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ABSTRACT

Selective activation of Rho GTPase cascade requires the release of Rho from RhoGDI (GDP-
dissociation inhibitors) complexes. Our previous studies identified RhoGDIx SUMOylation
at Lys-138 and its function in the regulation of cancer cell invasion. In the current study,
we demonstrate that RhoGDI« SUMOylation has a crucial role in the suppression of cancer
cell anchorage-independent growth as well as the molecular mechanisms underlying this
suppression. We found that ectopic expression of RhoGDIa resulted in marked inhibition of
an anchorage-independent growth with induction of GO/G1 cell cycle arrest, while point mu-
tation of RhoGDIx SUMOylation at residue Lys-138 (K138R) abrogated this growth suppression
and GO/G1 cell cycle arrest in cancer cells. Further studies showed that SUMOylation at Lys-
138 was critical for RhoGDIo. down-regulation of cyclin D1 protein expression and that MEK1/
2-Erk was a specific downstream target of SUMOylated RhoGDIa for its inhibition of C-Jun/AP-
1 cascade, cyclin d1 transcription, and cell cycle progression. These results strongly demon-
strate that SUMOylated RhoGDIe. suppressed C-Jun/AP-1-dependent transactivation specif-
ically via targeting MEK1/2-Erk, subsequently leading to the down-regulation of cyclin D1
expression and anti-cancer activity. Our results provide new mechanistic insights into the
understanding of essential role of SUMOylation at Lys-138 in RhoGDIe’s biological function.
© 2013 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.

1. Introduction cyclin to be induced when cells enter the G1 phase from quies-
cence (GO) (Stacey, 2003). Once expressed, cyclin D1 binds to
Cell cycle progression is controlled by the expression of a fam- CDK4 (cyclin-dependent kinase 4) or CDK6 to form an active

ily of proteins called cyclins (Sherr, 1994). Cyclin D1 is the ma- holoenzyme that phosphorylates the retinoblastoma 1 (Rb1)
jor D type cyclin in many cell types and is usually the first protein. Phosphorylation of Rbl results in its dissociation

Abbreviations: CDK, cyclin-dependent kinase; Erk, extracellular stimuli mitogen-activated protein kinase; GDIs, GDP-dissociation in-
hibitors; GEFs, guanine nucleotide exchanging factors; GTP, guanosine triphosphate; MEK, MAP kinase; SUMO, small ubiquitin-related

modifier.
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with E2Fs and then promotes transcription of E2F downstream
targets, such as cyclin E and cyclin A, and further resulting in
cell cycle progression (Stacey, 2003). Therefore, tight control of
cyclin D1 gene expression is a crucial issue in the regulation of
G1-phase progression. In non-tumor cells, the cyclin D1 gene
senses the mitogenic potential of the microenvironment dur-
ing cell-cycle entry from quiescence because its induction re-
quires coordinated signaling from the extracellular matrix
and soluble growth factors (Assoian and Klein, 2008). These
controls can be lost during cellular transformation upon expo-
sure to carcinogens or tumor promoters, resulting in the cor-
responding overexpression of cyclin D1 in a number of
cancers, including those of the breast, liver, lung, and colon
(Gillett et al., 1996; Yamamoto et al., 2006; Molenaar et al.,
2008; Sanchez-Mora et al., 2008). Cyclin D1 levels can be regu-
lated in a transcriptional and post-transcriptional manner
(zhang et al., 2012; Ouyang et al., 2005).

The Rho family contains 20 members (Vega and Ridley,
2008), and over 60 Rho effectors have been identified (Lu
et al., 2009). The important role of the Rho family of small
GTP (Guanosine Triphosphate) binding proteins in cancer
development has been well established (Sahai and Marshall,
2002). The members of the Rho GTPase family are well known
for their regulation of actin polymerization and cytoskeletal
structures (Vega and Ridley, 2008) and they also contribute
to the regulation of many different biological processes,
including cell cycle progression with the best-studied mem-
bers being RhoA, Racl, and Cdc42 (Coleman et al., 2004). It
has previously been shown that active Rho influences cell cy-
cle progression via the regulation of a number of cell cycle reg-
ulatory proteins (Etienne-Manneville and Hall, 2002). One
mechanism is through regulating expression and activity of
CDK inhibitors, such as p27 (Hirai et al., 1997; Hu et al., 1999)
and p21 (Liberto et al., 2002; Olson et al., 1998). In addition to
the regulation of CDK inhibitors, Rho has been reported to in-
fluence cyclin levels. Rho and ROCK are necessary for Ras-GTP
loading and lead to increased to increased cyclin D1 transcrip-
tion following growth factor stimulation (Swant et al., 2005;
Welsh et al., 2001). Inhibition of Rho or ROCK function inhibits
cyclin A expression and blocks cell proliferation in atrial
myofibroblasts (Porter et al., 2004; Croft and Olson, 2006).
Moreover, Rho GTPase activity is necessary for cyclin E expres-
sion in rat astrocytes (Tanaka et al., 1998).

