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A novel nuclear role for the Vav3 nucleotide exchange factor
in androgen receptor coactivation in prostate cancer
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Increased androgen receptor (AR) transcriptional activity mediated by coactivator proteins may drive castration-resistant prostate cancer (CRPC) growth. Vav3, a
Rho GTPase guanine nucleotide exchange factor (GEF),
is overexpressed in human prostate cancers, particularly
in models of CRPC progression. Vav3 coactivates AR in a
Vav3 pleckstrin homology (PH) domain-dependent but
GEF-independent manner. Ectopic expression of Vav3 in
androgen-dependent human prostate cancer cells conferred robust castration-resistant xenograft tumor growth.
Vav3 but not a Vav3 PH mutant greatly stimulated
interaction between the AR amino and carboxyl termini
(N–C interaction), which is required for maximal receptor
transcriptional activity. Vav3 was distributed between the
cytoplasm and nucleus with nuclear localization-dependent on the Vav3 PH domain. Membrane targeting
of Vav3 abolished Vav3 potentiation of AR activity,
whereas nuclear targeting of a Vav3 PH mutant rescued
AR coactivation, suggesting that nuclear localization is an
important function of the Vav3 PH domain. A nuclear
role for Vav3 was further demonstrated by sequential
chromatin immunoprecipitation assays, which revealed
that Vav3 and AR were recruited to the same transcriptional complexes of an AR target gene enhancer. These
data demonstrate the importance of Vav3 in CRPC and
deﬁne a novel nuclear function of Vav3 in regulating AR
activity.
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Introduction
Because the androgen receptor (AR) has a central role
in prostate cancer progression, androgen deprivation
therapy is used to manage this malignancy. Although
most patients respond initially, progression invariably
occurs and this recurrent stage is termed castrationresistant prostate cancer (CRPC). Despite therapeutic
depletion of androgen levels, the AR continues to
drive growth of CRPC (Balk, 2002). One mechanism
to account for AR action in CRPC is through the
upregulation of coregulatory proteins that enhance AR
activity even when the ligand is present at low
concentrations. We and others previously showed that
levels of Vav3, a guanine nucleotide exchange factor
(GEF) for Rho GTPases, are increased during progression of androgen-dependent prostate cancer cells to
CRPC (Dong et al., 2006; Lyons and Burnstein, 2006;
Banach-Petrosky et al., 2007; Lyons et al., 2008).
Further, Vav3 serves as a novel AR coactivator in
prostate cancer cells even at subnanomolar androgen
concentrations, which are often present in CRPC
(Mohler et al., 2004; Lyons and Burnstein, 2006;
Montgomery et al., 2008). Immunohistochemical analysis of human primary prostate cancer specimens
revealed Vav3 overexpression in a signiﬁcant proportion
of samples but not in benign prostatic tissues
(Dong et al., 2006). Consistent with a role in prostate
cancer development, targeting a constitutively active
Vav3 mutant to prostatic epithelium of transgenic mice
resulted in adenocarcinoma (Liu et al., 2008).
Vav3 belongs to a small subfamily of diffuse B-cell
lymphoma (DBL) GEF proteins that also includes the
closely related Vav1 and Vav2 (Movilla and Bustelo,
1999). Vav1 expression is typically restricted to cells of
hematopoietic lineage, whereas Vav2 and Vav3 are more
broadly expressed (Bustelo, 2001). Vav proteins catalyze
the exchange of GDP to GTP on Rho family GTPases
and this activity is stimulated by growth factor receptor
phosphorylation of critical tyrosine residues on the Vav
amino terminus (Zeng et al., 2000). Like all DBL family
GEFs, Vav proteins contain a highly conserved DBL
homology (DH) domain that interacts directly with Rho
GTPases and is linked in tandem to a pleckstrin
homology (PH) domain. Vav3 is best recognized
for its cytoplasmic actions, whereby Vav3 transmits
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Results
Vav3 expression confers CRPC tumorigenesis
Because Vav3 is upregulated following progression of
prostate cancer cells and tumors to castration resistance
(Dong et al., 2006; Lyons and Burnstein, 2006; BanachPetrosky et al., 2007), we examined the effect of ectopic
expression of wild-type Vav3 in VCaP cells, a human
prostate cancer cell line that is strictly dependent on
androgen for in vitro and in vivo growth (Korenchuk
et al., 2001). VCaP cells stably expressing either Vav3 or
green ﬂuorescent protein (GFP) (control) were inoculated into the hind ﬂanks of severe-combined immunodeﬁcient mice and mice were castrated when tumors
reached approximately 300 mm3. Following castration,
xenograft tumors derived from the VCaP/Vav3 cells
grew rapidly, whereas VCaP/GFP tumors exhibited a
lag in growth that is characteristic of VCaP and other
androgen-dependent cell lines in response to castration
(Figure 1a). Differences in tumor growth may be due to
Vav3 promotion of VCaP cell survival as we observed in
androgen-depleted media (Supplementary Figure 1).
Immunoblots from lysates of excised tumors showed
that Vav3 expression was retained in these late-stage
tumors (Figure 1a). PSA is secreted from human but not
mouse prostate epithelial cells, and elevated circulating
levels are indicative of tumor growth and AR activity. In
line with accelerated tumor growth following castration,
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extracellular growth factor signals to Rho GTPases,
including RhoA, RhoG and Rac1 (Movilla and Bustelo,
1999; Lopez-Lago et al., 2000; Zeng et al., 2000).
Rho GTPases then interact with downstream effectors
to mediate many cellular responses, including actin
cytoskeleton reorganization, gene expression and cell
cycle regulation (Jaffe and Hall, 2005).
Surprisingly, we found that Vav3 potentiation of
hormone-inducible AR transcriptional activity is independent of Vav3 GEF activity, but requires the PH
domain (Lyons and Burnstein, 2006). In this study, we
established a critical role for Vav3 in conferring
castration-resistant tumor xenograft growth and sought
to deﬁne the molecular mechanism by which Vav3
enhances AR activity. Vav3, but not a Vav3 PH domain
mutant, potently enhanced AR N–C interaction, a
requirement for maximal AR chromatin binding and
transcriptional activity. Although many well-characterized steroid receptor coactivator proteins interact with
receptors via LxxLL motifs (Heery et al., 1997), neither
a conserved LxxLL or a related motif found in Vav3
were required for AR coactivation. We found that the
PH domain of Vav3 conferred partial nuclear localization of Vav3 and that Vav3 potentiation of AR
transcriptional activity was dependent on Vav3 nuclear
localization. Vav3 was co-recruited with AR to the
enhancer of the AR target gene prostate-speciﬁc antigen
(PSA). Thus, this study establishes the importance of
Vav3 in CRPC growth and deﬁnes a novel nuclear
function for Vav3 via its PH domain.
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Figure 1 Vav3 confers castration-resistant growth of tumor
xenografts. (a) Top panel: VCaP cells stably expressing Vav3 or
GFP (control) were inoculated bilaterally into the hind ﬂanks
of severe-combined immunodeﬁcient mice. Mice were castrated
when tumors reached approx. 300 mm3. Tumor volumes (n ¼ 12 for
VCaP/GFP; n ¼ 13–16 for VCaP/Vav3 tumors) were estimated
weekly using calipers. Data are plotted as percent change in tumor
volume (±s.e.m.) relative to tumor size at the time of castration.
Signiﬁcance was determined using a two-tailed Student’s t-test
(***Po0.001). Lower panel: Tumors were excised from euthanized
animals 5 weeks after castration. Vav3-Flag levels were determined
from tumor lysates and from cultured VCaP/Vav3 and VCaP/GFP
cells. (b) PSA levels were determined from serum samples. Data are
plotted as concentration of serum PSA (ng/ml±s.e.m.) relative to
the day of castration (n ¼ 7–11 for VCaP/GFP; n ¼ 6–13 for VCaP/
Vav3 tumor-bearing mice). Signiﬁcance was determined using a
two-tailed Student’s t-test (*Po0.05).

