Gain-of-function mutant p53 activates
small GTPase Racl through SUMOylation
to promote tumor progression
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Tumor suppressor p53 is frequently mutated in human cancer. Mutant p53 often promotes tumor progression
through gain-of-function (GOF) mechanisms. However, the mechanisms underlying mutant p53 GOF are not well
understood. In this study, we found that mutant p53 activates small GTPase Racl as a critical mechanism for
mutant p53 GOF to promote tumor progression. Mechanistically, mutant p53 interacts with Racl and inhibits its
interaction with SUMO-specific protease 1 (SENP1), which in turn inhibits SENP1-mediated de-SUMOylation of
Racl to activate Racl. Targeting Racl signaling by RNAi, expression of the dominant-negative Racl (Racl DN), or
the specific Racl inhibitor NSC23766 greatly inhibits mutant p53 GOF in promoting tumor growth and metastasis.
Furthermore, mutant p53 expression is associated with enhanced Racl activity in clinical tumor samples. These
results uncover a new mechanism for Racl activation in tumors and, most importantly, reveal that activation of
Racl is an unidentified and critical mechanism for mutant p53 GOF in tumorigenesis, which could be targeted for

therapy in tumors containing mutant p53.
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Tumor suppressor p53 plays a key role in maintaining ge-
nomic stability and tumor suppression (Levine et al. 2006;
Vousden and Prives 2009). In response to a variety of stress
signals, p53 is activated and binds to its target genes via its
DNA-binding domain (DBD) to transcriptionally regulate
these genes, which contributes to its tumor-suppressive
function. p53 is the most commonly mutated gene in hu-
man tumors; >50% of human tumors harbor mutant p53
(Freed-Pastor and Prives 2012). The majority of tumor-as-
sociated p53 mutations is missense mutations and is pre-
dominantly clustered in the DBD, including several hot
spot mutations in tumors (e.g., R175, G245, R248, R249,
R273, and R282). In addition to loss of tumor-suppres-
sive functions of wild-type p53, tumor-associated mutant
p53 proteins often exhibit oncogenic activities indepen-
dently of wild-type p53, termed mutant p53 gain of func-
tion (GOF) (Freed-Pastor and Prives 2012; Muller and
Vousden 2014). Many mutant p53 GOF activities have
been reported, including promoting cell proliferation, sur-
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vival, migration, and invasion; metabolic reprogramming;
and disrupting tissue architecture (Muller et al. 2009;
Freed-Pastor et al. 2012; Zhang et al. 2013).

GOF mutant p53 is an attractive target for cancer ther-
apy; however, the mechanism of mutant p53 GOF is not
well understood. An important mechanism underlying
mutant p53 GOF is through interaction and regulation
of specific proteins, many of which are transcriptional fac-
tors. For instance, GOF mutant p53 interacts with TAp63
and TAp73 to inhibit their transcriptional activities,
which contributes to mutant p53 GOF (Stindt et al.
2015). Mutant p53 also interacts with other transcription-
al factors and cofactors, including NF-Y, SREBP, VDR,
ETS2, and Nrf2, to affect their transcription regulation
in tumor cells to promote tumorigenesis (Sampath et al.
2001; Di Agostino et al. 2006; Walerych et al. 2016).
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Racl, a small GTPase, regulates many cellular func-
tions, including cell proliferation, cytoskeletal reorganiza-
tion, and cell mobility. Racl cycles between the inactive
GDP-bound (Racl-GDP) and active GTP-bound (Racl-
GTP) forms in cells (Heasman and Ridley 2008; Bid et al.
2013). Racl signaling is frequently activated in various
cancer types to promote proliferation, migration, inva-
sion, and metastasis of cancer cells (Heasman and Ridley
2008; Bid et al. 2013). SUMOylation is an important post-
translational protein modification to regulate protein
stability and/or activity. SUMOylation is a dynamic pro-
cess, which is catalyzed by SUMO-specific E1, E2, and
E3s and reversed by SUMO-specific proteases (SENPs)
(Gareau and Lima 2010; Hay 2013). Racl SUMOylation
is critical for Racl to maintain the active GTP-bound
form and its activity (Castillo-Lluva et al. 2010). SENP1
can bind to Racl to de-SUMOylate Racl, leading to
Racl inactivation (Castillo-Lluva et al. 2010).

In this study, using immunoprecipitation followed by
liquid chromatography-tandem mass spectrometry (LC-
MS/MS) assays, we identified Racl as a novel binding pro-
tein for mutant p53 but not wild-type p53. Mutant p53
specifically interacted with Racl and activated Racl as
an important mechanism for mutant p53 GOF in promot-
ing tumor growth and metastasis. Mechanistically, mu-
tant p53 inhibited the interaction of SENP1 with Racl
to inhibit Racl de-SUMOylation, thereby activating
Racl. These results demonstrate that mutant p53 is a nov-
el regulator for Racl and reveal that Racl activation by
mutant p53 is a novel and critical mechanism for mutant
p53 GOF in tumorigenesis.

Results

Racl is a novel mutant p53-binding protein

To deepen our understanding of mechanisms underlying
mutant p53 GOF and identify potential targets for mutant
p53 targeted therapies, we screened for mutant p53-inter-
acting proteins using coimmunoprecipitation (co-IP) with
anti-p53 antibodies followed by LC-MS/MS assays in
p53-null human lung cancer H1299 cells and H1299 cells
with ectopic expression of a hot spot GOF mutant p53
(R175H) or wild-type p53. Several known mutant p53-in-
teracting proteins, including heat shock proteins, BAG2,
BAGS5, etc. (Muller et al. 2005; Yue et al. 2015), were
among the list of identified potential mutant p53-interact-
ing proteins (Supplemental Table 1), which validated our
approach. Through this approach, we identified small
GTPase Racl as a potential mutant p53-specific binding
protein (Supplemental Table 1). The mutant p53-Racl in-
teraction was confirmed by co-IP followed by Western
blot assays in H1299 cells transfected with vectors ex-
pressing Racl together with vectors expressing mutant
p53 (R175H) (Fig. 1A). Racl preferentially bound to mu-
tant p53 (R175H) compared with wild-type p53 in cells
(Fig. 1A). In addition to R175H mutant p53, Racl interact-
ed with different hot spot mutant p53s ectopically ex-
pressed in H1299 cells, including R248W and R273H
(Fig. 1B). The interaction between endogenous mutant

1642 GENES & DEVELOPMENT

p53 and endogenous Racl was observed in a panel of hu-
man cancer cells containing a single allele of the mutant
p53 gene (p53™M“Y7), including breast SK-BR-3 (R175H]
and MDA-MB468 (R273H), prostate LAPC4 (R175H), co-
lorectal SW480 (R273H) and HT29 (R273H), and liver
Huh7 (Y220C) cells (Fig. 1C). Furthermore, the mutant
p53-Racl interaction was observed mainly in the cyto-
plasm, and a small fraction of this interaction was ob-
served in the nucleus (Supplemental Fig. ST1A).