RhoGDIs have been identified as key regulators of Rho fam-
ily GTPases as typified by their ability to prevent nucleotide ex-
change and membrane association (Garcia-Mata et al., 2011).
In resting state, Rho family members are bound to RhoGDIs
preventing the conversion from their inactive GDP bound state
to the active GTP bound state (Faure and Dagher, 2001;
DerMardirossian and Bokoch, 2005). There are three isoforms
of RhoGDIs: RhoGDle, B (also named D4/LyGDI), and y. Among
these RhoGDIs, RhoGDla is ubiquitously expressed and binds
to all of the Rho family proteins thus far examined (Dovas
and Couchman, 2005), whereas RhoGDIB and y show unique
tissue expression patterns, and their substrate specificities
have not been precisely determined (Harding and
Theodorescu, 2010). RhoGDIs regulate a multitude of cellular
phenotypes including cell division, morphology, migration,
vesicular trafficking and gene expression (Harding and
Theodorescu, 2010). It is likely that they affect these diverse

phenotypes principally by controlling the location and activity
of members of the Rho family of small GTPases (Dovas and
Couchman, 2005). Indeed, there is substantial biochemical
and structural evidence showing that Rho GEFs (Guaninenu-
cleotide Exchanging Factors) that cannot act on Rho GTPases
form complex with RhoGDI. The GDI-GTPase complex is thus
a major form of RhoGDI regulation of Rho GTPase activity
and function (DerMardirossian and Bokoch, 2005).

SUMO (Small Ubiquitin-related Modifier) modification
(SUMOylation) is animportant post-translational protein modi-
fication that modulates the biological functions of proteins
(Muller et al., 2004; Geiss-Friedlander and Melchior, 2007).
SUMOylation is a highly dynamic process with a three-step re-
action consisting of SUMO activation, transfer, and ligation that
are catalyzed by E1 heterodimeric enzyme [SAE1 (SUMO Acti-
vating Enzyme E1)/SAE2], E2 enzyme (Ubc9), and E3 SUMO li-
gases (Melchior, 2000; Kotaja et al, 2002). Unlike
ubiquitination, which usually facilitates protein degradation,
SUMOylation results in pleiotropic functional consequences
that include changes in subcellular localization, protein stabil-
ity, alterations in DNA binding, and transcriptional activity
(Johnson, 2004; Gill, 2005). Transcription factors, co-activators,
and co-repressors are predominant targets of SUMOylation,
which alters their activity and results in changes in gene
expression and function (Johnson, 2004; Gill, 2005). Our most
recently studies demonstrate that RhoGDIa can be SUMOylated
specifically at residue Lys-138 and that this SUMOylation is
crucial for RhoGDIu inhibition of cancer cell motility and inva-
sion (Yu et al., 2012). In the current study, we aimed to investi-
gate the potential biological role of RhoGDI«. SUMOylation at
Lys-138 in RhoGDIa regulation of cancer cell anchorage-
independent growth and that molecular mechanisms that
lead to this regulation. We found that loss of RhoGDIa SUMOy-
lation by specific K138R point mutation of RhoGDIa« at Lys138
impaired its ability to repress cyclin D1 expression and attenu-
ated its induction of GO/G1 growth arrest and inhibition of
anchorage-independent growth. Further studies demonstrated
that the suppression of RhoGDI«. SUMOylation at Lys-138 was
mediated by its inhibition of MEK1/2/Erk/AP-1 cascade.

2. Materials and methods
2.1. Cell culture and plasmids

HCT116 cells and its transfectants, including HCT116 (GFP-
vector), HCT116(RhoGDIo-WT), HCT116(RhoGDIa-K105R), and
HCT116 (RhoGDI«-K138R) were established in our previous
studies (Yu et al., 2012). The HCT116 cells were cultured in Mc-
Coy’s 5A medium (Invitrogen, Carlsbad, CA), supplemented
with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin,
and 2 mM L-glutamine (Life Technologies, Inc., Rockville, MD)
at 37 °C in 5% CO, incubator. The constructs of -963 cyclin D1
promoter-driven luciferase reporter (-963 CD1 Luc) and its AP-
1 binding site mutant reporter (-963 AP-1lmut CD1 Luc) were
gifts from Dr. Richard G Pestell, Thomas Jefferson University
Jefferson Medical College. The plasmid TAM67, dominant
negative C-Jun mutant, dominant negative Erkl mutant
(Erk1-K71R), cyclin d1 promoter-driven luciferase reporter,
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and AP-1-dependent luciferase reporter were described in our
previously studies (Ouyang et al.,, 2005; Zhang et al., 2006;
Huang et al., 1999; Wang et al., 2005).

