUL4B knockdown cells with or without AKT depletion (left), or in WT and S172A mutated PC3 cells with or
without CUL4B knockdown (right). (F) Migration abilities of the parental and S172A mutant cells with or without CUL4B depletion. Data are presented as
the mean ± SEM. Two-way ANOVA followed by Tukey’s multiple comparisons test, **P < 0.01 (n = 3). (G) IB analyses of WCL and anti-WHSC1 immunoprecipitates of PC3 cells. Cells were treated with 20 μM MG132 and 30 μM LY294002 or DMSO as indicated for 8 hours before harvesting. (H) IB analysis of
WCL from WT and S172A PC3 cells and anti-WHSC1 immunoprecipitates as indicated.

PTENPC–/– WHSC1PCOE/+ or PTENPC–/– WHSC1PC–/– mice (Figure 7C).
Thus, our results highlight the notion that WHSC1 engendered the
acquisition of hyperactive AKT signaling in prostate tumors.
Interestingly, gene expression profiling revealed reduced
RICTOR expression in WHSC1-depleted cells. Since RICTOR,
a key component of the mTORC2 complex, can phosphorylate
AKT at S473 to induce feedback activation of AKT signaling,
we postulated that WHSC1 modulated AKT activity via regulation of RICTOR expression. Indeed, WHSC1 positively regulated RICTOR expression in PCa cells and GEM models (Figure

7, C–E). To determine whether WHSC1 enhances AKT signaling through direct regulation of RICTOR expression, we conducted ChIP-Seq (chromatin immunoprecipitation followed by
high-throughput sequencing) to characterize the differences in
the genomic distribution of H3K36me2 codes between WT and
WHSC1-deficient PC3 cells. In agreement with previous findings, the H3K36me2 signal was preferentially enriched in intragenic regions on a genome-wide scale in WT cells (Supplemental Figure 7D). Comparison of ChIP-Seq profiles in control and
WHSC1-depleted cells revealed a total of 2,171 genes displaying
jci.org   Volume 127   Number 4   April 2017
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Figure 7. WHSC1 stimulates AKT signaling through direct regulation of
RICTOR expression. (A) KEGG analysis shows the altered pathways in
the absence of WHSC1. (B) IHC staining of phospho-AKT (S473) (top) and
phospho-S6 (bottom) levels in the prostate sections of PTENPC–/–, PTENPC–/–
WHSC1PC–/–, and PTENPC–/– WHSC1PCOE/+ mice. (C) Western blot analysis of
WCL of AP from 4-month-old mice as indicated. Blot images are derived
from replicate samples run on parallel gels. (D) IB analysis of RICTOR
expression in WHSC1-KD and WHSC1-OE PC3 cells. (E) IHC of RICTOR
expression in PTENPC–/– and PTENPC–/– WHSC1PCOE/+ mice. (F) Tag density profile of H3K36me2 distribution of genes showing the decrease in H3K36me2
modifications in WHSC1-silenced cells. (G) Venn diagram indicating the
overlap of genes with reduced expression (gray) and H3K36me2 modifications (yellow) in WHSC1 knockdown cells. (H) Snapshot of H3K36me2
ChIP-Seq signals at the Rictor gene locus in control and WHSC1 knockdown
cells (top). ChIP–quantitative PCR WHSC1 and H3K36me2 signals in control
and WHSC1-depleted cells using the indicated primer pairs (bottom). The
location of the ChIP primer pairs used in the present study is denoted as
numbers. Error bars indicate the SEM from 3 experiments. Student’s t test,
*P < 0.05, **P < 0.01. (I) The association (by Pearson’s) between WHSC1
and RICTOR transcripts in patients (GSE21032, n = 179). (J) IB analysis
of WCL (left) and anchorage-independent growth (right) in control and
WHSC1-overexpressing PC3 cells with or without RICTOR depletion. Scale
bars: 50 μm (B and E), 50 kb (H).