To define the domains of mutant p53 and Racl required
for mutant p53-Racl interaction, vectors expressing HA-
tagged different mutant p53 fragments and vectors ex-
pressing Myc-tagged different Racl fragments were con-
structed and transfected into H1299 cells for co-IP assays
(Fig. 1D,E). Co-IP assays showed that the DBD of mutant
p53, which contains the mutation, is required for mutant
p53-Racl interaction; the mutant p53 fragment lacking
the DBD failed to bind to Racl, whereas all other mutant
p53 fragments containing the DBD bound to Racl (Fig.
1D). Co-IP assays further showed that the central region
of the Racl protein is required for mutant p53-Racl inter-
action; the Racl fragment lacking the central region failed
to bind to mutant p53, whereas all other Racl fragments
containing the central region bound to mutant p53 (Fig.
1E). Taken together, these results demonstrate that Racl
is a novel mutant p53-binding protein in human cells,
and the mutant p53 DBD and the central region of Racl
are essential for mutant p53-Racl interaction.

Mutant p53 activates Racl

Racl cycles between an inactive Racl-GDP form and an
active Racl-GTP form in cells (Heasman and Ridley
2008; Bid et al. 2013). We investigated whether mutant
p53 affects Racl activity in cells by using a Racl activa-
tion assay kit to specifically pull down the active Racl-
GTP in cells followed by Western blot assays to measure
the levels of Racl-GTP, which was then normalized
with the levels of total Racl protein in cells. Ectopic ex-
pression of mutant p53 (R175H, R248W, or R273H) great-
ly increased Rac1-GTP levels but did not clearly affect the
levels of total Racl in H1299 cells, indicating that mutant
p53 enhances Racl activity but not total Racl levels in
H1299 cells (Fig. 2A). The levels of ectopically expressed
mutant p53 protein levels in H1299 cells were comparable
with endogenous mutant p53 protein levels in the major-
ity of tumor cells that we tested (Supplemental Fig. S1B).
p2l-activated kinase-1 and kinase-2 (PAK1/2) are critical
downstream effector kinases of Racl. Racl-GTP can
bind to PAK1/2 and subsequently increase PAK1/2 activ-
ity and autophosphorylation at multiple sites, including
enzymatic active residues Ser144 of PAKI (p-PAK 15144
and Serl4l of PAK2 (p-PAK25¢"'*1) (Chong et al. 2001;
Heasman and Ridley 2008). The levels of p-PAK1Ser144
and p-PAK25°"'*! have been widely used to reflect Racl
activity in cells (Kumar et al. 2006; Zhang et al. 2016).
As shown in Supplemental Figure S2, Racl bound to
PAK1 in H1299 cells. Notably, mutant p53 expression
did not affect the interaction between Racl and PAK1. Ec-
topic expression of different forms of mutant p53 greatly
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Figure 1. Racl is a novel mutant p53-binding protein in human cancer cells. (A) Racl-Flag preferentially interacted with ectopic mutant
p53 (R175H) compared with ectopic wild-type p53 in human p53-null H1299 cells. H1299 cells were transfected with Racl-Flag expres-
sion vectors together with wild-type p53 or mutant p53 (R175H) expression vectors for co-IP assays. The antibodies used for immunopre-
cipitation assays were as follows: anti-Flag for Racl-Flag and DO-1 for mutant p53 and wild-type p53. (B) Racl-Flag interacted with
different hot spot mutant p53s, including R175H, R248W, and R273H, in H1299 cells transfected with vectors as indicated. (C) Endoge-
nous Racl interacted with endogenous mutant p53 in SK-BR-3 (R175H), MDA-MB468 (R273H), LAPC4 (R175H), SW480 (R273H), Huh7
(Y220C), and HT29 (R273H) cells. (D) Racl interacted with the mutant p53 (R175H) DBD. (Left panel) The domain structure of mutant p53
(R175H) and mutant p53 fragments. (Right panel) H1299 cells were transfected with expression vectors of HA-tagged mutant p53 R175H
fragments together with Racl-Flag expression vectors. The antibody used for immunoprecipitation assays was anti-Flag for Rac1-Flag. (E)
Mutant p53 interacted with the central region of the Racl protein. (Left panel) The domain structure of Racl and Racl fragments. (Right
panel) H1299 cells were transfected with vectors expressing Myc-tagged Racl fragments together with mutant p53 (R175H) expression
vectors. The antibody used for immunoprecipitation assays was DO-1 for mutant p53.

increased the levels of p-PAK15¢"'** and p-PAK25"'*! in
H1299 cells (Fig. 2B). Similar results were observed in dif-

made in two pairs of cell lines, including human colorec-
tal HCT116 p53*/* and p53~/~ cells and breast MCF7 cells

ferent human cancer cells containing different forms of
endogenous mutant p53, including SK-BR-3, MDA-
MB468, SW480, and LAPC4 cells; much higher levels of
Racl-GTP, p-PAK15¢** and p-PAK25¢"*! were observed
in these cells compared with their corresponding cells
in which endogenous mutant p53 was knocked down
by shRNA vectors (Fig. 2C). The efficient knockdown of
endogenous mutant p53 by shRNA was shown at both
the mRNA (Supplemental Fig. S3) and protein (Fig. 2C)
levels. The promoting effect of mutant p53 on Racl
activity is independent of wild-type p53 function, since
expression of wild-type p53 in H1299 decreased the
levels of Racl-GTP (Fig. 2D). Similar observations were

with or without stable knockdown of endogenous wild-
type p53 by shRNA vectors. Wild-type p53 expression re-
duced the levels of Racl-GTP but not total Racl in both
HCT116 and MCEF?7 cells (Fig. 2D). These results are con-
sistent with previous studies, including ours, showing
that wild-type p53 inhibits Racl activity in cells (Guo
et al. 2003; Zhang et al. 2016). Collectively, these results
demonstrate that mutant p53 activates Racl in cells.