2.2. Antibodies and other reagents

Antibodies against GFP, phospho-C-Jun, C-Jun, cyclin A,
phospho-p65, p65, phospho-STAT3, STAT3, phospho-STATS,
STATS, phospho-JNKs, JNKs, phospho-Erks, Erks, and GAPDH
were purchased from Cell Signaling Technology Inc. (Beverly,
MA); against cyclin D1, CDK4, CDKS6, cyclin E, c-Fos, Jun-B, Jun-
D, SP1 and ubiquitin were bought from Santa Cruz Biotech-
nology (Santa Cruz, CA); against p27 and p50 were purchased
from Abcam (Cambridge, MA); against RhoGDIla was from
Millipore (Billerica, MA). The kinase inhibitor PD98059 was ob-
tained from Sigma Chemical (St. Louis, MO).

2.3. Cell transfection

All of the stable and transient transfections were performed
with PolyJet™ DNA in vitro transfection reagent (SignaGen Lab-
oratories, Rockville, MD), according to manufacturer’s instruc-
tions. For stable transfection, cultures were subjected to either
blasticidin or hygromycin B drug selection and cells surviving
from the selection were pooled as stable mass cultures (Fang
et al,, 2012). These stable transfectants were cultured in the
selected antibiotic-free medium for at least two passages
before utilization for experiments.

2.4.  Anchorage-independent growth assay

Anchorage-independent growth ability was determined in
soft agar as described in our previous studies (Luo et al,
2008). Briefly, 3 ml of 0.5% agar in basal modified Eagle’s me-
dium supplemented with 10% FBS was layered onto each
well of 6-well tissue culture plates. Cell suspensions (1 ml,
1 x 10* cells/well) were mixed with 2 ml of 0.5% agar-basal
modified Eagle’s medium supplemented with 10% FBS, and
1 ml of mixture was added into each well over top of the
0.5% agar layer. Plates were incubated at 37 °C in 5% CO, for
2—3 weeks, and the colonies with more than 32 cells of each
were scored and presented as colonies/10* cells.

2.5. Cell cycle assay

After indicated treatment, cells were stained with propidium
iodide (PI) solution, as mentioned in the previous report
(Song et al., 2007). Cell cycle distribution was determined by
flow cytometry, utilizing a Beckman—Coulter EpicsXL flow cy-
tometer. Twenty thousand events were counted for each anal-
ysis, and two to four independent experiments were
conducted in each group.

2.6. Western blot

Cell extracts were prepared with cell lysis buffer (10 mM
Tris—HCI, pH 7.4, 1% SDS, and 1 mM Na3VO,). Protein concen-
trations were determined by NanoDrop 1000 spectrophotom-
eter (Thermo Scientific, Wilmington, DE). Proteins (30—60 pg)
were subjected to SDS-PAGE and were subsequently probed

with the indicated primary antibodies and AP-conjugated sec-
ond antibody (Cell Signaling Technology, Boston, MA), as
described in our publications (Zhang et al.,, 2006; Ouyang
et al., 2008). Signals were detected by the enhanced chemi-
fluorescence Western blot system (Model Storm 860, Molecu-
lar Dynamics, Kent City, MI) as described in our previous
publications (Song et al., 2007, 2006).

2.7. Reverse transcription polymerase chain reaction
(RT-PCR)

Total RNA was extracted with TRIzol reagent (Invitrogen,
Carlsbad, CA), and cDNAs were synthesized with the
ThermoScript™ RT-PCR system (Invitrogen). To detect cyclin
dl induction, a pair of oligonucleotides (5-GAG GTC TGC
GAG GAA CAG AAG TG-3 and 5-GAG GGC GGA TGG AAA
TGA ACT TCA-3') were synthesized and used as the specific
primers. Human gapdh cDNA was amplified by the primers
(5'-AGA AGG CTG GGG CTC ATT TG-3' and 5-AGG GGC CAT
CCA CAG TCT TC-3)).

2.8. Luciferase reporter assay

Cells stably transfected with luciferase-reporter constructs
were seeded into 96-well plates. After the cell density reached
70—80%, cells were treated as indicated in the figure legends,
and were then extracted with luciferase assay lysis buffer
(Promega, Madison, WI). The luciferase activity was deter-
mined with the Dual-Luciferase Reporter Assay System
(Promega), according to the manufacturer’s instructions as
described (Li et al., 2004; Huang et al., 1997).