mice bearing VCaP/Vav3 tumors had increased circulating PSA levels compared to mice with VCaP/GFP
tumors (Figure 1b).
To determine whether Vav3 effects on prostate cancer
cell proliferation occurred preferentially in AR-expressing cells, ALVA-31 cells, which express Vav3 but not
AR, were used. AR or vector was stably introduced into
ALVA-31 cells and Vav3 activity inhibited using a
dominant-negative Vav3 mutant, Vav3.1 (Trenkle et al.,
2000; Supplementary Figure 2a). Inhibition of Vav3
activity caused decreased cell proliferation to a much
greater extent in ALVA-31 cells that expressed AR
compared with the AR-negative controls (SupplemenOncogene
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tary Figure 2b). Taken together, these ﬁndings show
that Vav3 expression was sufﬁcient for CRPC and
that modulation of cell proliferation by Vav3 was most
pronounced in AR-expressing cells. These results
prompted us to examine the mechanism of Vav3
coactivation of AR.

DH (GEF) domain as well as another conserved
hydrophobic region H/YxFLF/L in the PH domain
(Figure 2b). A three-dimensional structural model
of Vav3 was generated based on the crystal structure
of Vav1 (Rapley et al., 2008). This model revealed that
the HxFLF forms a potential hydrophobic interface that
could be used for protein–protein interactions
(Figure 2c). The other conserved motif (LxxLL)
appeared to be less accessible for protein–protein
interactions based on this model (Figure 2c). We
tested the possible involvement of both motifs in Vav3
coactivation of AR. A Vav3 double mutant (mut 1
and 2) containing both LxxLL to AxxAA mutation in
the Vav3 DH domain and HxFLF to AxVAA mutation
in the Vav3 PH domain was made. This Vav3 double
mutant (LxxLL/HxFLF to AxxAA/AxVAA) potentiated AR transcriptional activity similar to wild-type
Vav3 (Figure 2d). Single mutants in each of these motifs
also retained the capacity to coactivate AR (data not
shown). These data suggest that AR coactivation by

All three Vav family members coactivate AR but not
through conserved Vav LxxLL-type motifs
As Vav1 and Vav2 share substantial sequence identity
with Vav3, we examined the possibility that other
Vav family members coactivate AR. Reporter gene
assays using the promoter/enhancer regions of the AR
target gene PSA showed that like Vav3, Vav1 and Vav2
potentiated AR activity (Figure 2a).
Many nuclear receptor coactivators contain LxxLL
nuclear receptor binding motifs. These motifs interact
directly with AF2 regions located in receptor ligandbinding domains (LBDs) (Heery et al., 1997). All three
Vav family proteins contain an LxxLL sequence in the
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Figure 2 Vav family members enhance AR transcriptional activity, but a conserved LxxLL and related motif are not required.
(a) PC3 cells transfected with an AR cDNA, PSA-luciferase reporter, a b-galactosidase expression vector (for normalization) and either
Vav1, Vav2, Vav3 or control empty vector (EV) were treated with vehicle or the synthetic androgen R1881 (5 nM) for 48 h. Luciferase
activity was determined and normalized to b-galactosidase activity. Data from three independent experiments performed in triplicate
are plotted as fold induction (relative luciferase units in hormone-treated divided by vehicle-treated samples) ±s.e.m. (b) Sequence
alignment of Vav family proteins was performed using AlignX (Vector NTI). DH and PH domains contain a conserved leucine-rich
motif (LxxLL) in the DH domain and a related aromatic region (HxFxF) in the PH domain. (c) Three-dimensional structural model of
the DH–PH–CRD contiguous module of human Vav3 is shown. The dbl homology (DH), pleckstrin homology (PH) and cysteine-rich
(CRD) domains are, respectively, colored blue, red and green. The side-chain moieties of conserved residues within the LxxLL, HxFxF
motifs and W493 are also denoted and colored purple for clarity. The numerals indicate the amino-acid boundaries of the DH–PH–
CRD module (residues 181–570) within human Vav3. (d) PC3 cells transfected with AR, PSA-luciferase, a b-galactosidase expression
vector, wild-type Vav3 or Vav3 double mutant (mut 1 and 2) harboring LxxLL to AxxAA mutations in Vav3 DH domain and HxFLF
to AxVAA mutations in Vav3 PH domain or an equal amount of the EV were treated with vehicle or R1881 for 48 h. Data from a
representative experiment (of two independent experiments) performed in triplicate are plotted as relative luciferase units (RLU±s.d.)
normalized for b-galactosidase activity. Signiﬁcance was determined by two-tailed Student’s t-test compared with EV-transfected cells
(a) or EV-transfected cells with R1881 (5 nM) treatment (d) (*Po0.05; **Po0.01). A full colour version of this ﬁgure is available at the
Oncogene journal online.
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Vav3 does not require the classical LxxLL nuclear
receptor AF2 binding motif in the Vav3 DH domain or
the HxFLF sequence in the Vav3 PH domain.