We further investigated whether mutant p53 increases
Racl activity in a cohort of human colorectal cancer sam-
ples with known p53 mutation status (n = 98) (Zheng et al.
2013). Racl activity was determined by measuring the
levels of p-PAK1/2 (p-PAK15°1#* and p-PAK25°14!) uysing
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immunohistochemistry (IHC) staining. In tumors con-
taining mutant p53, 72% of tumors (36 out of 50) had
high levels of p-PAK1/2 (>30% of the cells were stained),
whereas only 31% of the tumors (15 out of 48) with
wild-type p53 had high levels of p-PAK1/2, indicating a
significant correlation (P = 0.0001) between p53 mutation
and Racl activity (Fig. 3A). The association of p53 muta-
tion with Racl activity was further analyzed in the metas-
tases from castration-resistant prostate cancer patients (n
= 14) at rapid autopsy (Rubin et al. 2000). We were able to
obtain both the p53 mutation status and the p-PAK25"!4!
status from these samples (Grasso et al. 2012; Drake et al.
2016). Compared with tumors without p53 missense mu-
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Figure 2. Mutant p53 activates Racl in human cancer
cells. (A) Mutant p53 increased Racl activity in H1299
cells, represented by increased levels of Racl-GTP.
H1299 cells with or without ectopic mutant p53
(R175H, R248W, or R273H) expression were used to per-
form the GST-p21-binding domain of PAK1 pull-down
assays to specifically pull down Racl-GTP in cells fol-
lowed by Western blot assays to measure the Racl-
GTP levels. (B) Ectopic mutant p53 expression increased
the levels of p-PAK15°'** and p-PAK25"1*! (p-PAK1/2)
in H1299 cells. (C) Knockdown of endogenous mutant
p53 by shRNA vectors decreased the levels of Racl-
GTP and p-PAK1/2 in SK-BR-3, MDA-MB468, LAPC4,
and SW480 cells. Two shRNA vectors against p53 were
used for all cell lines, and very similar results were ob-
served. For the sake of clarity, results of one shRNA vec-
tor are presented for SW480 and LAPCH4 cells. (D) Wild-
type p53 decreased Racl activity, represented by de-
creased Racl-GTP levels in human cancer cells. H1299
cells with or without ectopic wild-type p53 expression,
human colorectal cancer HCT116 cells with or without
wild-type p53, and MCF7 cells with or without wild-
type p53 knockdown were used. For A, C, and D, the
top panels show representative Western blot images for
Racl activity analysis, and the bottom panels show
quantitation of relative Rac1-GTP/total Racl/Actin lev-
els. Data are presented as mean = SD. n=3. (*) P<0.0];
(**) P<0.001, Student’s t-test.

tations (including wild-type p53 or p53 deletion; n = 6), tu-
mors containing missense p53 mutations (n = 8) expressed
higher levels of p-PAK25"14! (Fig. 3B). These results sug-
gest that mutant p53 status is significantly correlated
with increased Racl activity in human cancers.

Mutant p53 enhances Racl SUMOylation

SUMOylation is an important protein post-translational
modification to regulate protein stability and/or activity
(Hay 2013). SUMO1, SUMO2, and SUMO3 are the most
common SUMO isoforms in mammalian cells. SUMO1
is very different from SUMQO2 and SUMO3 in sequence
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Figure 3. Mutant p53 is associated with high Racl activity in hu-
man tumor samples. (A) p53 mutations are associated with high
Racl activity in human colorectal tumors. The levels of p-PAK1/2
were analyzed by IHC staining using an anti-p-PAK1/2 antibody.
(Top panel) Representative images of p-PAK1/2 IHC staining in hu-
man colorectal tumor tissues. (High staining) More than 30% of
cells stained with p-PAK1/2; (low staining) 10%-30% of cells
stained with p-PAK1/2; (negative staining) <10% of cells stained
with p-PAK1/2. Bar, 100 pm. (Bottom panel) Correlation between
p53 mutations and Racl activity in human colorectal tumors. n=
98.P=0.0001, ) test. (B) The high levels of p-PAK25¢™*! in metastat-
ic castration-resistant prostate cancer lesions obtained at rapid au-
topsy (n = 8) with missense p53 point mutations as compared with
tumors containing wild-type p53 or p53 deletions (n=6). P=0.02.
Each sample was evaluated via the mass spectrometer with techni-
cal replicates, and both data points are displayed. Unpaired t-test
with Welch’s correction was used to compare the two groups.

and function, while SUMO2 and SUMO3 are almost iden-
tical in sequence and function (Hay 2013). It has been re-
ported that Racl can be conjugated to SUMO-1, and this
Racl SUMOylation is critical to maintain the active
Racl-GTP form and enhance Rac1 activity in cells (Castil-
lo-Lluva et al. 2010). Indeed, ectopic SUMO-1 expression
increased Racl-GTP but not total Racl levels, whereas
knockdown of endogenous SUMO-1 by siRNA oligos re-
duced Racl-GTP but not total Racl levels in H1299 cells
(Fig. 4A). The efficient knockdown of SUMO-1 by siRNA
was shown at both the mRNA (Supplemental Fig. S4) and
protein (Fig. 4A) levels. To investigate whether mutant
p53 activates Racl through increasing Racl SUMOyla-
tion levels, H1299 cells were cotransfected with vectors
expressing mutant p53 (R175H or R273H), Myc-Racl,
and HA-SUMO-1, respectively. The Myc-Racl SUMOyla-
tion levels in cells were determined by Myc-Racl pull-
down followed by Western blot assays using an anti-HA
antibody. Both R175H and R273H mutant p53 greatly in-
creased the SUMOylation levels of Myc-Racl but not the
levels of Myc-Racl protein in H1299 cells (Fig. 4B,C). Ec-
topic expression of mutant p53 (R175H) increased the
SUMOylation levels of endogenous Racl but not the lev-
els of endogenous Racl protein in H1299 cells (Fig. 4D).
Knockdown of endogenous p53 (R175H and R273H,
respectively) in SK-BR-3 and MDA-MB468 cells greatly
reduced the SUMOylation levels of both ectopically

Mutant p53 GOF via Racl SUMOylation and activation

expressed Racl and endogenous Racl (Fig. 4E,F). These
results demonstrate that mutant p53 increases Racl
SUMOylation, which could be a critical mechanism for
Racl activation by mutant p53.

Mutant p53 inhibits SENP1-mediated Racl de-
SUMOylation to enhance Racl SUMOylation and Racl
activity

SUMOylation is a dynamic process, which can be re-
versed by SENPs (Gareau and Lima 2010; Hay 2013).
SENP1 has been reported to interact with Racl and de-
SUMOylate Racl to down-regulate Racl activity in cells
(Castillo-Lluva et al. 2010). Consistent with a previous re-
port, ectopic expression of SENPI reduced Racl SUMOy-
lation levels in H1299 cells (Fig. 5A). Interestingly, we
found that the central region of the Racl protein, which
is required for mutant p53-Racl interaction, is also re-
quired for SENP1-Racl interaction; the Racl fragment
lacking the central region failed to interact with SENP1
as determined by co-IP assays in cells (Fig. 5B). This result
raises the possibility that mutant p53 may inhibit SENP1-
Racl interaction through competing with SENP1 for the
same interaction region in Racl protein. To test this pos-
sibility, H1299 cells were transfected with increasing
amounts of mutant p53 (R175H or R273H) together
with constant Myc-Racl and Flag-SENP1 expression for
co-IP assays. Ectopic expression of mutant p53 (R175H
and R273H, respectively) reduced the interaction of
Flag-SENP1 with Myc-Racl in H1299 cells in a mutant
p53 protein level-dependent manner as determined by
co-IP assays (Fig. 5C). Furthermore, knockdown of endog-
enous mutant p53 (R175H and R273H, respectively) in
SK-BR-3 and MDA-MB468 cells promoted the interaction
of Flag-SENP1 with Myc-Racl in cells (Fig. 5D).