reduced H3K36me2 levels after WHSC1 silencing (Supplemental
Figure 7E). In line with the notion that H3K36me2 modification
is critical for gene transcription and elongation, the difference in
the peaks between control and knockdown cells was more obvious within the promoter areas and throughout gene bodies (Figure 7F). To further correlate chromatin bindings with direct gene
regulation, we integrated the WHSC1-dependent transcriptome
and noticed that a total of 153 genes might be directly regulated
by WHSC1, as they showed a reduction in both H3K36me2 modifications and expression levels in the absence of WHSC1 (Figure
7G). More importantly, KEGG pathway analysis of the overlapping genes revealed enrichment of gene set concepts such as
“focal adhesion,” “regulation of actin cytoskeleton,” and “pathways in cancer” (Supplemental Figure 7G), emphasizing the role
of WHSC1 in tumorigenesis.
Focusing on the regulation of RICTOR expression, we
observed a significant reduction in H3K36me2 signals in the Rictor gene locus, especially within the 5′-UTR and promoter regions
in WHSC1-depleted PC3 cells (Figure 7H, top). Next, a systematic, quantitative direct ChIP strategy was conducted to determine
whether WHSC1 indeed directly regulated RICTOR expression.
ChIP–quantitative PCR examination confirmed that WHSC1
depletion decreased H3K36me2 signals and WHSC1 recruitment
to the Rictor gene locus (Figure 7H, bottom). Likewise, the direct
regulation of RICTOR expression by WHSC1 was strengthened in
patients; RICTOR expression positively correlated with WHSC1
transcripts in patient specimens (using data set GSE21032; Figure
7I). To clarify the functional importance of the WHSC1/RICTOR
axis, we depleted RICTOR expression in WHSC1-overexpressing
cells and found that RICTOR depletion diminished AKT phosphorylation and anchorage-independent growth in WHSC1-overexpressing cells to an extent similar to that of control cells (Figure 7J). Notably, in accordance with the previous statement that
AKT stabilized the WHSC1 protein, RICTOR depletion also
reduced WHSC1 levels (Figure 7J, left). Collectively, our results
highlight that the AKT/WHSC1/RICTOR cascade represents a
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positive-feedback loop within PCa cells to viciously activate AKT
signaling and thereby promote PCa malignancy.
WHSC1/Rac1 signaling potentiates the metastatic traits of PCa
cells. Our results demonstrated that WHSC1 plays an integral role in
abnormal PI3K/AKT signaling to promote prostate tumorigenesis.
However, in addition to AKT/mTOR signaling, unbiased RNA-Seq
and ChIP-Seq analyses revealed that focal adhesion and the actin
cytoskeleton, which are also important for cell motility and tumor
metastasis, might also be altered in the absence of WHSC1 (Figure
7A and Supplemental Figure 7G). We proposed that WHSC1 also
modulated these key processes to promote PCa metastasis. To verify this notion, we first examined stress fibers and focal adhesion
in WHSC1-deficient cells by staining for phalloidin, P34-Arc (a
subunit of ARP2/3), phospho-FAK, and phospho-paxillin. Indeed,
WHSC1 deficiency led to defects in cell spreading and protrusions
without a clear leading edge of lamellipodium (Figure 8A). In
addition, WHSC1-depeleted cells exhibited adhesion foci defects
at the cell periphery, as indicated by phospho-FAK and phosphopaxillin staining (Figure 8A and Supplemental Figure 8A). Conversely, WHSC1 overexpression improved cellular spreading
and polarity in comparison with control cells (Figure 8A). Taken
together, our data indicate that WHSC1 is an upstream regulator of
cytoskeletal remodeling and focal adhesion, thus providing a plausible explanation for why WHSC1 promotes metastasis.
Given that Rho signals are critical for cytoskeletal remodeling
and tumor metastasis (48) and that our IPA analysis suggested that
“regulation of actin-based motility by Rho” is sensitive to WHSC1
depletion (Supplemental Figure 7A), we referenced gene expression profiles to characterize whether WHSC1 modulated Rho
expression in PCa cells. Although examination of RhoA, RhoB,
and RhoC levels indicated that there were no appreciable alterations after WHSC1 dysregulation, we found that Rac1 expression
was prominently altered in WHSC1-depleted or WHSC1-overexpressing cells (Figure 8B). Consistently, glutathione S-transferase pull-down analysis indicated that active Rac1, Rac1-GTP,
was simultaneously reduced with the downregulation of WHSC1
expression (Supplemental Figure 8B). In support of this biochemical characterization, gene set enrichment analysis, a computational method that detects coordinated changes in the expression of
groups of functionally related genes, revealed a large fraction of
Rac1 downstream genes that displayed significant alterations in
WHSC1-depleted cells (Figure 8C), indicating that Rac1 signaling
on a genomic basis was compromised in the absence of WHSC1.
Next, we extended our analysis to a GEM model in which WHSC1
overexpression potentiated indolent PTEN-null tumors developing into metastatic PCa. Indeed, IHC analysis showed that Rac1
expression was elevated in the tumors of PTENPC–/– WHSC1PCOE/+
mice, especially within invasive foci (Figure 8D). This observation
was further reinforced by Western blot analysis. There were significant increases in the total Rac1 and phospho-PAK1 levels when
tumor cells harbored higher WHSC1 expression levels (Figure 8E).
Having demonstrated that WHSC1 modulated Rac1 expression, we conducted rescue experiments and found that the depletion of Rac1 expression in WHSC1-overexpressing cells attenuated the acceleration of cellular migration caused by WHSC1
overexpression (Supplemental Figure 8, C and D). Similar results
were obtained by staining of stress fibers, lamellipodia, and focal
jci.org   Volume 127   Number 4   April 2017
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Figure 8. WHSC1 modulates the Rac1 signal to promote PCa metastasis. (A) Immunostaining as indicated in control, WHSC1-OE, and WHSC1-KD PC3
cells. (B) IB analysis of WCL from control, WHSC1-KD, and WHSC1-OE PC3 cells. (C) Gene set enrichment plots of differentially expressed genes belonging
to the Rac1 pathway associated with WHSC1 downregulation. P value is determined by GSEA software. (D) IHC staining of Rac1 expression in DLP sections
from 4-month-old PTENPC–/– and PTENPC–/– WHSC1PCOE/+ mice. (E) Western blot analysis of the indicated protein in WCL of AP from 4-month-old WT,
PTENPC–/–, and PTENPC–/– WHSC1PCOE/+ mice. (F) Immunostaining as indicated in control and WHSC1-OE PC3 cells with or without Rac1 depletion. (G) Snapshot of H3K36me2 ChIP-Seq signals at the RAC1 gene locus in control and WHSC1-silenced cells. Scale bars: 10 μm (A and F), 50 μm (D), 10 kb (G).