CH

AD

DH

PH CRD

SH3

SH2

SH3

Vav3
Vav3 W493L
Vav3 ISO

Vav3 PH domain alone does not enhance AR activity,
but acts as a dominant-negative form of Vav3
To determine whether the Vav3 PH domain itself is
sufﬁcient to increase AR transcriptional activity, a
fusion protein was made with GFP linked to the Vav3
PH domain (GFP-Vav3 PH). GFP-Vav3 PH failed to
increase androgen-inducible AR transcriptional activity.
However, the GFP-Vav3 PH construct interfered with
AR coactivation by full-length Vav3, whereas the GFP
control did not diminish AR coactivation, suggesting
that the inhibitory effect is speciﬁc to the Vav3 PH
domain (Figure 4a). GFP-Vav3 PH and full-length
Vav3 were expressed at comparable levels (Figure 4b).

60
50
RLU/mg protein

Vav3 enhances androgen-induced AR N–C interaction
in a PH domain-dependent manner
Androgen-inducible AR N–C interaction is essential for
optimal AR chromatin binding and transcriptional
activity (He et al., 1999, 2002). To examine whether
Vav3 and Vav3 mutants (Figure 3a) affect AR N–C
interaction, mammalian two-hybrid assays were conducted. This assay detects interaction between the amino
and carboxyl termini of AR fusion proteins using a
Gal4 binding site-driven reporter gene as the read out.
For these experiments, PC3 human prostate cancer cells
were transfected with the Gal4-Tata-Luc reporter,
Gal4DBD-ARLBD (the AR carboxyl terminus LBD
spanning amino acids 614–919 fused to the Gal4 DNAbinding domain (DBD)) and VP16AD-ARTAD (the
activation domain (AD) of VP16 fused to AR amino
acids 1–565 (TAD)). In control experiments, omission of
either the construct encoding the GAL4DBD-ARLBD
or the VP16AD-ARTAD resulted in only negligible
background levels of luciferase (data not shown). As
demonstrated previously, androgen stimulated luciferase
activity in cells expressing both AR fusion proteins
indicative of AR N–C interaction (He et al., 2002). Both
wild-type Vav3 and a Vav3 GEF mutant (Vav3 ISO)
greatly enhanced androgen-induced AR N–C interaction. In contrast, the Vav3 PH mutant (W493L) failed to
promote AR N–C interaction (Figure 3b). Western blot
analysis showed similar levels of wild-type Vav3 and
Vav3 mutant expression (Figure 3c). The Vav3 W493L
mutant was previously characterized as lacking PH
function, while retaining the ability to bind and activate
Rho GTPases, to induce F actin reorganization and
cause morphological changes similar to the wild-type
protein (Movilla and Bustelo, 1999). These ﬁndings
suggest that this mutation, while disrupting PH function, does not signiﬁcantly alter Vav3 GEF activity.
Therefore, our ﬁndings indicate that the PH domain but
not GEF activity was required for Vav3 enhancement of
AR N–C interaction, which supports our previous
ﬁndings that the Vav3 PH domain but not GEF activity
is essential for coactivation of AR by Vav3 (Lyons and
Burnstein, 2006).

vehicle

**

R1881

*

40
30
20
10
0
EV

Vav3

EV

Vav3W493L
Vav3 ISO
(PH mutant) (GEF mutant)

Vav3 Vav3
Vav3 W493L ISO

Vav3

Actin

Figure 3 Vav3 increases androgen-induced AR N–C interaction
in a PH-dependent but GEF-independent manner. (a) Schematic
shows Vav3 domain organization and the Vav3 PH and GEF
mutants. (b) Mammalian two-hybrid assays were conducted in
which PC3 cells transfected with plasmids encoding: VP16ADARTAD (the VP16 activation domain (AD) fused to AR amino
acids 1–565), Gal4DBD-ARLBD (the Gal4 DBD fused to the AR
LBD 628–919), Gal4-Tata-Luc and empty vector (EV), Vav3, Vav3
PH mutant W493L or Vav3 GEF mutant (ISO) were treated with
either vehicle or R1881 for 24 h. Samples were then assayed for
luciferase activity and normalized to protein concentration. Data
plotted as RLU relative to EV with vehicle treatment (±s.e.m.) are
averaged from 3 to 8 independent experiments. Signiﬁcance was
determined by two-tailed Student’s t-test comparing EV-transfected cells with R1881 (1 nM) treatment (**Po0.01; *Po0.05).
(c) Western blot of parallel cultures transfected with indicated
plasmids shows expression of Vav3 and Vav3 mutants.

These results indicate that while the Vav3 PH domain
itself was not sufﬁcient for AR coactivation, this domain
interfered with full-length Vav3 and therefore participates in AR coactivation by Vav3.
Some PH domains mediate membrane association
via high-afﬁnity binding to membrane phospholipids
(Varnai et al., 2005). We addressed the possibility that
the Vav3 PH domain targets Vav3 to the plasma
membrane by examining the localization of GFP-Vav3
PH. As the Akt PH domain is essential for Akt
localization to the plasma membrane (Franke et al.,
1997; Varnai et al., 2005), GFP fused to the Akt PH
domain (GFP-Akt PH) was used as a control. The
majority of cells transfected with GFP-Akt PH exhibited
GFP localization at the plasma membrane, whereas
none of the cells expressing GFP-Vav3 PH exhibited
membrane ﬂuorescence. Instead, the GFP-Vav3 PH
fusion protein was distributed diffusely in the cytoplasm
Oncogene
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Vav3 PH domain confers Vav3 partial nuclear
localization
To understand the requirement for the PH domain in
Vav3 coactivation of AR, we generated GFP fusions
with full-length, wild-type Vav3 or Vav3W493L
(PH domain mutant) and examined subcellular localiza-
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Figure 5 Membrane targeting of Vav3 eliminates Vav3 coactivation of AR. (a) PC3 cells were transfected with AR, PSA-Luc, Vav3
or a Vav3-Kras fusion proteins containing Kras C-terminal
membrane targeting sequence CAAX and treated with either
vehicle or R1881 (5 nM). Samples were then assayed for luciferase
activity and normalized to protein concentration. Data plotted as
fold induction (±s.e.m.) represent the average of ﬁve independent
experiments performed in triplicate. Signiﬁcance was determined
by two-tailed Student’s t-test (**Po0.01). (b) Parallel cell cultures
were subjected to western blot assay using anti-Vav3 and anti-actin
antibodies.
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Membrane targeting of Vav3 disrupts enhancement
of AR transcriptional activity
To explore further the possible contribution of Vav3
localization in potentiating AR activity, we targeted
Vav3 to the plasma membrane by fusing wild-type Vav3
to the carboxyl terminal 18 amino acids of Kras, which
includes the CAAX prenylation signal CVIM (Palmby
et al., 2002). The addition of this membrane-targeting
sequence to Vav3 abolished its ability to coactivate AR
(Figure 5a). Vav3 and Vav3-Kras were expressed
at similar levels (Figure 5b). These results suggest that
membrane localization of Vav3 is unlikely to be required
for AR coactivation.