We further investigated whether mutant p53 increases
Racl SUMOylation through inhibiting SENP1-mediated
de-SUMOylation. Knockdown of SENP1 by siRNA oligos
in H1299 cells increased the SUMOylation levels of both
ectopically expressed Myc-Racl and endogenous Racl
(Fig. 5E; Supplemental Fig. S5A) and their activities (Fig.
5F; Supplemental Fig. S5B) in cells, which validated the
role of SENP1 in Racl de-SUMOylation and inhibition
of Racl activity. Notably, the promoting effect of mutant
p53 on Racl SUMOylation and Racl activity was largely
abolished in H1299 cells with SENP1 knockdown (Fig.
5E,F; Supplemental Fig. S5A,B). In SK-BR-3 and MDA-
MB468 cells, knockdown of SENP1 by siRNA greatly in-
creased Racl activity in cells with mutant p53 knock-
down but had a much less pronounced effect in cells
transduced with control shRNA and, furthermore, greatly
abolished the promoting effect of endogenous mutant p53
(R175H and R273H, respectively) on Racl activity in cells
(Fig. 5G; Supplemental Fig. S5C). The efficient knock-
down of SENP1 by siRNA was shown at both the
mRNA (Supplemental Fig. S5D) and protein (Fig. 5E-G)
levels. A single missense mutation (C603S) in the catalyt-
ic domain of SENP1 was reported to create a catalytic in-
active mutant SENP1 (Bailey and O’Hare 2004; Xu et al.
2006). To investigate whether the de-SUMOylation
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Figure 4. Mutant p53 increases Racl SUMOylation levels in human cancer cells. (A) SUMOylation increased Racl activity in H1299
cells. (Left panels) Ectopic expression of HA-SUMO-1 in H1299 cells increased the levels of Rac1-GTP. (Right panels) Knockdown of en-
dogenous SUMO-1 by two different siRNA oligos decreased the levels of Rac1-GTP. (Top panels) Representative Western blot images for
Racl activity analysis. (Bottom panels) Quantitation of relative Racl1-GTP/total Racl/Actin levels. Data are presented as mean + SD. n = 3.
(*) P<0.01; (**) P<0.001, Student’s t-test. (B,C) Ectopic mutant p53 (R175H in B and R273H in C) increased SUMOylation levels of Myc-
Racl in H1299 cells. H1299 cells were transfected with expression vectors of mutant p53 (R175H and R273H, respectively), Myc-Racl,
and HA-SUMO-1. The Myc-Racl SUMOylation levels were determined by Myc-Racl pull-down using an anti-Myc antibody followed by
Western blot assays using an anti-HA antibody. (D) Mutant p53 (R175H) increased SUMOylaiton levels of endogenous Racl in H1299
cells. (E,F) Knockdown of endogenous mutant p53 in SK-BR-3 (E) and MDA-MB468 (F) cells, respectively, decreased SUMOylation levels
of both ectopic Myc-Racl (top panels) and endogenous Racl (bottom panels). SK-BR-3 and MDA-MB468 cells with or without endogenous
mutant p53 knockdown were transfected with expression vectors of HA-SUMO-1 along with or without Myc-Racl.

activity of SENPI is critical for the promoting effect of
mutant p53 on Racl activity, vectors expressing wild-
type SENP1 or SENP1°°%3S were transfected into H1299,
SK-BR-3, and MDA-MB468 cells in which endogenous
SENP1 was knocked down by siRNA targeting the 3’ un-
translated region (UTR) of endogenous SENP1. As shown
in Figure 5F,G, expression of SENP1 but not SENP1<¢03S
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restored the promoting effect of mutant p53 on Racl ac-
tivity, suggesting that the de-SUMOylation activity of
SENPI is critical for the promoting effect of mutant p53
on Racl activity. Collectively, these results suggest that
mutant p53 interacts with Racl to inhibit SENP1-mediat-
ed Racl de-SUMOylation, which in turn increases Racl
SUMOylation to activate Racl in cells.
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Figure 5. Mutant p53 inhibits SENP1-Racl interaction and SENP1-mediated Racl de-SUMOylation in human cancer cells. (A) SENP1
decreased Racl SUMOylation levels in H1299 cells. H1299 cells were transfected with vectors expressing Flag-SENP1, Myc-Racl, and
HA-SUMO-1, respectively. (B) The central region of the Racl protein is required for SENP1-Racl interaction in cells. H1299 cells
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tors expressing Flag-SENP1 and Myc-Racl, respectively, for co-IP assays. (E) Knockdown of endogenous SENP1 largely abolished the pro-
moting effect of mutant p53 on Racl SUMOylation in H1299 cells. H1299 cells with or without endogenous SENP1 knockdown by siRNA
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Mutant p53 activates Racl to promote anchorage-
independent cell growth and xenograft tumor growth

Promoting proliferation of tumor cells is an important
mutant p53 GOF (Duan et al. 2008; Adorno et al. 2009).
Racl activation plays an important role in promoting pro-
liferation of tumor cells (Moore et al. 1997; Myant et al.
2013). Here, we investigated whether Racl activation by
mutant p53 contributes to mutant p53 GOF in promoting
anchorage-independent cell growth in soft agar. Expres-
sion of mutant p53 (R175H and R273H, respectively) in
H1299 cells significantly promoted anchorage-indepen-
dent cell growth in soft agar (Fig. 6A). Blocking Rac1 func-
tion by knockdown of endogenous Racl or expression
of dominant-negative Racl (Racl DN; Racl-T17N) inhib-
ited anchorage-independent cell growth in soft agar. Nota-
bly, blocking Rac1 function largely abolished mutant p53
GOF in promoting anchorage-independent cell growth in
H1299 cells (Fig. 6A,B). The efficient knockdown of Racl
by shRNA at the mRNA level is shown in Supplemental
Figure S6. Similar results were obtained when Racl func-
tion was blocked by NSC23766 (a specific Racl inhibitor)
in H1299 cells (Fig. 6C).