2.9. Immunoprecipitation

Cells were lysed in cell lysis buffer (1% Triton X-100, 150 mM
Nacl, 10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM EGTA, 0.2 mM
Na3VOy, 0.5% NP-40, and complete protein cocktail inhibitors
from Roche) on ice. Lysate (0.5 mg) was incubated with Protein
A/G plus-agarose (Santa Cruz Biotechnology, Inc.) and then
incubated with specific antibody at 4 °C for 12 h. Protein A/G
plus-agarose (40 pl) were added to the mixture and incubated
with agitation for an additional 4 h at 4 °C. The immunopre-
cipitate was washed three times with cell lysis buffer and sub-
jected to Western Blotting assay (Liu et al., 2012).

2.10. Statistical methods

Student’s t-test was employed to determine the significance of
differences between the different groups in each experiment.
The differences will be considered significant at p < 0.05.

3. Results

3.1. SUMOylation of RhoGDla at Lys138 was required
for its suppression of anchorage-independent growth in
cancer cells

To delineate the biological significance of RhoGDIa SUMOyla-
tion at Lys138 in cancer cell growth, we established stable
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polyclonal cell lines that overexpress GFP-vector or GFP fu-
sions with RhoGDIa-WT, RhoGDIua-K138R (SUMOylation site
point mutation), and RhoGDIa-K105R (non-SUMOylation site
point mutation as control). Western blot analysis showed
equivalent expressions of RhoGDIa-WT, RhoGDIu-K105R, and
RhoGDIz-K138R in the various stable transfectants
(Figure 1A). Since SUMO often competes with ubiquitin for
the same lysine residues (Park et al., 2007), we examined
whether RhoGDI«-K138R mutation affected RhoGDIe ubiquiti-
nation. The results showed that there was no difference of
RhoGDla ubiquitination between the transfectants of RhoG-
DIz-WT and RhoGDIx-K138R (Figure 1B).

We performed anchorage-independent cell growth assay
with these stable transfectants. The results indicated that
overexpression of RhoGDI«-WT resulted in significant reduc-
tion in colony numbers as compared with those in control
vector-transfected cells (Figure 1C). Interestingly, in contrast
to RhoGDIa-WT, cells stably transfected with RhoGDIxz-K138R
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showed an increase in colony formation, while those trans-
fected with RhoGDI«-K105R showed a similar inhibition on col-
ony formation (Figure 1D), suggesting that SUMOylation of
RhoGDIx at Lys138 was essential for its inhibition of
anchorage-independent cancer cell growth. To examine the
underlying mechanisms, we then examined the cell cycle pro-
file of HCT116 cells stable transfectants of RhoGDIa-WT, RhoG-
DI«-K105R, and RhoGDIa-K138R by flow cytometry (Figure 1E).
Ectopic expression of RhoGDIx-WT exhibited delayed progres-
sionin the G1/S phase of the cell cycle, resultingin GO/G1 arrest
(83.40% =+ 1.99 vs 74.57% + 1.23) in comparison to vector control
transfectant, whereas the cell cycle profile of RhoGDIxz-K138R
transfectant did not show this delayed progression in the GO/
G1 phase (70.24% =+ 1.94 vs 74.57% + 1.23) (Figure 1E and F).
These results suggested that SUMOylation at K138 was essen-
tial for RhoGDIx inhibition of anchorage-independent cancer
cell growth and that this RhoGDI« inhibition might be associ-
ated with its effect on GO/G1 arrest.
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Figure 1 — RhoGDIo SUMOylation at Lys-138 was essential for RhoGDIa inhibition of cancer cell anchorage-independent growth and cell cycle
progression. (A) stable HCT116 cell transfectants of GFP-RhoGDIa-WT, GFP-RhoGDI«-K138R, GFP-RhoGDIa-K105R, and the empty

control vector, were identified by Western blot. (B) HCT116 cells were transfected with various constructs as indicated for detection of RhoGDI
ubiquitination. (C & D) anchorage-independent cell growth of above stable transfectants was determined by soft agar assay. The colony formation

was observed under an inverted microscope and photographed (C) and numbers of colonies were scored, and presented as colonies per 10,000
seeded cells (D). The symbol (*) indicates a significant repression in comparison to that of the control vector transfectant (p < 0.05); and (%)
indicates a significant increase compared with control vector transfectant (p < 0.05). Each bar indicates the mean and standard derivation of three
independent experiments. (E & F) Cell cycle profile was determined by PI staining and FACS analysis in the transfectants of the control vector,
RhoGDIa-WT, RhoGDIa-K105R, and RhoGDIa-K138R. Representative histograms of cell cycle profiles were presented from three
independent experiments (E). Percentage of cells in the G0/G1, S, and G2/M phases were presented from three independent experiments (F).
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3.2. RhoGDla SUMOylation at Lys138 mediated its
inhibition of cyclin d1 transcription