tion. The GFP-Vav3 fusion protein but not GFPVav3W493L coactivated AR as expected based on our
previous results with the untagged proteins (Lyons and
Burnstein, 2006) (data not shown). Cells transfected
with GFP-Vav3 exhibited ﬂuorescence in both the nuclei
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and nucleus (Figure 4c). These results suggest that
the Vav3 PH domain itself is not sufﬁcient to cause
membrane localization.
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Figure 4 Vav3 PH domain alone is not sufﬁcient to enhance AR transcriptional activity, but interferes with coactivation of AR by
wild-type Vav3. (a) PC3 cells transfected with AR, PSA-Luc and the indicated plasmids encoding: Vav3 (or EV), GFP fused to the
Vav3 PH domain (GFP-Vav3 PH) or GFP, Vav3 plus GFP-Vav3 PH or Vav3 plus GFP were treated with vehicle or R1881 (5 nM).
Samples were assayed for luciferase activity and normalized to protein concentration. RLU relative to EV with vehicle treatment from
three independent experiments performed in triplicate are averaged and plotted (RLU/protein±s.e.m.). Signiﬁcance was determined
by two-tailed Student’s t-test (*Po0.05). (b) Parallel cultures transfected with the indicated plasmids were subjected to western blot
analysis to assess relative expression levels of Vav3, GFP-Vav3 PH and GFP. (c) LNCaP cells transfected with GFP-Vav3 PH domain,
GFP-Akt PH domain or GFP control vector were ﬁxed and imaged by confocal microscopy. Representative cells from two
independent experiments are shown. Lower images are merged with DAPI staining in blue.
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Figure 6 Vav3 PH domain confers partial Vav3 nuclear localization. (a) PC3 cells were transfected with GFP alone, GFP-Vav3 or
GFP-Vav3W493L (PH mutant). After 48 h, cells were ﬁxed and GFP-Vav3 localization was assessed by ﬂuorescence microscopy.
Lower images are merged with DAPI staining in blue. (b) Approximately 100 cells from each indicated transfection were scored based
on relative nuclear vs cytoplasmic GFP localization. NXC indicates greater nuclear or comparable nuclear and cytoplasmic
localization; NoC indicates greater cytoplasmic than nuclear localization. Data (summary of four independent experiments) are
plotted as the percentage of total cells counted. Signiﬁcance was determined by two-tailed Student’s t-test compared with GFP-Vav3
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and cytoplasm but not in the plasma membrane (Figures
6a and b), as was also observed by Liu et al. (2010).
In contrast, GFP-Vav3W493L was predominately
cytoplasmic (Figures 6a and b). These ﬁndings suggest
that the Vav3 PH domain confers partial Vav3 nuclear
localization.
Nuclear targeting of a Vav3 PH mutant rescues AR
coactivation
To determine whether the reduced nuclear localization
of Vav3 W493L was responsible for the impaired ability
of this PH mutant to coactivate AR, we constructed
Vav3 and Vav3 W493L that were targeted to the nucleus
by linking three tandem copies of the SV40T antigen
nuclear localization sequence (NLS) in frame to the
Vav3 carboxyl terminus. Control constructs consisted of
Vav3 and Vav3W493L linked only to the myc tag.
Prostate cancer cells expressing these Vav3 constructs
were subjected to western blotting and were imaged to
evaluate expression of the Vav3 fusion proteins and to
conﬁrm that addition of the three NLS copies resulted in
nuclear localization of Vav3 W493L (Figures 7a and b).
As shown by reporter assays, nuclear targeting of the
Vav3 PH mutant W493L rescued AR coactivation
in reporter assays (Figure 7c). Thus, a critical aspect
of Vav3 PH domain function in AR coactivation may be
to ensure partial nuclear localization of Vav3.
The Vav1 PH domain contains a functional NLS
(KTRELKKK), which is similar to a motif in the Vav3
PH domain (KTKDLKKK). To determine whether this
sequence was required for Vav3 coactivation of AR,
the putative Vav3 NLS was mutated to ETEDLEEE.
Surprisingly, this Vav3 ‘NLS’ mutant retained the
capacity to enhance AR activity, suggesting that this
region is not involved in Vav3 nuclear localization
(Figure 7d). Consistent with this observation, the
Vav3 ‘NLS’ mutant, like wild-type Vav3, was localized to both nuclear and cytoplasmic compartments
(Figure 7e).

Vav3 and AR are in the same transcriptional complexes
on the PSA enhancer
Because Vav3 nuclear localization rescued AR coactivation by the Vav3 PH mutant, we investigated the
possibility that Vav3 was associated with androgen
response elements (AREs) of an AR target gene in situ.
We used the castration-resistant derivative of LNCaP
cells, LNCaP-R1, which we previously showed express
elevated Vav3 levels compared with parental LNCaP
cells (Lyons and Burnstein, 2006). Using chromatin
immunoprecipitation (ChIP) assays, we observed that
endogenous Vav3, like AR, was recruited to the PSA
enhancer in LNCaP-R1 cells after androgen treatment
(Figure 8a). Importantly, Vav3 was not found associated with the intervening region of the PSA promoter/
enhancer, which lacks AREs (Figure 8a). These experiments show that native Vav3 was recruited speciﬁcally
to the ARE-containing enhancer of the PSA gene in
response to hormone treatment.
As Vav3 and AR were recruited to the PSA enhancer
in androgen-treated cells, these proteins might exist in
the same transcriptional complexes. To address this
possibility, we used sequential ChIPs in LNCaP cells
stably expressing Vav3-Flag. Using anti-AR antibodies
or immunoglobulin G (IgG) (control) followed by
anti-Flag antibodies, Vav3-Flag was detected at the
PSA enhancer (Figure 8b) in the AR immunoprecipitates but not in the control (IgG) immunoprecipitates
after androgen treatment. As expected, no AR or Vav3
recruitment was observed in the PSA promoter region
lacking AREs. These results support the contention that
Vav3 and AR are co-recruited to AREs in chromatin.