It has been reported that almost 95% of the SUMO-1-
modified Racl was conjugated at Lys188, Lysl83,
Lys184,and Lys186. Replacinglysine at these sites with ar-
ginine abolished most of Racl SUMOylation (Castillo-
Lluva et al. 2010). To study whether the regulation of
Racl SUMOylation by mutant p53 contributes to mutant
p53 GOF in promoting anchorage-independent cell
growth, vectors expressing wild-type Racl (Racl-R) and
SUMOylation-resistant Racl (Rac12SYMO.R| that are re-
sistant to Racl shRNA were constructed and transfected
into H1299 cells with knockdown of endogenous Racl.
The expression levels of Racl-R and Racl1*S"™MO.R were
comparable with endogenous Racl levels in cells (Supple-
mental Fig. S7A). Notably, expressing Racl-R but not
Racl2SYMO.R in H1299 cells with knockdown of endoge-
nous Racl largely restored mutant p53 GOF in promoting
anchorage-independent cell growth (Fig. 6D). Mutant p53
GOF in promoting anchorage-independent cell growth
was also observed in SK-BR-3 and MDA-MB468 cells.
Knockdown of endogenous mutant p53 (R175H and
R273H, respectively) in SK-BR-3 and MDA-MB468 cells
significantly inhibited anchorage-independent cell growth
in soft agar (Fig. 6E,F). Notably, knockdown of endogenous
Racl in SK-BR-3 and MDA-MB468 cells largely abolished
mutant p53 GOF in promoting anchorage-independent
cell growth in these cells (Fig. 6E). Similar results were ob-
tained when Racl function was blocked by NSC23766 in
SK-BR-3 and MDA-MB468 cells (Fig. 6F). These results
suggest that Racl activation by mutant p53 greatly con-
tributes to mutant p53 GOF in promoting anchorage-inde-
pendent cell growth.

We further investigated whether Raclactivation by mu-
tant p53 contributes to mutant p53 GOF in tumorigenesis
by using subcutaneous xenograft tumorigenesis assays in
nude mice. Mutant p53 significantly promoted the growth
of xenograft tumors; the growth rate of xenograft tumors
formed by H1299 cells expressing R175H and R273 mu-
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tant p53 (H1299-R175H and H1299-R273H cells), respec-
tively, was significantly faster than that formed by control
cells transfected with empty vectors (H1299-Con cells)
(Fig. 6G,H). Notably, knockdown of endogenous Racl or
expression of Racl DN (Racl-T17N) greatly abolished
mutant p53 GOF in promoting xenograft tumor growth
in H1299 cells (Fig. 6G,H). Expression of Racl-R but not
Rac12SYMO.R in H1299 cells with knockdown of endoge-
nous Racl largely restored mutant p53 GOF in promoting
xenograft tumor growth (Fig. 61), suggesting that up-regu-
lation of Racl SUMOylation by mutant p53 contributes to
mutant p53 GOF in promoting xenograft tumor growth.
IHC staining of Ki-67, a cell proliferation marker, in xeno-
graft tumors showed that mutant p53 (R175H and R273H)
significantly promoted tumor cell proliferation in H12.99
xenograft tumors (Fig. 6]). Furthermore, this promoting ef-
fect of mutant p53 was largely abolished in H1299 tumors
with endogenous Racl knockdown (Fig. 6]). The promot-
ing effect of mutant p53 on Racl activity was confirmed
in xenograft tumors formed by H1299-Con and H1299-
R175H cells by measuring the levels of p-PAK1/2 in tu-
mors (Fig. 6K).

We further tested whether blocking Racl by the Racl
inhibitor NSC23766 inhibits mutant p53 GOF in tumori-
genesis. Mice were subcutaneously inoculated with tu-
mor cells for xenograft tumor formation and then
treated with 2.5 mg/kg NSC23766 or vehicle intraperitio-
neally once every 2 d for 2 wk starting at day 6. NSC23766
treatment significantly inhibited the growth of H1299 xe-
nograft tumors and largely abolished the mutant p53 GOF
in promoting xenograft tumor growth (Fig. 6L). Together,
these results demonstrate that mutant p53 activates Racl
to promote its GOF in anchorage-independent growth of
cancer cells and growth of xenograft tumors.

Mutant p53 activates Racl to promote tumor metastasis

Promoting migration, invasion, and metastasis of tumor
cells is one of important mutant p53 GOFs (Freed-Pastor
and Prives 2012; Zheng et al. 2013; Muller and Vousden
2014). Racl activation plays a critical role in promoting
migration, invasion, and metastasis of tumor cells (Heas-
man and Ridley 2008; Bid et al. 2013). Here, we investigat-
ed whether Racl activation is an important mechanism
underlying mutant p53 GOF in promoting cancer metasta-
sis. In H1299, SK-BR-3, and MDA-MB468 cells, mutant
p53 (R175H and R273H, respectively) significantly pro-
moted cell migration and invasion as determined by
transwell assays (Fig. 7A-D [for migration in H1299 cells],
E-H [for migration in SK-BR-3 and MDA-MB468 cells];
Supplemental Fig. 7B-K for invasion). Blocking Rac1 func-
tion by knockdown of endogenous Racl, expression of
Racl DN, or NSC23766 treatment in these cells signifi-
cantly inhibited cell migration and invasion (Fig. 7A-H
for migration; Supplemental Fig. S7B-K for invasion). No-
tably, blocking Racl function largely abolished mutant
p53 GOF in promoting cell migration and invasion in these
cells (Fig. 7A-H for migration; Supplemental Fig. S7B-K
for invasion). Furthermore, this effect on cell migration
and invasion was not due to the changes of rates of cell
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Figure 6. Blocking Racl function largely abolishes mutant p53 GOF in promoting anchorage-independent growth of tumor cells and
growth of xenograft tumors. (A-C) Blocking Racl activity greatly abolished mutant p53 (R175H and R273H) GOF in promoting anchor-
age-independent growth of H1299 cells in soft agar. (A) H1299 cells expressing mutant p53 (R175H and R273H) and control H1299-Con
cells were transfected with shRNA vectors against Racl. (Left panels) Representative images. Bar, 200 um. (Right panels) Average colony
numbers in soft agar. (B) Cells were transfected with vectors expressing Racl DN. (C) Cells were treated with 10 puM NSC23766 or PBS. (D)
Expression of Racl-R but not Rac12SY™O.R in H1299 cells with knockdown of endogenous Racl largely restored mutant p53 GOF in pro-
moting anchorage-independent cell growth in soft agar. (E,F) Blocking Racl activity by shRNA vectors against Racl (E) or 10 pM
NSC23766 treatment (F) greatly inhibited anchorage-independent cell growth in soft agar for SK-BR-3 (left panels) and MDA-MB468 (right
panels) cells but had a less pronounced effect on SK-BR-3 and MDA-MB468 cells with knockdown of endogenous mutant p53. For A-F,
data are presented as mean + SD.n = 6. (#) P <0.05; (*) P <0.01; (**) P <0.001, Student’s t-test. (G) Racl knockdown by shRNA vectors great-
ly inhibited the growth of H1299 mutant p53 (R175H and R273H) xenograft tumors but had a less pronounced effect on H1299-Con tu-
mors. (Left panels) Representative images of xenograft tumors. Bar, 1 cm. (Right panels) Growth curves of xenograft tumors. (H) Blocking
Racl activity by expression of Racl DN largely abolished mutant p53 (R175H) GOF in promoting the growth of H1299 xenograft tumors.
(I) Expression of Racl-R but not Rac1*SYM©.R in H1299 cells with knockdown of endogenous Racl largely restored mutant p53 (R175H
and R273H) GOF in promoting xenograft tumor growth. (J) Ki-67 IHC staining of H1299-Con and H1299 mutant p53 (R175H and R273H)
xenograft tumors with or without Racl knockdown. (Left panels) Representative images. Bar, 20 pm. (K) The levels of Racl and p-PAK1/2
in H1299 mutant p53 (R175H) xenograft tumors as examined by Western blot assays. (L) Blocking Racl activity by NSC23766 treatment
largely abolished mutant p53 (R175H) GOF in promoting the growth of H1299 xenograft tumors. Mice were treated with 2.5 mg/kg
NSC23766 intraperitoneally once every 2 d for 2 wk starting from day 6 after cell inoculation. For G-I, and L, tumor volumes are presented
as mean + SD. n = 6 per group. (**) P <0.001, ANOVA followed by Student’s t-test.
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proliferation or survival in these cells (Supplemental Fig.
S8). Notably, expression of Racl-R but not Rac1*5YMOR
in H1299 and SK-BR-3 cells with knockdown of endoge-
nous Racl largely restored mutant p53 GOF in promoting
cell migration and invasion in cells (Fig. 7D,H; Supplemen-
tal Fig. S7E), suggesting that the regulation of Racl
SUMOylation by mutant p53 contributes to mutant p53
GOF in promoting migration and invasion.