adhesions, which revealed that cytoskeletal remodeling and stress
fiber reorganization were reversed in the rescued cells (Figure
8F). In line with this observation, overexpression of constitutively
active Rac1 (Rac1-Q61L), but not dominant-negative Rac1-T17N,
neutralized the cell migration defects elicited by WHSC1 depletion (Supplemental Figure 8, E and F). Thus, the effect of WHSC1
on cytoskeletal remodeling and cell migration is mediated via regulation of Rac1 expression.
Focusing on the regulation of Rac1 expression, ChIP-Seq
results revealed a global reduction in H3K36me2 modifications
spanning from the 5′-UTR area to the body of the RAC1 gene
(Figure 8G). Consistent with reduced WHSC1 recruitment to the
RAC1 gene locus, ChIP–quantitative PCR analyses indicated that
the depletion of WHSC1 reduced H3K36me2 modifications across
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the various sites examined (Figure 9A). In addition, a large set of
areas displayed an obvious decrease in H3K9ac modifications
accompanied by a concomitant increase in H3K27me3 levels (Figure 9A), suggesting that the loss of WHSC1 led to more condensed
chromatin in the RAC1 gene locus and thereby blunted its transcription in PCa cells. Finally, the regulation of the WHSC1/Rac1
axis was strengthened by analysis of the public data sets. Similar
to increased WHSC1 expression in PCa patients, the signatures of
WHSC1 and Rac1, as defined by expression profile changes, were
both significantly elevated in patients with metastatic PCa (Supplemental Figure 8G), emphasizing the potential importance of
WHSC1 and Rac1 signaling in PCa metastasis. In addition, a positive and significant correlation between WHSC1 and Rac1 was
identified in prostate tumors (GSE21032; Supplemental Figure
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Figure 9. WHSC1 modulates the Rac1 signal to promote PCa metastasis. (A) ChIP–quantitative PCR signals of WHSC1, H3K36me2, H3K27me3, and H3K9ac in
control and WHSC1-depleted cells using the indicated primer pairs. Student’s t test, *P < 0.05, **P < 0.01. (B) Representative bioluminescence results show
tumor metastasis in control and WHSC1-OE PC3 cells with or without Rac1 and RICTOR knockdown (left). BLI quantitation of bioluminescent signals, which
are calculated as the means ± SEM, is shown in the right panel (n = 8 per group). Two-way ANOVA followed by Tukey’s multiple comparisons test, **P < 0.01.
(C) Correlations (by Pearson’s) between the WHSC1 signature (GSE84868), Rac1 signature (GSE78093), mTOR signature (GSE1413), and PTEN expression within
normal and PCa specimens (GSE21032, n = 179) are shown. Yellow, high-signature scoring in prostate tumor specimens; blue, low-signature scoring.