Discussion
Vav3 is upregulated following androgen deprivation
and progression to CRPC in human cell-based and tumor
xenograft models (Dong et al., 2006; Lyons and Burnstein,
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Figure 7 Nuclear targeting of Vav3 PH domain mutant (W493L) rescues AR coactivation. (a) Cell lysates from PC3 cells transfected
with indicated plasmids (NLS indicates fusion with three copies of the SV40T antigen NLS) were probed with anti-Vav3 (left) or antimyc (right) antibodies. Actin was used as the loading control. A representative western blot of each is shown. Asterisks indicate
nonspeciﬁc bands. (b) PC3 cells transfected with the indicated plasmids were stained with anti-myc (red) and DAPI (blue) and imaged
by confocal microscopy. Lower images are merged with DAPI staining in blue. (c) PC3 cells transfected with indicated plasmids, AR,
PSA-Luc and a b-galactosidase expression vector were treated with R1881 (1 nM) or vehicle and analyzed by luciferase assay. Data
(normalized to b-galactosidase) are plotted as fold induction relative to control vector (±s.e.m.) and represent the means from
four independent experiments performed in triplicate. Signiﬁcance was determined by two-tailed Student’s t-test compared with
W493L-myc (*Po0.05). (d) PC3 cells transfected with AR, PSA-Luc, and Vav3, Vav3 NLS mutant (Vav3‘NLS’mut) or empty vector
(Ev) were treated with either vehicle or R1881 (1 nM) for 48 h. Cell lysates were then assayed for luciferase activity. Data from a
representative experiment (of three independent experiments) performed in triplicate are plotted as relative luciferase
units (mean±s.d.) normalized to protein. (e) PC3 cells transfected with either GFP-Vav3 or GFP-Vav3‘NLS’mut were imaged by
confocal microscopy. Images of 50 cells were scored as in Figure 6b. A full colour version of this ﬁgure is available at the Oncogene
journal online.

2006; Lyons et al., 2008; Schmidt et al., 2009; Marques
et al., 2010). Vav3 expression also increases following
progression to CRPC in tumors of the Nkx3.1:Pten
mutant mouse model of prostate cancer (Banach-Petrosky
Oncogene

et al., 2007; Ouyang et al., 2008). Further, androgen
deprivation therapy in men before surgical resection of
the prostate appears to increase Vav3 gene expression
(Holzbeierlein et al., 2004). Although Vav3 levels increase
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Figure 8 Vav3 and AR are recruited to the same transcriptional
complexes in the PSA enhancer. (a) LNCaP-R1 cells with
endogenous Vav3 expression were maintained in hormone-depleted
medium for 72 h, and then were treated with vehicle or 1 nM R1881
for 16 h. ChIP was conducted using anti-AR (rabbit), anti-Vav3
(rabbit) antibody or corresponding rabbit IgG control. Vav3
recruitment to the PSA distal enhancer was determined by realtime PCR. Data plotted as ‘% input’ are the average of two
independent experiments. (b) LNCaP/Vav3-Flag cells were subjected to sequential ChIP (re-ChIP) assay with anti-AR antibody or
IgG control, followed by anti-Flag antibody. Vav3 co-recruitment
with AR to the PSA distal enhancer was determined by real-time
PCR. Data plotted as ‘fold±s.e.m.’ relative to vehicle control is the
average of three independent experiments. Signiﬁcance was
determined using a two-tailed Student’s t-test (*Po0.05).

with disease progression and Vav3 potently enhances AR
activity, its role in CRPC development is unclear. To test
this, we examined the effect of Vav3 expression on CPRC
progression using an ‘androgen-dependent’ human prostate cancer cell xenograft model. While the rate of tumor
growth in intact mice was very similar between the Vav3and GFP-expressing VCaP cells (data not shown), tumors
expressing Vav3 did not exhibit the characteristic lag in
growth following castration that was exhibited by the
control androgen-dependent xenografts expressing GFP.
Instead, the Vav3-expressing tumors progressed rapidly
following castration. These results support the contention
that Vav3 is sufﬁcient for castration-resistant tumor
growth. Because of the importance of Vav3 in CPRC,
we investigated the mechanisms by which Vav3 enhances
AR activity and the role of the PH domain in this process.