To examine the molecular basis underlying RhoGDla
SUMOylation-regulated cancer cell growth, we next examined
the potential effects of RhoGDIa SUMOylation-regulated the
expression levels of key cell cycle regulatory proteins. The re-
sults showed that ectopic expression of RhoGDIa-WT or RhoG-
DIz-K105R significantly inhibited cyclin D1 expression in
HCT116 cells, while RhoGDIa-K138R did not show any observ-
able inhibition of cyclin D1 protein expression (Figure 2A).
Moreover, none of the RhoGDIa-WT or its mutants showed
an observable effect on the expression of other cell cycle reg-
ulators, including p21, p27, CDK4, CDKS6, cyclin E, and cyclin A.
These results suggested that SUMOylated RhoGDIe inhibited
cancer cell growth and induced GO/G1 growth arrest specific
associated with the reduction of cyclin D1 expression.

Since cyclin D1 levels can be regulated transcriptionally
and post-transcriptionally (Zhang et al., 2012; Ouyang
et al., 2005; Musgrove, 2006), we evaluated cyclin d1 mRNA
levels among various transfectants. Consistent with cyclin
D1 protein expression, cyclin dI mRNA expression was pro-
foundly downregulated in cells transfected with RhoGDIa-
WT and RhoGDI«-K105R, while RhoGDI«-K138R did not
show an inhibitory effect on cyclin d1 mRNA (Figure 2B).
Furthermore, cyclin d1 promoter-driven luciferase reporter
(Ouyang et al., 2005) was co-transfected with RhoGDla-
WT, RhoGDIa-K105R, RhoGDI«-K138R, or control vector
into HCT116 cells, respectively, and the transfectants was
used to test whether RhoGDIa SUMOylation regulated cyclin
dl mRNA at the transcriptional level. Consistent with
repression of cyclin d1 mRNA levels, RhoGDIa-WT and
RhoGDIa-K105R repressed the cyclin d1 promoter activity,
as compared with control vector transfectant, and
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Figure 2 — Point mutation of the RhoGDIa at SUMOylation site Lys-138 lost its suppression of cyclin d1 transcription. (A & B) The cells were
synchronized by incubation of cells with 0.1% FBS medium for 24 h. The cells were then cultured in 2% FBS medium for 24 h. Cells were then
extracted for determination of protein expression by Western blot (A) or cyclin dI mRNA expression by RT-PCR (B). (C) cells (1 x 10 stably
transfected with cyclin dI promoter-driven luciferase reporter were seeded into each well of a 96-well plate. After synchronization, the cells were
extracted for determination of the luciferase activity, as described in our previous studies (Ouyang et al., 2008). The symbol (*) indicates a
significant repression in comparison to that of the control vector transfectant (p < 0.05); (D) schematic representation of transcription factor
binding sites in human cyclin d1 promoter region (Klein and Assoian, 2008). (E) Western blot was performed to determine the transcription factor
expression and activation in the indicated transfectants. (F) the indicated transfectants that were stably transfected with AP-1 luciferase reporter
(1 x 10%) were seeded into a 96-well plate and subjected to luciferase activity assay, as described in Materials and Methods. The results were
presented as luciferase activity relative to medium control (relative AP-1 activity). The symbol (*) indicates a significant repression in comparison
to the control vector transfectant (p < 0.05).
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RhoGDI«-K138R did not show this suppression (Figure 2C),
indicating that RhoGDIo SUMOylation downregulated cyclin
d1 transcription.

3.3.  Transcription factor C-Jun/AP-1 was downstream
mediator of RhoGDIa SUMOylation for repressing cyclin d1
transcription

To identify the transcription factor(s) responsible for RhoG-
Dle SUMOylation-regulated cyclin dl1 transcription,
TFANSFAC® Transcription Factor Binding Sites Software
(Biological Database, Wolfenbiittel, Germany) was used for
bioinformatics analysis of the cyclin d1 promoter region.
The results revealed that the promoter region of the human
cyclin d1 gene contains the multiple putative DNA-binding
sites of transcription factors, including NF-kB (nuclear factor
kappa-light-chain-enhancer of activated B cells), STAT3/5
(signal transducers and activators of transcription), AP-1
(activator protein-1), E2F1, and SP-1 (specificity protein-1)
(Figure 2D). We next examined changes in the expression
of related transcription factors or their activated form
among the transfectants of RhoGDIa variants. The results
are consistent with cyclin d1 transcription, showing that in-
hibition of C-Jun phosphorylation and AP-1-dependent
transactivation was clearly observed in the transfectants
of RhoGDI«-WT and RhoGDI«-K105R, whereas point muta-
tion of RhoGDIa at Lys138 (RhoGDI«-K138R) abolished this
inhibitory effect (Figure 2E and F). Significantly, there were
no observed effects on other putative transcription factors,
such as c-Fos, C-Jun, NF-kB (phosphorylated p65, p65 and
p50), STAT3, STATS, and SP-1 by ectopic expression of either
RhoGDIa-WT, RhoGDIa-K105R, or RhoGDIa-K138R. Our re-
sults revealed that C-Jun/AP-1 might be a SUMOylated
RhoGDIa downstream target for mediating inhibition of
cyclin d1 transcription.