8H). Together, these findings demonstrate that WHSC1 serves as
an H3K36 dimethyl transferase that directly regulates Rac1 expression and thereby confers metastatic traits on PCa cells.
Finally, to verify whether the mechanism identified here functionally contributes to the metastatic phenotype in mouse models, we simultaneously depleted RICTOR and Rac1 expression in
WHSC1-overexpressing cells (Supplemental Figure 8I) and performed an intracardiac injection assay to characterize whether
this depletion could eliminate the effect of WHSC1 on PCa metastasis. As shown by BLI, depletion of Rac1 and RICTOR inhibited
the metastasis of tumor cells to the bone, as expected (Figure 9B).
More importantly, we detected that reduced expression of Rac1
and RICTOR in WHSC1-overexpressing cells abrogated the invasion of tumor cells within the skeleton (Figure 9B). This observation was further strengthened by x-ray imaging, which showed
that depletion of Rac1 and RICTOR expression diminished tumor
invasion within the skeleton in WHSC1-OE tumors to an extent
similar to that of the control cells (Supplemental Figure 8J). The
functional cooperation between WHSC1 and key intracellular
molecules (PTEN or AKT/RICTOR/Rac1) was illustrated by transcriptomic signature analysis in patients. There was a significant
and positive correlation among WHSC1 activity, mTOR and Rac1
signaling activation, and PTEN reduction in PCa patients (using
data set GSE21032; Figure 9C). Thus, our GEM model, togeth-

er with an ex vivo PCa metastatic model and functional characterization, collectively demonstrates that WHSC1 cooperates
with PTEN loss to aggravate PCa progression via stimulation of
mTORC2/AKT and Rac1 signaling.
Prognostic potential of WHSC1 and PTEN signaling in human
PCa. We next aimed to assess whether genetic cooperation between
WHSC1 signaling and PTEN loss in mice could be recapitulated
in human PCa. We first examined how robustly WHSC1, PTEN,
mTOR, and Rac1 signaling activity stratifies the biochemical recurrence (BCR) in patients (using the data set of Taylor et al., GSE21032;
ref. 4). Though mTOR activity was not significantly associated with
BCR, univariate analysis indicated that the PTEN, WHSC1, and
Rac1 signatures independently provided predictive power to stratify
patients into high- and low-risk groups (Supplemental Table 3).
Given that current diagnostic methods, including prostatespecific antigen (PSA) testing and the Gleason score, inaccurately
distinguish indolent tumors versus aggressive PCa, we next posited that WHSC1 and PTEN signaling may carry prognostic value to stratify the metastatic risk in human PCa. To this end, we
performed multivariate analysis to determine whether WHSC1
and PTEN could improve the diagnostic accuracy of PSA and
the Gleason score in stratifying the risk of BCR in patients (using
data set GSE21032). According to log-rank tests, multivariate Cox
proportional hazards regression analysis revealed that WHSC1
jci.org   Volume 127   Number 4   April 2017
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Table 1. Multivariate Cox regression analysis in GSE21032 (n = 140)
Multivariate Cox