Our studies indicate that all three Vav family
members enhance AR activity. Given the high degree
of homology between the three Vav proteins, this is not
surprising. Although it is unclear whether Vav1 and
Vav2 are involved in prostate cancer development
or progression, both proteins appear to have roles
in certain other cancers. For example, Vav1, which
is normally expressed in cells of hematopoietic lineage, is
expressed in a majority of primary neuroblastoma
tumors (Hornstein et al., 2003). In addition, a study,
which examined 95 pancreatic ductal carcinoma specimens, reported Vav1 expression in over half of the
samples (Fujikawa et al., 2003). Vav1 expression was
correlated with a reduced survival rate as compared with
Vav1-negative tumors (Fernandez-Zapico et al., 2005).
Studies of Vav2 have shown its phosphorylation and
activation downstream of prolactin signaling and have
suggested a role in breast cancer survival and progression (Miller et al., 2005). Vav2 has been reported to
be required for angiogenesis and tumor progression in
in vivo models of lung carcinoma and melanoma
(Brantley-Sieders et al., 2009). In addition, Vav2 overexpression has been identiﬁed in ovarian and head and
neck squamous cell carcinoma cell lines (Bourguignon
et al., 2001; Patel et al., 2007). These ﬁndings and others
indicate an emerging role for the Vav proteins in
oncogenesis.
Vav3 was ﬁrst identiﬁed as a DBL family Rho
GTPase GEF containing a typical tandem arrangement
of a DH (GEF) and PH domain. The function of the PH
domain of Vav3, however, is less well deﬁned as, unlike
other DBL GEFs, mutation of the Vav3 PH domain
does not disrupt GEF activity (Movilla and Bustelo,
1999). Our previous work supported a unique requirement of the Vav3 PH domain in androgen-mediated
enhancement of AR transcriptional activity that is
independent of Vav3 GEF activity (Lyons and Burnstein, 2006). PH domains typically share 10–30%
sequence identity, but have a well-conserved structure
(Lemmon et al., 2002; Lemmon, 2004, 2007). Although
PH domains confer membrane localization of some
proteins by virtue of their ability to bind avidly to
inositol phospholipids, this characteristic is not universally shared among PH domain-containing proteins
(Lemmon, 1999, 2003; Lemmon and Ferguson, 2000,
2001; Varnai et al., 2005). Recent studies suggest that
some PH domains may participate in protein nuclear
localization; however, the signiﬁcance and the mechanisms by which PH domains confer differential subcellular localization are not well understood (Houlard
et al., 2002; Maffucci et al., 2003; Varnai et al., 2005).
Our results suggest that the Vav3 PH domain does not
function as a membrane-targeting domain, but instead
participates in Vav3 nuclear localization, which was
essential for Vav3 coactivation of AR. The following
evidence presented here supports a novel role of the
Vav3 PH domain in nuclear localization and potentiation of AR activity: (1) the Vav3 PH domain
was essential for Vav3 stimulation of ligand-mediated
AR N–C interaction in mammalian two-hybrid assays;
(2) the Vav3 PH domain alone was not sufﬁcient to
Oncogene
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mediate membrane localization; (3) Vav3 demonstrated
greater nuclear localization compared with a Vav3 PH
mutant, which is also impaired in ligand-dependent AR
coactivation; (4) nuclear targeting of a Vav3 PH mutant
restored AR coactivation; and (5) plasma membrane
targeting of Vav3 abrogated its ability to coactivate AR.
Although many PH domain-containing proteins are
localized to the plasma membrane, more recent studies
have shown that less than 10% of all known PH
domains bind phosphoinositides with high afﬁnity
(Lemmon, 2007, 2008). It is worth noting that PH
domains of certain proteins appear to have roles
independent of membrane association. Interestingly,
several isolated PH domains localize to the nucleus
and a role for PH domains in nuclear-cytoplasmic
shuttling is emerging. The PH domain of IRS3 is
involved in nuclear localization as well as membrane
association (Maffucci et al., 2003). Moreover, the very
closely related Vav1 PH domain contains a functional
NLS. Although a similar NLS-like motif is present in
Vav3, extensive mutation of this sequence did not affect
AR coactivation. Interestingly, our structural model of
Vav3 (based on Vav1) showed that the ‘NLS’ motif is
not likely to be surface exposed and therefore would not
be predicted to be an efﬁcient nuclear targeting motif
(data not shown). Our ﬁnding that the Vav3 PH domain
acted as a dominant-negative, outcompeting full-length
Vav3 for AR coactivation, suggests that the Vav3 PH
domain may be involved in protein–protein interactions
that permit Vav3 access to the nucleus. Our results are
consistent with a mechanism whereby Vav3 is shuttled
between nuclear and cytoplasmic compartments, and
that nuclear localization relies on the PH domain. These
ﬁndings are in agreement with other studies that show a
reliance on domain interactions for nuclear/cytoplasmic
shuttling. For example, in the closely related Vav1
protein, nuclear localization is achieved via the Vav1 PH
domain, whereas cytoplasmic localization is conferred
by protein–protein interactions involving the C-terminal
SH3 domain. Signaling events disrupting interaction
with the Vav1 SH3 domain relieve cytoplasmic retention
and allow nuclear entry (Houlard et al., 2002).
In addition, the casein kinase 2-interacting protein
1 shuttles between the nucleus and cytoplasm, with the
PH domain being responsible for nuclear localization.
This nuclear localization is opposed by protein interactions involving the C-terminal domain. It is hypothesized that the two domains coordinate to determine the
subcellular localization of this protein (Xi et al., 2010).
Similar mechanisms may regulate Vav3 subcellular
localization and function. Our ﬁnding that AR coactivation by the Vav3 PH mutant was rescued by nuclear
targeting, taken together with our demonstration
that the PH domain alone was not sufﬁcient to confer
AR coactivation, suggests that although the PH domain
was essential for allowing nuclear localization, additional domains of Vav3 must participate in AR
coactivation.
Many nuclear receptor coactivators including the
well-characterized p160 proteins (for example, GRIP1/
SRC2) contain LxxLL motifs that serve as interfaces for
Oncogene

receptor binding (Savkur and Burris, 2004). Typically,
coactivator LxxLL motifs interact with receptor AF2
regions present in the carboxyl termini of nuclear
receptors. In contrast, the AR AF2 appears to
preferentially interact with AR amino-terminal motifs
that may effectively compete with coactivators
(He et al., 2004). Some AR coactivators interact with
the amino-terminal AF1, which is the more potent
activation region of AR (Tindall and Scardino, 2001).
We found that the LxxLL motif found in all Vav DH
domains was not required for Vav3 enhancement of AR
transcriptional activity. Although Liu et al. (2010)
showed that the DH–PH domains of Vav3 interact with
AR, it is not clear that this interaction is retained for
full-length Vav3 or whether LxxLL motifs are involved.
However, like the steroid receptor coactivator, GRIP1/
SRC2 (Shen et al., 2005), Vav3 (but not a Vav3 PH
mutant) potently increased AR N–C interactions. These
ﬁndings suggest that Vav3 potentiates AR activity by a
unique mechanism. Enhanced AR activity is associated
with Vav3 recruitment to the ARE-containing enhancer
region of the PSA gene in androgen-treated cells.
Importantly, sequential ChIP assays indicated that
Vav3 and AR were present in the same transcriptional
complexes.
As AR signaling is critical in prostate cancer
progression to castration resistance (Chen et al., 2004),
targeting the AR remains a major therapeutic strategy
for advanced prostate cancer. Since AR activity
is governed to a large extent by coactivators, these
proteins may also serve as therapeutic targets in the
treatment of prostate cancer (O’Malley and Kumar,
2009). We show here that Vav3 expression promoted
rapid progression to castration resistance in tumor
xenografts. Vav3 is upregulated in primary prostate
cancer and may increase with disease progression.
Our ﬁndings that the Vav3 PH domain is critical for
Vav3 ligand-dependent AR coactivation is signiﬁcant as
PH domains are considered plausible drug targets
(Mahadevan et al., 2008). These studies highlight the
importance of Vav3 enhancement of AR activity in
prostate cancer progression and support investigation
of this protein as a possible therapeutic target.