To determine the role of C-Jun/AP-1 in cancer cell growth
repression by SUMOylated RhoGDIa, we overexpressed the
dominant negative mutant form of C-Jun (TAM67) (Zhang
et al., 2006) in HCT116 stable RhoGDIa-K138R transfectant to
abolish C-Jun activation (Figure 3A). Inhibition of C-Jun activa-
tion by TAM67 attenuated cyclin D1 protein expression
(Figure 3A). TAM67 overexpression also impaired cyclin d1 pro-
moter activity in RhoGDIx-K138R transfectant (Figure 3B). To
further validate the important role of C-Jun/AP-1 in mediating
cyclin d1 transcription activity, we transfected cyclin d1 pro-
moter luciferase reporter (-963 CD1-Luc) and -963 CD1-Luc re-
porter with AP-1 binding site mutation (-963 AP-1Imut CD1-
Luc) into RhoGDIa-K138R transfectant. As shown in
Figure 3C, cyclin d1 promoter transcription activity was
dramatically reduced in the transfectant of -963 AP-1mut
CD1-Luc in comparison to that in -963 CD1-Luc transfectant
in RhoGDIua-K138R transfectant (Figure 3C), indicating that
AP-1 transactivation is crucial for cyclin d1 transcription in
cancer cells. Consistent with the inhibition of cyclin D1
expression, ectopic expression of TAM67 also blocked G1/S
phase transition in RhoGDI«-K138R transfectant (Figure 3D).
These results demonstrated that C-Jun/AP-1 was crucial for
RhoGDIe. SUMOylation-dependent repression of cyclin dl
transcription.
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Figure 3 — The C-Jun/AP-1 pathway mediated SUMOylated
RhoGDIa-repressed cyclin d1 transcription and expression, as well as
cell cycle regulation. (A) the RhoGDIa-K138R cells stably
transfected with either TAM67 construct or the control empty vector
were cultured in 2% FBS medium for 24 h and the cell extracts were
subjected to Western blot. (B) the RhoGDIa-K138R stable
transfectants were established by co-transfection of cyclin d1 promoter
luciferase reporter with TAM67 and blasticidin selection. After
synchronization, cells were cultured in 2% FBS medium for 24 h and
the cells were then extracted for determination of luciferase activity.
The symbol (*) indicates a significant repression in comparison to that
of the control vector transfectant (p < 0.05); (C) the RhoGDIo-
K138R cells’ stable transfectants were established by transfection of
-963 CD1 Luc and -963 AP-1mut CD1 Luc and blasticidin selection.
After synchronization, cells were cultured in 2% FBS medium for
24 h, and the cells were then extracted for determination of luciferase
activity. The symbol (*) indicates a significant repression as compared
with that of -963 CD1 Luc reporter transfectant (p < 0.05); (D) the
cell cycle profile in the indicated cell transfectants was determined by
flow cytometry analysis.
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3.4.  SUMOylated RhoGDl« suppression of AP-1/cyclin
D1 transcription and growth arrest was specific mediated by
targeting Erks, but not JNKs

To investigate the possible upstream kinase cascade involved
in the SUMOylated RhoGDIe inhibition of AP-1 activation and
cyclin D1 expression, we determined Erks and JNK (C-Jun N-
terminal kinases), two well-known MAPKs responsible for
AP-1 activation. The results showed that phosphorylation of
Erks and not JNKs, was markedly decreased in either RhoG-
DIa-WT or RhoGDIa-K105R transfectants. However, the level
of phosphorylated Erk in RhoGDIua-K138R transfectant was
similar to that observed in control vector transfectant
(Figure 4A). Moreover, our results also indicated that SUMOy-
lated RhoGDIo inhibited phosphorylation of MEK1/2

- 1/2
[

<~
E—

C 1 'SORhOGDIa-Kl 38R D

/Tyr185 |&

RhoGDIo-K138R E

(Figure 4A), an upstream kinase mediating Erks phosphoryla-
tion and activation. Our results indicated that SUMOylation at
Lys-138 was essential for RhoGDIa repression of MEK1/2/Erk
cascade.