P value

HR

95% CI

Gleason score
PSA
WHSC1
PTEN
Rac1 signature

0.002
0.028
0.024
0.05
0.146

2.26
1.77
1.67
0.65
NA

1.36–3.74
1.07–2.95
1.07–2.59
0.42–1.01
NA

and PTEN both carried an independent predictive power to further enhance the prognostic accuracy of the PSA level and Gleason score (Table 1). As indicated by Kaplan-Meier plot, combined
levels of PTEN and WHSC1, together with the Gleason score or
PSA, stratified the patient cohort into 2 groups (K-means clustering) that displayed significant differences in the risk of BCR (HR
= 3.9, P < 0.0001; HR = 2.2, P = 0.027; Figure 10A). By C-statistics analyses, we showed that WHSC1 and PTEN together (2-gene
model) carried independent prognostic information, as it can
enhance the prognostic accuracy of the Gleason score and PSA
levels from C-index values ranging from 0.69 to 0.72 and 0.59 to
0.69, respectively (Table 2). Encouraged by the revealed prognostic value, we repeated these results in our TMA by IHC staining
with phospho-AKT and WHSC1 and observed similar results; the
expression of WHSC1 together with higher phospho-AKT levels was also capable of enhancing the prognostic accuracy of the
Gleason score and PSA in predicting BCR outcome (Supplemental
Figure 9, A and B, and Supplemental Tables 3 and 4). Together,
these results corroborate the biological significance of genetic
cooperation between the signals of WHSC1 and PTEN loss in PCa
metastasis, with potential importance for diagnosis.

Discussion

Activation of the PI3K/AKT signaling pathway by either PTEN
loss or direct activation mutations is frequently observed in metastatic prostate tumors (4, 5). However, this alteration is insufficient to endow cells with metastatic traits. Employing GEM
models and patient specimen analysis, we found that WHSC1 represents an “epigenetic hit,” collaborating with PTEN loss to promote metastatic transformation. Though we showed that WHSC1
overexpression in PTEN-null mice greatly enhances tumor cell
metastasis to the lymph nodes and lungs, bone metastatic lesions
were not detected in overexpression mice. Currently, there are
no GEMs that reliably display bone metastasis in vivo, which represents a major limitation in the study of advanced PCa. Thus,
whether WHSC1 specifically plays critical roles in bone metastasis remains to be defined.
We demonstrated that WHSC1 expression is upregulated in
the prostate epithelium in an AKT-dependent manner and is indispensably required for the malignancy of PTEN-null tumors. Mechanistically, we found that AKT phosphorylates WHSC1 to antagonize CRL4Cdt2-dependent degradation. Increased WHSC1 directly
stimulates RICTOR expression, forming a positive-feedback loop
to further enhance the activation of AKT signaling and WHSC1
expression (Figure 10B). Our findings are of high clinical rele1298
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vance to metastatic PCa, as up to 70% of metastatic tumors harbored PTEN loss or PI3K/AKT signaling hyperactivity mutations.
The importance of regulating WHSC1 protein stability is substantiated by a recent study showing that the protein level of WHSC1
is dynamically regulated during cell cycle progression and promotes normal DNA replication (49). Interestingly, previous studies also indicated that EZH2 transcriptionally stimulates WHSC1
expression through negative regulation of microRNA expression
(24), which partially explains why WHSC1 mRNA is also increased
in metastatic tumors. Since multiple oncogenic insults, such as
EZH2 and AKT signaling, cause an increase in WHSC1 in metastatic PCa, it is not surprising that a further increase in WHSC1
in PTENPC–/– mice promotes indolent PTEN-null tumor cells to
acquire a metastatic potential (Figure 10B). Collectively, these
results highlight the complexity of signal coordination to enhance
WHSC1 in PCa cells. Thus, fine-tuning of WHSC1 activity levels
likely ensures a rapid and strictly bimodal response to diverse
oncogenic stimulates and thereby epigenetically reprograms the
tumor cells to acquire metastatic traits.
Deregulation of the epigenetic machinery is one of the main
drivers of oncogenic transformation and cancer development.
Emerging evidence indicates that deregulation of a single component of the machinery affects the global epigenetic landscape,
including mutations in EZH2, and tet methylcytosine dioxygenase 2 (TET2), among others (50–52). Our results highlight
that tumors bearing a high level of WHSC1 confer the metastatic traits of PCa cells through epigenetically reprograming the
genome landscapes for a subset of genes. This notion was exemplified by examination of the RAC1 gene in the present study.
We detected that WHSC1 depletion significantly increased
H3K27me3 modifications concomitant with a reduction in histone codes for H3K36me2 and H3K9ac in the RAC1 gene locus,
likely leading to more condensed chromatin to reduce Rac1 transcription. Intriguingly, ChIP-Seq analysis indicated that approximately 30% of genes on a genomic basis displayed significant
reduction in H3K36me2 codes in WHSC1-silencing cells compared with control cells. However, incorporation of the results
from gene expression profiling in the same cells revealed that the
changes in H3K36me2 occupancies were not tightly correlated
with gene expression alterations, reflecting the complex coordination of various histone modifications under different insults.
In addition, since the core subunits and associated factors of the
WHSC1 complex are not elucidated, the underlying mechanisms