Materials and methods
Tissue culture
The human prostate cancer cell lines LNCaP. FGC (ATCC
cat. no. CRL 1740; batch F-11701) and PC-3 (ATCC cat.
no. CRL 1435; batch F-11154) were obtained from American
Type Culture Collection (Rockville, MD, USA). LNCaP-R1
cells were provided by Drs Shutsung Liao and John Kokontis
(University of Chicago, Chicago, IL, USA). VCaP cells were
provided by Dr Kenneth Pienta (University of Michigan,
Ann Arbor, MI, USA). Cell culture media (RPMI-1640 and
Dulbecco’s modiﬁed Eagle’s medium) were obtained from
GIBCO-BRL (Gaithersburg, MD, USA). Fetal bovine serum
was obtained from Hyclone (Logan, UT, USA). LNCaP and
PC-3 cell lines were cultured in RPMI supplemented with
100 IU/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine (Gibco-BRL, Gaithersburg, MD, USA) and 10% fetal
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bovine serum. LNCaP cells stably expressing GFP or Vav3Flag were generated using pQCXIN retroviral transduction
system; selected with geneticin (G418; Sigma-Aldrich, St
Louis, MO, USA) and cultured in 10% fetal bovine serum/
RPMI medium supplemented with 0.35 mg/ml G418. VCaP
cells stably expressing GFP or Vav3-Flag were generated
using pQCXIP retroviral transduction system, selected with
puromycin (Sigma-Aldrich) and cultured in 10% fetal bovine
serum/DMEM supplemented with 400 ng/ml puromycin.
Plasmids
The human AR cDNA (pCMVhAR) was provided by
Dr Michael McPhaul. The PSA luciferase plasmid was kindly
provided by Dr Carlos Perez-Stable (University of Miami,
Miami, FL, USA). Vectors encoding Gal4DBD-ARLBD,
VP16AD-ARTAD and Gal4-Tata-Luc were generously provided by Dr Karen Knudsen (University of Cincinnati,
Cincinnati, OH, USA). Vav3, Vav3 PH mutant W493L and
Vav3 GEF mutant Vav3 ISO were described previously (Lyons
and Burnstein, 2006). All polymerase chain reaction (PCR)based approaches were performed using the Expand Hi
Fidelity PCR system (Roche Applied Bioscience, Indianapolis,
IN, USA). Different Vav3 mutants were created using
the quick-change site-directed mutagenesis kit (Stratagene,
La Jolla, CA, USA) according to the manufacturer’s instructions. Mutagenic primers of Vav3 mut1 (LxxLL to AxxAA)
and mut2 (HxFLF to AxVAA) were as follows: mut1—F,
50 -GAGCAAATAATGGGAAATTTACTGCTCGAGACGC
GGCTGTGGTTCCTATGCAACG-30 , and the following
reverse primers: mut1—R, 50 -CGTTGCATAGGAACCACA
GCCGCGTCTCGAGCAGTAAATTTCCCATTATTTGCT
C-30 ; mut2—F, 50 -GACAAGCATACCAAACAAGAAAGG
GCTATCGTCGCAGCTGATTTGGCAGTGATCGTATG
TAAG-30 , mut2—R, 50 -CTTACATACGATCACTGCCAAA
TCAGCTGCGACGATAGCCCTTTCTTGTTTGGTATGC
TTGTC-30 . GFP fusion of Vav3 and isolated Vav3 PH domain
were generated by PCR-based approach using the following
primers: GFP-Vav3—F, 50 -CCGAATTCGGGTATGGAGC
CGTGGAAGCAGTGCGCG-30 ; R, 50 -GGGTCGACGGGA
TTTGAATTTATTCATCCTCTTCCAC-30 ; and GFP-Vav3
PH domain—F, 50 -CGGAATTCCTCTATAGAGATTTTGA
ACCAACCAGTTTTG-30 ; R, 50 -CCGTCGACTGGTCTTAT
GTTAGACAAAGCCATTTCAAACTG-30 . The PCR fragment was digested with EcoRI and SalI and inserted into the
same sites of pAcGFP1-C1 vector. Vav3-NLS myc was
constructed using the forward primer: 50 -ACACCATGGG
CATGGAGCCGTGGAAGCAGTGC-30 ; and the reverse
primer: 50 -CGGTCGACTTCATCCTCTTCCACATATGTG
GATGG-30 . The PCR-ampliﬁed fragment was digested with
NcoI and SalI and inserted into the same sites of pCMV/myc/
nuc vector (Invitrogen Life Technologies, Grand Island, NY,
USA) and then subcloned into pIRES2-EGFP vector using the
forward primer: 50 -GCGAATTCGCATGGAGCCGTGGAA
GCAGTGCGCGCAGTGGCTC-30 ; and the reverse primer:
50 -GACCCGCGGCTATGCGGCCCCATTCAGATCCTCT
TCTGAGAT-30 . The forward primer contains an EcoRI and
reverse primer contains SacII site. The PCR fragment was then
inserted into pIRES2-EGFP vector using EcoRI and SacII
sites. GFP-Vav3W493L and Vav3 W493L-NLSmyc were
created by the quick-change site-directed mutagenesis kit as
described before using corresponding templates (Lyons and
Burnstein, 2006). For Vav3-Flag in retroviral vector, Vav3 in
pIRES2-EGFP was ﬁrstly subcloned into PacI modiﬁed
p3XFlag-CMV-14 expression vector (Sigma) using EcoRI
and KpnI sites. Then Vav3-Flag was subcloned into the
retroviral vectors pQCXIN and pQCXIP using NotI and PacI