We further investigated whether mutant p53 activates
Racl to promote metastasis in vivo. To this end, H1299-
Con and H1299-R175H cells with Racl knockdown or
Racl DN expression were injected into mice through
the tail vein for in vivo lung metastasis assays. Mutant
p53 expression in HI1299 cells significantly promoted
lung metastatic tumor formation, demonstrating mutant
p53 GOF in promoting tumor metastasis (Fig. 71,J). Nota-
bly, Racl knockdown or Racl DN expression largely abol-
ished GOF of R175H mutant p53 in promoting lung tumor
metastasis (Fig. 7L]J). Similar results were observed for
R273H mutant p53; Racl knockdown in H1299-R273H
cells largely abolished mutant p53 GOF in promoting
lung metastasis (Fig. 71, right panel). These results
strongly suggest that Racl activation by mutant p53 is
an important mechanism underlying mutant p53 GOF
in metastasis.

Discussion

p53 is frequently mutated in cancer, and mutant p53 often
exhibits GOF in tumorigenesis, which makes mutant p53
an attractive target for cancer therapy. While the concept
of mutant p53 GOF in tumorigenesis has been well estab-
lished and many GOF activities of mutant p53 have been
demonstrated, the mechanisms underlying mutant p53
GOF in tumorigenesis are not well understood, which hin-
ders the development of efficient therapeutic strategies for
cancer containing mutant p53 (Freed-Pastor and Prives
2012; Muller and Vousden 2013; Gurpinar and Vousden
2015). Currently, different strategies are being tested for
mutant p53 targeted cancer therapy. One of the strategies
is to restore the conformation of mutant p53 protein to
wild-type p53 with pharmacological agents (Selivanova
and Wiman 2007; Gurpinar and Vousden 2015). Mutant
p53 proteins often become stable and accumulate to high
levels in tumors to exert mutant p53 GOF (Freed-Pastor
and Prives 2012; Muller and Vousden 2013). Recent stud-
ies, including ours, identified several proteins—including
HSP90, BAG2, BAGS5, and cancer-associated MDM2 short
isoforms—that can interact with mutant p53 and inhibit
its degradation, contributing to mutant p53 stabilization
and accumulation in tumors (Muller et al. 2005; Zheng
etal. 2013; Yue et al. 2015, 2016). Therefore, inducing mu-
tant p53 protein degradation has been tested as an alterna-
tive strategy in cancer therapy (Alexandrova et al. 2015;
Gurpinar and Vousden 2015). However, these strategies
have certain limitations, in part due to the heterogeneity
of mutant p53 proteins in cancer. Targeting signaling path-
ways that mediate mutant p53 GOF could be another effec-
tive therapeutic strategy for tumors containing mutant
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p53 (Gurpinar and Vousden 2015). In this study, we identi-
fied Racl signaling as an unidentified and important path-
way for mutant p53 GOF to promote tumorigenesis and
metastasis. Results from this study showed that Racl acti-
vation by mutant p53 contributes greatly to mutant p53
GOF in promoting tumor growth and metastasis. Blocking
Racl function by knockdown of Rac1 or expression of Racl
DN largely abolished mutant p53 GOFs in promoting tu-
mor growth and metastasis (Figs. 6, 7). Importantly, the
pharmacological inhibitor of Racl can effectively block
mutant p53 GOF in tumor growth, migration, and inva-
sion (Figs. 6, 7). These results strongly suggest that target-
ing Racl could be a feasible therapeutic strategy for cancer
cells containing mutant p53.

Racl signaling plays a crucial role in a number of impor-
tant cellular functions, including the assembly and disas-
sembly of cytoskeletal elements, cell adhesion, migration,
invasion, cell growth, and cell cycle regulation (Heasman
and Ridley 2008; Bid et al. 2013). The increase of Racl ac-
tivity is observed in many human cancers and contributes
to tumor development and progression (Thomas et al.
2007; Kamai et al. 2010; Chen et al. 2014). In this study,
we found that different GOF mutant p53s bind to and ac-
tivate Racl in different human cancer cells. It remains un-
clear how these mutant p53 proteins with different
mutations in the DBD that we tested all acquire the abil-
ity to bind to Racl, which will be of interest to investigate
in future studies. In human colorectal cancer and prostate
cancer samples that we examined, p53 mutation is signif-
icantly associated with increased Racl activity, strongly
suggesting the activation of Racl signaling by mutant
p53 in human tumors. Furthermore, we found that mu-
tant p53 inhibits the interaction of Racl with SENPI,
which in turn inhibits SENPI1-mediated Racl de-SUMOy-
lation to activate Racl. These results demonstrate that
mutant p53 is a novel regulator of Racl, which reveals a
novel mechanism for Racl activation in human cancer.