Table 2. C-statistics analysis reveals that a 2-gene set (WHSC1
and PTEN) improves the prognostic accuracy of the Gleason score
and PSA
Model
Model 1. Gleason score
Model 2. PSA
Model 3. Two-gene set (WHSC1, PTEN)
Model 4. Gleason score + 2-gene set
Model 5. PSA + 2-gene set

C-index

95% CI

0.69
0.59
0.63
0.72
0.69

0.61–0.78
0.52–0.65
0.56–0.71
0.63–0.82
0.60–0.78

GSE21032 (BCR cases, n = 36; BCR-free cases, n = 104).
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Figure 10. Prognostic potential of WHSC1 and PTEN signaling in human PCa. (A) Kaplan-Meier plot (P values by log-rank test) of patients grouped using
the combination of WHSC1, PTEN, and the Gleason score or PSA (K-means clustering). (B) Model of WHSC1 in prostate tumorigenesis. PTEN inactivation to
activate AKT directly phosphorylates WHSC1 and abolishes the recognition and degradation of WHSC1 by CRL4Cdt2 E3 ligase. Increased WHSC1 in PCa cells
transcriptionally upregulates the expression of RICTOR, forming a positive-feedback loop to further enhance the activation of AKT signaling and WHSC1
expression. WHSC1 also enhances the expression of Rac1, which contributes to the transformation of indolent prostate tumors to metastatic cancer. Thus,
WHSC1 serves as an epigenetic integrator in mediating AKT, RICTOR, and Rac1 signaling crosstalk to drive PCa metastasis.

by which WHSC1 recognizes a specific set of genes remain undefined. Interestingly, motif analysis of WHSC1 intervals based on
ChIP-Seq data revealed significant enrichment of transcription
factors important for prostate tumorigenesis, such as NKX2.1,
NKX3.1, and FOXO1 (Supplemental Figure 7F). Whether WHSC1
directly interacts with these transcription factors to promote PCa
progression remains to be determined.
As WHSC1 is commonly dysregulated in human cancers and
its function is largely dependent on enzymatic activity, inhibition
of WHSC1 activity may have therapeutic implications for a diverse
set of tumors. For PCa patient management, current methods
of tumor stratification are based on clinicopathological factors,
including the Gleason score, PSA, and tumor stages (2). However,
these parameters are widely considered inaccurate for predicting
patient outcome. Our results indicate that WHSC1, together with
PTEN signaling, enhances the prognostic accuracy of PSA or the
Gleason score for the prediction of BCR in patients. Though the
TMA used in this study includes limited specimens, the results
were consistent with public data set analysis. Thus, the present
study provides insight to facilitate the development of a molecu-

lar prognostic assay that may complement the current standard
to improve evidence-based management of PCa patients. In summary, our findings highlight the role of WHSC1 in driving full
malignant transformation of PTEN-null prostate tumors and have
potential clinical relevance.