restriction sites. GFP in the vectors pQCXIN and pQCXIP
were cloned between NotI and BamHI restriction sites.
Generation of VCaP-Vav3-Flag and VCaP-GFP xenografts
All experiments involving animals were conducted in a manner
approved by the University of Miami Animal Care and
Use Committee (Miami, FL, USA). VCaP cells were infected
with retroviral constructs encoding either Vav3-Flag or GFP
(control), followed by selection in puromycin. VCaP-Vav3Flag or VCaP-GFP cells (2  106) were injected subcutaneously with an equal volume of Matrigel (BD Biosciences,
Franklin Lakes, NJ, USA) into both hind ﬂanks of severecombined immunodeﬁcient mice (Harlan, Indianapolis, IN,
USA). Serum samples were taken every 2 weeks throughout
the duration of the experiment. Tumor volume was measured
at least twice weekly with calipers calculated using the formula
length  width  height  0.52. Upon reaching a tumor volume
of approximately 300 mm3, all mice were castrated. Tumors
were allowed to grow for either 5 weeks or until tumors
reached 1000 mm3 and mice were then euthanized. Tumors
were excised and quick frozen. Levels of circulating PSA were
quantiﬁed from serum samples obtained 4 weeks after tumor
cell implantation, every 2 weeks throughout the duration of
the experiment and on the day of euthanasia utilizing an
enzyme-linked immunosorbent assay (Biocheck Inc., Foster
City, CA, USA), using known quantities of puriﬁed PSA as
control.
Western blotting
All transfections were carried out using the cationic lipid reagent
Lipofectamine (Invitrogen Life Technologies) as described (Lyons
and Burnstein, 2006). Tumor and cell lysates were subjected to
western blot analysis for Vav3 (anti-Vav3; Millipore, Temecula,
CA, USA), GFP fusion proteins (anti-GFP; Invitrogen), myc
fusion proteins (anti-myc; Invitrogen), cleaved poly (ADP-ribose)
polymerase (Cell Signaling Technology, Beverly, MA, USA) and
visualized by enhanced chemiluminescence (Amersham Pharmacia Biotech, Piscataway, NJ, USA).
ChIP and sequential ChIP (re-ChIP)
LNCaP cells were maintained in serum-free, phenol-red-free
RPMI with 2% charcoal-stripped serum for 3 days. After 16 h
treatment with vehicle or R1881 (1 nM), cells were ﬁxed with
1% formaldehyde and lysed before sonication. Immunoprecipitation of soluble chromatin was conducted using anti-Vav3
(Millipore), anti-Flag (Sigma; M2), or IgG control (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and protein A or G
sepharose beads (Millipore). After several washes, immunocomplexes were eluted off the beads and heated at 65 1C to
reverse the crosslinking. DNA fragments were puriﬁed with
the Qiagen PCR puriﬁcation kit. The fragments were then
analyzed by real-time PCR and every sample was run in
triplicate. Real-time PCR was performed using an icycler iQ
PCR detection system (Bio-Rad Laboratories Inc., Hercules,
CA, USA) with iQ SyberGreen supermix (Bio-Rad). The
primers for the PSA distal enhancer were as follows: forward,
50 -CCAAATCTTGTAGGGTGAC-30 ; and reverse, 50 -CAA
TATGTTCCTCCAGAGTAG-30 (Wang et al., 2005). The
primers for the middle control region were as follows: forward,
50 -TTGGCTCAGACATCCTTG-30 ; and reverse, 50 -CAACG
CAACTTAACCTAAC-30 . For re-ChIP, samples were subjected to sequential rounds of immunoprecipitation. After
primary immunoprecipitation with anti-AR (PG-21) (Millipore) or rabbit IgG control (Santa Cruz), the immunocomplexes were eluted from the beads by incubation in 10 mM
dithiothreitol elution buffer. Diluted elution complexes were
Oncogene
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then subjected to second immunoprecipitation using anti-Flag
M2 antibody (Sigma). The remaining steps were the same as
described for ChIP. The results were analyzed as percentage of
immunoprecipitated DNA
vs total input (% input) using the
input
sample
equation of 100  2ðC T C T Þ .
Immunocytochemistry and immunoﬂuorescence
Cells transfected with Vav3-NLSmyc or W493L-NLSmyc were
ﬁxed with 2% formaldehyde and permeabilized with 0.2%
Triton X-100. Following 1 h blocking with 3% bovine serum
albumin in phosphate-buffered saline, cells were incubated
with anti-myc antibody for 1 h (1:200), washed with phosphate-buffered saline and then incubated with CY3 mouse
secondary antibody (1:150) for 30 min. After phosphatebuffered saline wash, cells were mounted with Prolong
Gold anti-fade reagent containing 40 ,6-diamidino-2-phenylindole and imaged with control microscopy. As for GFP
fusion protein, transfected cells were ﬁxed with 2% formaldehyde, washed with phosphate-buffered saline and then
mounted.

structure through satisfaction of spatial restraints derived
from amino-acid sequence alignment with a corresponding
template in Cartesian space. Here, the crystal structure of the
DH–PH–CRD contiguous module of human Vav1 (PDB no.
2VRW) was used as a template to obtain atomic model of the
corresponding module of human Vav3. For amino-acid
sequence identity between 30 and 50% between the template
and target, MODELLER can generate atomic models with
high accuracy (John and Sali, 2003). Importantly, the DH–
PH–CRD modules of human Vav1 and human Vav3 share
close to 60% amino-acid sequence identity. Owing to such
high sequence identity between the template and target, the
atomic model of the DH–PH–CRD module of human Vav3
can be relied upon with a high degree of conﬁdence. A total of
100 atomic models were calculated and the structure with the
lowest energy, as judged by the MODELLER Objective
Function, was selected for further analysis. The atomic model
was rendered using RIBBONS (Carson, 1991).

Conﬂict of interest
Mammalian two-hybrid interaction assay
PC3 cells were transfected with pVP16-AR-(14-565),
Gal4-AR-(628-919), Gal4-TATA-Luc reporter, a b-galactosidase vector (for normalization) and Vav3, Vav3 mutants
or control vector for about 4–5 h, and then treated with vehicle
or 1 nM R1881 for 24 h. At 48 h after transfection, cells were
assessed for luciferase activity using the Promega luciferase
assay kit.
Molecular modeling
Molecular modeling was employed to obtain three-dimensional structure of the DH–PH–CRD contiguous module
(residues 181–570) of human Vav3 using the MODELLER
software based on homology modeling (Marti-Renom et al.,
2000). Brieﬂy, MODELLER employs molecular dynamics and
simulated annealing protocols to optimize the modeled
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