Mutant p53 can exert its GOF through interacting with
several different transcription factors to regulate gene ex-
pression. The results in Figure 2, A and B, show that mu-
tant p53 did not affect total Racl levels. We examined
the effect of mutant p53 on the expression levels of a list
of Racl regulators (Hodge and Ridley 2016) in three pairs
of human cancer cell lines with or without knockdown
of endogenous mutant p53 by analyzing the Affymetrix
microarray gene expression data from three Genomic
Spatial Event (GSE) data sets from published studies, in-
cluding ours (Girardini et al. 2011; Freed-Pastor et al.
2012; Zhao et al. 2015). Mutant p53 did not clearly affect
the expression of these Racl regulators (Supplemental
Table 2). These results excluded the possibility that the
promoting effect of mutant p53 on Racl activity is contrib-
uted by the expression changes of these genes, although
there is the possibility that the expression regulation of
some unknown Racl regulators by mutant p53 contrib-
utes to the promoting effect of mutant p53 on Racl activ-
ity. It is worth noting that mutant p53 and wild-type p53
often exert opposite effects on the same signaling pathway
and biological processes through different mechanisms. It
appears that wild-type p53 and mutant p53 exert opposite
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Figure 7. Blocking Racl function largely abolishes mutant p53 GOF in promoting migration and metastasis of tumor cells. (A-C) Block-
ing Racl activity greatly abolished mutant p53 (R175H and R273H) GOF in promoting migration of H1299 cells as measured by transwell
assays. (A)H1299 mutant p53 (R175H and R273H) and H1299-Con cells were transfected with shRNA vectors against Racl. (B) Cells were
transfected with vectors expressing Racl DN. (C) Cells were treated with 10 pM NSC23766 or PBS. (D) Expression of Racl-R but not
Racl2SUMOR Jargely restored mutant p53 GOF in promoting migration in H1299 cells. (E-G) Blocking Racl by shRNA vectors against
Racl (E), expression of Racl DN (F), or treatment with 10 uM NSC23766 (G) greatly abolished mutant p53 GOF in promoting migration
of SK-BR-3 and MDA-MB468 cells as measured by transwell assays. (H) Expression of Racl-R but not Rac12SYMO.R largely restored mu-
tant p53 GOF in promoting migration in SK-BR-3 cells with knockdown of endogenous Racl. The left panels in A and E show represen-
tative images. Bar, 200 nm. (Right panel) Quantification of the average number of migrated cells per field. In A-H, data are presented as
mean = SD. n=6. (#) P<0.05; (*) P<0.01; (**) P<0.001, Student’s t-test. (I,]) Blocking Racl activity by shRNA vectors against Racl (I) or
expression of Racl DN (]) largely abolished mutant p53 GOF in promoting lung metastasis of H1299 cells in mice. H1299-Con and H1299
mutant p53 (R175H and R273) cells with or without Racl knockdown (I) or expression of Racl DN (]) were injected into nude mice via the
tail vein. The number of lung tumors was determined after 6 wk. n =8 mice per group. (Left panel) Representative H&E images of lung
sections. Bar, 100 pm. (K) A schematic model depicting that mutant p53 inhibits SENPI1-meidated Racl de-SUMOylation to activate
Racl as an important mechanism of mutant p53 GOF in tumorigenesis.

effects on Racl signaling. As shown in Figure 2D, wild- wild-type p53 induces GLS2 expression in cells (Hu
type p53 inhibits Racl activity in human cancer cells. et al. 2010; Suzuki et al. 2010). Our recent study further
Previous studies, including ours, showed that glutamin- showed that GLS2 mediates the inhibitory function of

ase 2 (GLS2) is a target gene of wild-type p53 and that wild-type p53 on Racl activity; GLS2 binds to Racl at
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its switch I and II regions to inhibit Racl activation
(Zhang et al. 2016). Results in this study showed that
mutant p53 protein binds to Racl at its central region
(Fig. 1E), which is different from the region for GLS2-
Racl interaction. Unlike wild-type p53, mutant p53
does not induce GLS2 expression in H1299 cells with
ectopic expression of mutant p53 (R175H, R248W, or
R273H) (Supplemental Fig. S9A). GLS2 can bind to the
mutant p53/Racl complex; the interaction between mu-
tant p53 and GLS2 was observed by co-IP assays using
the DO-1 antibody against p53 in H1299 cells transfected
with vectors expressing GLS2, Racl, and mutant p53
(R175H) (Supplemental Fig. S9B). Knockdown of endoge-
nous Racl abolished the interaction of mutant p53 with
GLS2 in H1299 cells (Supplemental Fig. S9B), suggesting
that mutant p53 interacts with GLS2 through Racl.
However, knockdown of endogenous GLS2 by shRNA
vectors in H1299 cells with and without ectopic mutant
p53 expression and in SK-BR-3 and MDA-MB468 cells
with and without mutant p53 knockdown did not
have an obvious effect on basal Racl activity or the
Racl activation by mutant p53 (Supplemental Fig. SOC,
D). These results suggest that GLS2, which expresses at
a low level in cells without wild-type p53, plays a very
limited role in regulating Racl activity in cells without
wild-type p53.

In summary, results in this study demonstrate that mu-
tant p53 activates Racl through binding to Racl protein to
inhibit SENP1-mediated Racl de-SUMOylation, which in
turn promotes mutant p53 GOF in tumor cell growth and
metastasis (Fig. 7K). Results from this study uncover an
unidentified and important mechanism underlying mu-
tant p53 GOF in tumorigenesis and reveal a novel mecha-
nism for Racl activation in human cancer. These results
suggest that targeting Racl and its signaling is a potential
therapeutic strategy for cancer with mutant p53.

Materials and methods
Cells, vectors, siRNAs, shRNAs, and reagents for cell treatment

H1299, SK-BR-3, MDA-MB468, LAPC4, SW480, HT29, and Huh7
cell lines were obtained from American Type Culture Collection.
H1299 cells with stable ectopic mutant p53 (R175H, R248W, and
R273H) overexpression were established as described previously
(Zhang et al. 2013). Vectors expressing mutant p53 (R175H,
R248W, and R273H), HA-tagged mutant p53 fragments, Myc-
Racl, Myc-Racl-DN, and Myc-tagged Racl fragments were con-
structed as described previously (Zheng et al. 2013; Zhang et al.
2016). The pcDNA3-HA-SUMO-1 vector was a gift from Dr. Juny-
ing Yuan (Addgene plasmid no. 21154) (Terui et al. 2004). The
Flag-SENP1 vector was constructed by PCR cloning with the
primers listed in Supplemental Table 3. The Flag-SENP1<¢03S
vector was constructed by using QuikChange IIXL site-directed
mutagenesis kit (Agilent) with the primers listed in Supplemental
Table 3. The lentiviral shRNA vectors against Racl (#1: V3LHS-
317667, and #2: V3BLHS_317664) were obtained from Thermo Sci-
entific. siRNA oligos were purchased from IDT, and their se-
quences are listed in Supplemental Table 3. Myc-Racl and GFP-
Rac125YMO (4 gift from Dr. Angeliki Malliri at the University of
Manchester) were cloned into pLVX-IRES-tdTomat vectors to
construct Racl-R and Racl*Y™MO.R that are resistant to Racl
shRNA vector #1 using QuikChange IIXL site-directed mutagen-
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esis kit with the primers listed in Supplemental Table 3. The Racl
inhibitor NSC23766 was purchased from Sigma.