Methods

For expression plasmid, siRNA, cell culture, primer, colony formation assay, migration, ubiquitination, mass spectrometry, and in vitro
kinase assay procedures, see the Supplemental Methods.
Animal experiments. All experiments were maintained in a specific pathogen–free facility. WHSC1 overexpression mice (WHSC1OE/+)
were generated by our group using a previously described approach
(11). Whsc1fl/fl mice were generated by Beijing Biocytogen Co. Ltd.,
using conventional homologous recombination in embryonic stem
cells, and the targeting strategy is indicated in Supplemental Figure
3A. Ptenfl/fl mice were obtained from Hong Wu at UCLA (8). The PBCre/+
transgenic mice were obtained from Fen Wang at the Institute of
Bioscience and Technology, Texas A&M Health Science Center (53).
All the mice were backcrossed with C57BL/6 mice for at least 7 genjci.org   Volume 127   Number 4   April 2017
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erations. For intracardiac injection, nude mice aged 4–8 weeks were
injected with 106 PC3 cells. BLI was acquired with a NightOWL II LB
983 Imaging System (Berthold). Bone damage was detected by x-ray
radiography with a Faxitron instrument (Faxitron Bioptics) and quantified using ImageJ (NIH).
Histology and IHC. PIN lesions were graded using the nomenclature and criteria developed by Park et al. (54). In brief, HGPIN is
characterized by intraglandular proliferation of crowding cells with
atypia and cribriform formation or the development of multilayered
solid glandular structures. Invasive adenocarcinoma is characterized
by the proliferation of atypical cells that break the basal membrane
and invade through the prostatic stroma. For metastasis studies, we
performed CK8 or AR immunostaining in lymph nodes or lungs and
recorded the percentage of mice that were positive. The quantitative results of tumor progression are from 2 random slides of each
mouse for a total of 4–8 pairs of PTENPC–/–, PTENPC–/– WHSC1PCOE/+,
and PTENPC–/– WHSC1PC–/– mice. The statistical significance between
groups was determined by 2-tailed Fisher’s exact test. All the primary antibodies used in this study were purchased from Cell Signaling
Technology (antibodies directed against cyclin D1, 2926; Ki-67, 12202;
phospho-AKT, 4060; phospho-S6, 2215; and RICTOR, 2114), with
the exception of antibodies directed against AR (Santa Cruz Biotechnology, SC816), CK8 (Covance, MMS-162P), αSMA (Sigma-Aldrich,
A5228), WHSC1 (Abcam, ab75359), Rac1 (Cytoskeleton, ARC03;
Thermo Fisher Scientific, PA1-091), and E-cadherin (BD, 610181).
RNA-Seq, ChIP-Seq, and data analysis. Total RNA from 4 groups
of PC3 cells with or without WHSC1 depletion was subjected to HiSeq
RNA-Seq, performed by BGI Tech Solutions Co. Ltd, China. Transcriptome reads from RNA-Seq experiments were mapped to the reference
genome (hg19) using the Bowtie tool. The gene expression level was
quantified by a software package called RSEM. The list of significance
was operated by setting of a P value threshold at 0.05; the raw data
can be downloaded as GSE84868. The differentially expressed genes
were subsequently analyzed for the enrichment of biological themes
using the clusterProfile package and Ingenuity Pathway Analysis
program (http://www.ingenuity.com/index.html). For the ChIP-Seq
assay, the chromatin was prepared, and ChIP-Seq analysis was then
performed by Active Motif Inc. using an antibody against H3K36me2
(Millipore, 07-274). The 75-nt sequence reads generated by Illumina
sequencing were mapped to the genome using the Burrows-Wheeler
Aligner algorithm with default settings. Only reads that passed Illumina’s purity filter, aligned with no more than 2 mismatches, and
mapped uniquely to the genome were used in the subsequent analysis.
The SICER cutoff for the false discovery rate after controlling for significance was 1–10. In total, 23,502 intervals (WT) and 16,120 intervals
(WHSC1 knockdown) were identified over input control, and the raw
data can be downloaded as GSE84869. The average profile for tag distributions was generated using ngsplot version 2.61. Motifs enriched
in a region of interest were found using the SeqPos motif tool default
with a P value cutoff of 0.05.
IHC analysis of human TMAs and IB analysis of PCa tissues. An
Asian radical prostatectomy cohort was described previously (40).
Briefly, tissue samples with the clinical parameters of 118 PCa patients
who received radical prostatectomy were collected (Supplemental Table 2). None of these patients received adjuvant therapy until
BCR. The use of pathological specimens, as well as the review of all
the pertinent patient record, was approved by the institutional ethics
1300
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review board, and informed consent was obtained from the patients.
IHC analyses were performed using specific anti-WHSC1 (Abcam,
ab75359) and anti–phospho-AKT (Cell Signaling Technology, 4060)
antibodies. Samples were scanned using a Bliss automated slide scanner to generate high-resolution digital images. Protein expression was
scored and quantified by pathologists (BD) blinded to the outcome of
the cases. Basically, the quantified method is based on a multiplicative
index of the average staining intensity (0 to 3) and extent of staining (0