To examine whether the inhibition of Erks by SUMOylated
RhoGDla was a key factor for RhoGDIx-mediated repression of
AP-1 activation, cyclin D1 expression, and cancer cell growth,
RhoGDIx-K138R transfectant were treated with PD98059
(25—50 uM), an inhibitor specific for inhibiting MEK1/2 kinase
enzyme activity. This was followed by determination of AP-1
activation, cyclin d1 transcription and protein expression, as
well as cell cycle alteration. The results indicated that inhibi-
tion of Erk activation by PD98059 impaired AP-1 activation,
downregulation of cyclin d1 promoter activity, and protein
expression in RhoGDIu-K138R transfectant (Figure 4B—D).
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Figure 4 — MEK1/2-Erk cascade was specifically targeted by SUMOylated RhoGDIa for repression of C-Jun/AP-1 activation, cyclin D1
expression, and cancer cell cycle progression. (A) after synchronization, the indicated cells were cultured in 2% FBS medium for 12 h and the cell
extracts were subjected to Western blot assay. (B) the RhoGDIa-K138R cells were treated with 25 pM or 50 pM of PD98059 or control medium
containing 0.1% DMSO for 12 h and the cell extracts were subjected to Western blot analysis. (C) the indicated AP-1-luciferase reporter stable
transfectants were treated with PD98059 (50 pM) or control medium containing 0.1% DMSO and the cells were then subjected to luciferase
activity assay. The results were presented as luciferase activity relative to medium control (relative AP-1 activity). The symbol (*) indicates a
significant repression in comparison to that in cells without PD98059 treatment (p < 0.05). (D) the indicated stable transfectants of cyclin d1
promoter-driven luciferase reporter were treated with PD98059 (50 pM) or control medium containing 0.1% DMSO and the cells were then
subjected to luciferase activity assay. The results were presented as luciferase activity relative to medium control (relative cyclin d1 promoter
activity). The symbol (*) indicates a significant repression as compared with that in cells without PD98059 treatment (p < 0.05). (E), with
PD98059 (50 uM) or control medium containing 0.1% DMSO and the cells were then subjected to flow cytometry analysis of cell cycle

progression.
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Consistently, the PD98059 treatment also increased GO/G1-
phase cells from 71.8% + 1.4 to 81.4% =+ 2.0 in RhoGDla-
K138R transfectant (Figure 4E). To further evaluate the role
of Erks in RhoGDlu-regulated biological effects, a dominant
negative mutant of Erkl (Huang et al., 1999) was employed.
As shown in Figure 5, ectopic expression of dominant negative
mutant of Erkl (DN-Erkl) consistently reversed AP-1 tran-
scription activation, cyclin d1 promoter activity and protein
expression, as well as GO/G1 cell cycle progression in RhoG-
DIx-K138R transfectant, implicating that SUMOylation-
dependent repression role of RhoGDIua in AP-1 activation,
cyclin D1 expression, cell cycle progression in colon cancer
HCT116 cells was specific via Erk pathway.

4, Discussion

The Rho GTPase family is well known for its regulation of actin
polymerization and cytoskeletal structures (Vega and Ridley,
2008), and its role in regulation of G1 cell cycle progression
has also been reported (Van Aelst and D’Souza-Schorey,
1997). Rho GDP dissociation inhibitors (RhoGDIs), endogenous

inhibitors of Rho GTPases, play an important role in regulating
the biological activities of Rho GTPases (Sasaki and Takali,
1998). Since our most recently studies demonstrate that RhoG-
Dlo can be SUMOylated at Lys138 and that this SUMOylation is
crucial for RhoGDIa inhibition of cancer cell invasion (Yu et al.,
2012), here we demonstrated that RhoGDIx SUMOylation at
Lys138 was required for its inhibition of cyclin D1 expression
and cell cycle Gl progression, as well as anchorage-
independent growth in human cancer cells. Our study also
identified that the MEK1/2/Erk/AP-1 cascade was a down-
stream target of SUMOylated RhoGDIa for mediation of this in-
hibition in cancer cells.

Protein SUMOylation is an important mechanism for mod-
ulation of cellular function (Muller et al., 2001). As SUMO modi-
fication is a reversible and highly dynamic process, the
SUMOylation status of some target proteins changes markedly
in response to various stimuli (Dadke et al., 2007). Recent
studies have revealed that the presence of SUMOylated pro-
teins occurs not only in the nucleus, but also in other cellular
compartments, including the cytoplasm, mitochondria, endo-
plasmic reticulum and the plasma membrane (Geiss-
Friedlander and Melchior, 2007). RhoGDIwo have been proven
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Figure 5 — Ectopic expression with DN-Erk1 reversed the AP-1 transactivation, cyclin D1 transcription and expression, and cancer cell cycle
progression in RhoGDIa-K138R stable transfectant. (A) indicated stable transfectants were cultured in 2% FBS medium for 12 h and the cell
extracts were subjected to Western blot. (B) the indicated cells were stably co-transfected with AP-1-luciferase reporter and DN-Erk1, then