Co-IP assays and LC-MS/MS assays

To determine potential mutant p53-binding proteins, H1299 cells
transfected with the empty vector and H1299 cells with ectopic
expression of mutant p53 (R175H) or wild-type p53 were used
for co-IP by using anti-p53 (DO-1) beads. The p53 protein complex
was eluted by 0.1 M blycine solution, separated in a SDS gel, vi-
sualized by silver staining using the silver staining kit (Invitro-
gen), and analyzed by LC-MS/MS at the Biological Mass
Spectrometry Facility of Rutgers University as described previ-
ously (Yue et al. 2015). Co-IP assays were performed as described
previously (Yue et al. 2015). Anti-p53 (DO-1) and anti-Flag (M2,
Sigma) agarose beads were used to pull down p53, Racl-Flag,
and Flag-SENP1 proteins, respectively.

Subcellular fractionation and Western blot assays

Cytoplasmic and nuclear fractions were separated by using a
Qproteome cell compartment kit (Qiagen). Standard Western
blot assays were used to analyze protein expression in cells.
The following antibodies were used for assays: anti-p53 (1:2000
dilution; Santa Cruz Biotechnology, FL393), anti-Flag (1:40,000
dilution; Sigma, F7425), anti-Racl (1:4000 dilution; Millipore,
05-389), anti-HA (1:2000 dilution; Roche, 12013819001), anti-
Myc (1:2000 dilution; Santa Cruz Biotechnology, SC-40 HRP),
anti-SENP1 (1:2000 dilution; Cell Signaling Technology,
11929), anti-a-tubulin (1:2000 dilution; Santa Cruz Biotechnol-
ogy, sc8035), anti-Histone H3 (1:1000 dilution; Cell Signaling
Technology, 9715), anti-SUMO-1 (1:2000 dilution; Cell Signaling
Technology, 4930), anti-p-PAK1/2 (1:1000 dilution; Cell Signal-
ing Technology, 2606), anti-PAK1 (1:2000 dilution; Cell Signaling
Technology, 2602), and anti-PAK2 (1:2000 dilution; Cell Signal-
ing Technology, 2615).

Racl activity analysis

The p21-binding domain of the Racl1 effector protein PAK1 specif-
ically binds to Racl-GTP in cells (Hayashi-Takagi et al. 2010).
Racl activity was analyzed by using a Racl activation assay kit
(Millipore) to perform the GST-p21-binding domain of PAKI1
pull-down assays, which specifically pull down Rac1-GTP in cells
as described previously (Krauthammer et al. 2012; Zhang et al.
2016). The levels of precipitated Racl-GTP were measured by
Western blot assays and normalized to total Racl levels in cells.

Quantitative real-time PCR

Total RNAs of cells were isolated and reverse-transcribed to
c¢DNA by using a cDNA reverse transcription kit (Thermo Scien-
tific). The expression of genes was detected by TagMan real-time
PCR (Applied Biosystems) and normalized with actin gene as de-
scribed (Hu et al. 2010).

IHC staining

A cohort of deidentified colorectal cancer tissues with known p53
mutation status was obtained from the database of the First Affil-
iated Hospital of Harbin Medical University (Harbin, China) with
institutional review board approval (Zheng et al. 2013). None of
these patients received presurgical chemotherapy. IHC staining
was performed as described previously (Zheng et al. 2013). Anti-
p-PAK1/2 (Abcam, ab40795) antibodies were used to detect the
levels of p-PAK1/2 in tissues. Anti-Ki-67 (BD Biosciences,
556003) antibodies were used to detect the levels of Ki67 in xeno-
graft tumor tissues.
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Rac1 SUMOylation assays

SUMOylation assays were performed as described previously
(Castillo-Lluva et al. 2010). In brief, cells were harvested 24 h after
transfection with vectors expressing HA-SUMO-1, and cell lysates
were prepared in NP40 buffer containing proteinase inhibitors and
10 mM NEM (N-ethylmaleimide). The SUMOylation levels of
Myc-Racl and endogenous Racl were determined by immunopre-
cipitation using anti-Myc and anti-Racl antibodies, respectively,
followed by Western blot assays using an anti-HA antibody.

Anchorage-independent growth assays

Anchorage-independent growth assays were performed as de-
scribed previously (Li et al. 2014; Liu et al. 2014). In brief, cells
were seeded in six-well plates coated with medium containing
0.6% agarose and cultured in medium containing 0.3% agarose.
Colonies were stained by violet crystal for counting after 2-3 wk.

Xenograft tumorigenesis assays

Assays were performed as described previously (Zheng et al.
2013). In brief, 5 x 10° cells in 0.2 mL of PBS were injected subcu-
taneously into 6-wk-old BALB/c athymic male nude mice (Tacon-
ic). Tumor volumes were measured every 3 d for 3 wk. Tumor
volume = 1/2 (length x width?] (n = 6 mice per group). The mouse
experiments were performed with the approval of the Institution-
al Animal Care and Use Committee of the university.

Migration and invasion assays

Migration and invasion assays were performed by using the trans-
well system (BD Biosciences) as described previously (Zhang et al.
2016). In brief, cells in FBS-free medium were seeded into upper
chambers coated with or without Matrigel (BD Biosciences) for
invasion and migration assays, respectively. The lower chamber
was filled with medium supplemented with 10% FBS. For SK-BR-
3 cells, the lower chamber was filled with a 1:1 mix of medium sup-
plemented with 10% FBS and NIH3T3 cell-conditioned medium.
Cells on the lower surface of upper chambers were fixed by metha-
nol and stained by violet crystal for counting after culturing for 24 h.

In vivo lung metastasis assay

In vivo lung metastasis assays were performed as described previ-
ously (Zheng et al. 2013; Zhang et al. 2016). In brief, 1 x 10° cells
in 0.1mL of PBS were injected into 6-wk-old male nude mice via
the tail vein (n = 8 mice per group). The mice were sacrificed at 6
wk after the inoculation to collect lung tissues. The numbers of
lung tumors were counted under a dissecting microscope and
confirmed by histopathological analysis.

Statistical analysis

The data are presented as mean + SD. The differences in xenograft
tumor growth among groups were analyzed for statistical signifi-
cance by ANOVA followed by Student’s ¢-tests using GraphPad
Prism software. Unpaired t-test with Welch’s correction was
used to analyze the difference of the p-PAK25*! Jevels between
the two groups of prostate cancer samples. All other P-values
were obtained using Student’s t-test or x* test. Values of P <0.05
were considered to be significant.
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