to 3) in the cores yielding a 10-point staining index ranging from 0 (no
staining) to 9 (strong staining).
Expression profile and correlation. Expression profiles of Yu et
al. (GSE6919) (37), Grasso et al. (GSE35988) (38), and Taylor et al.
(GSE21032) (4) were downloaded and are summarized in Supplemental Table 1. Box-and-whisker plots depict the median, first and
third quartiles, and minimum and maximum. Statistical significance
was assessed by 1-way ANOVA analysis. Correlation values between
2 genes were determined by iterating through each probe associated
with gene X and comparing it with each probe associated with gene Y.
As each probe may represent a different transcript isoform, the maximum correlation score was selected to represent the isoforms with
the greatest positive coexpression. Strength of association was determined by Pearson correlation coefficients.
Analysis of Rac1 and mTOR activity, PTEN loss, and WHSC1 signatures in human PCa patients. Analysis of human tumor data sets was
carried out essentially as previously described (11, 38, 55). The Rac1
gene signature was derived from the gene expression profile of the
colon cancer cell line SW480 (GSE78093). Fold change greater than
or equal to 1.5, P value less than 0.05, and probes repressed (823
unique genes) and induced (760 unique genes) by Rac1 knockdown
were used to calculate the t score. The mTOR signature (defined using
a fold change ≥ 2, P < 0.05) consisted of RAD001 inhibition, which
induced 1,936 probes (1,668 mouse genes that were transformed to
1,409 human homeotic genes by Human and Mouse Homology with
phenotype annotations) and repressed 549 probes (474 mouse genes;
427 human homeotic genes). The WHSC1 gene signature was derived
from our own gene expression profile data set (GSE84868), which consisted of 960 upregulated and 1,270 downregulated unique human
genes. To define the degree of gene signature manifestation within
the profiles from an external human tumor data set (e.g., GSE21032),
we used the previously described t score metric (11, 55–57). For example, the t score was defined for each external profile as the 2-sided
t-statistic comparing the average of the WHSC1-induced genes with
the average of the WHSC1-repressed genes (genes within the human
tumor data set were first centered to SDs from the median of the primary tumor specimens). For a given data set, the t score contrasted the
patterns of the WHSC1-induced genes against those of the WHSC1repressed genes in order to derive a single value denoting the coordinate expression of the 2 gene sets.
Gene set enrichment analysis. Signature genes were compared using
gene set enrichment analysis (GSEA) to identify the ranked list of
genes affected by the expression level of WHSC1. Genes were ranked
by “Differ_of_classes,” and the permutation type was “gene set” and
other sets using the GSEA default. The thresholds for inclusion were P
less than 0.05 and q less than 0.25.
Clinical outcome analysis. Affymetrix Human Exon 1.0 ST Array
profiles and clinical information regarding the PCa patients (n = 140)
from the Taylor et al. cohort (GSE21032) were used for analyses (4).
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The predictive values of WHSC1, PTEN, Rac1, and mTOR signatures
univariately with BCR were analyzed using the Cox proportional hazards regression model. The HR and 95% CI were computed.
The Cox proportional hazards model analysis (Forward LR method)
with the WHSC1, PTEN, PSA level, and Gleason score were used to
estimate the coefficients of individual genes. The K-means clustering algorithm described previously (9) was used to stratify patient
cohorts. C-statistics analysis was conducted using the R “survcomp”
and “rms” package. The statistical procedures used in the analyses
included a comparative step that used the paired t test to compare
the C-statistics of the models.
Statistics. All experiments were performed using 3–15 mice or 3
independent repeated experiments with cells. Unless otherwise indicated, the data in the figures are presented as the mean ± SEM. Pearson correlation coefficients were used to evaluate the relationships
between WHSC1 and gene expression. Cox proportional hazards
regression model and multivariate Cox proportional hazards model
analyses were performed with the statistical software SPSS 22.0. Statistical significance was determined by Student’s t test, 1-way ANOVA,
2-way ANOVA, Pearson correlation coefficients, log-rank test, Fisher’s exact test, or χ2 test. For computing gene signature scores based on
expression profiling data from human tumors, genes were first z-normalized to the SD from the median across the primary tumor samples,
and the average of the z-normalized values for all the genes in the
signature was used to represent the signature score for each sample
profile. For all statistical tests, the 0.05 level of confidence (2-sided)
was accepted for statistical significance.
Study approval. All animal experiments were performed in compliance with the Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011) and were approved by the Institutional
Biomedical Research Ethics Committee of the Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences. All cell lines used
here are available at ATCC.
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