subjected to luciferase activity assay. The results were presented as luciferase activity relative to medium control (relative AP-1 activity). The

symbol (*) indicates a significant repression in comparison to that in the cells without DN-Erk1 transfection (p < 0.05). (C) indicated cells were

stably co-transfected with cyclin dI promoter-luciferase reporter and DN-Erkl, then subjected to luciferase activity assay. The results were
presented as luciferase activity relative to medium control (relative cyclin d1 promoter activity). The symbol (*) indicates a significant repression in
comparison to that in cells without DN-Erk1 transfection (p < 0.05). (D) the Indicated cells were stably co-transfected with cyclin d1 promoter-
luciferase reporter and DN-Erkl, then subjected to flow cytometry analysis. (E) A model for RhoGDI SUMOylation at Lys-138 regulated

modulation of cancer cell anchorage-independent growth.
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to negatively regulate the activities of small G proteins of the
Rho family by shutting off their GDP/GTP cycling and cytosol/
membrane translocation (Snyder et al., 2002; Hoffman et al.,
2000). The Rho family of proteins cycle between active GTP-
bound form to function as molecular switch to regulate the
downstream signal transduction process (Tzima, 2006). The
essential role of RhoGDlIs is to form the Rho/RhoGDIs complex,
thus inhibiting guanine nucleotide exchange factors that stim-
ulate GDP/GTP exchange (Snyder et al., 2002). RhoGDIs also
shut down the activity of Rho proteins by keeping them in
the cytosol, where these proteins are attached by an isoprenoid
moiety located at their C terminus (Hoffman et al., 2000). It has
been reported that Rho family proteins participate in the regu-
lation of polarity, proliferation, adhesion, spreading, migra-
tion, and cytoskeleton organization (Etienne-Manneville and
Hall, 2002). In this study, we established stable transfectants
that overexpressed GFP or GFP fusions with RhoGDIa-WT or
its point mutants. Western blot showed comparable expres-
sions of RhoGDIa-WT, RhoGDIa-K105R, and RhoGDIx-K138R
in the various stable transfectants (Figure 1A) and the exoge-
nous protein was present at similar levels to endogenous
RhoGDIa. RhoGDla overexpression did not decrease Rho
GTPases activity in the studies from other groups (Moissoglu
et al., 2009; Wang and Thurmond, 2010) and in our group (Yu
etal., 2012). Moreover, RhoGDIo-K138R mutation did not result
in changed its ubiquitination status (Figure 1B). Our studies
identified that site-directed mutagenesis of RhoGDIo. SUMOy-
lation site at Lys138 not only lost its inhibition of the MEK/
Erk/C-Jun/AP-1/cyclin D1 cascade, subsequently reducing G0/
G1 cell cycle arrest and promotion of cancer cell anchorage-
independent growth, it also exhibited a slight dominant nega-
tive effect on the signaling cascade and biological effect. These
findings strongly indicate that SUMOylation as a key modifica-
tion of RhoGDla that impacts RhoGDIa-mediated cyclin D1
repression with an overt impact on its function in cancer cell
cycle progression and cancer properties.

Cyclin d1 gene induction is a key event in G1 phase progres-
sion. The levels of cyclin dI mRNA and protein are low in quies-
cent cells and increase during progression through G1 phase
(Welsh et al., 2001; Bohmer et al., 1996). The increase in cyclin
d1 mRNA requires cooperative signaling by growth factor re-
ceptors and adhesion receptors (Assoian and Schwartz,
2001). Erk activity has also been linked to cyclin d1 gene expres-
sion in several cell types (Ramakrishnan et al., 1998; Talarmin
et al.,, 1999; Watanabe et al., 1996). The Erk-MAPK pathway
mediates mitogenic signaling and is essential for the control
of cell fate, differentiation and proliferation (Fang and
Richardson, 2005). Erk signaling is initiated by activation of
cell-surface-receptor tyrosine kinases that, in turn induce
the small G protein Ras to exchange guanosine diphosphate
(GDP) for guanosine triphosphate (GTP). The Raf family of
MAPKKK is recruited to the plasma membrane and is acti-
vated by GTP-bound Ras through a multistage process
including phosphorylation and dimerization (Rajakulendran
et al.,, 2009; Heidorn et al., 2010; Hatzivassiliou et al., 2010).
Activated Raf phosphorylates and activates MEK1/2, which
then activates Erk. Activated Erk translocates to the nucleus
where it activates transcription factors, such as AP-1, to
induce the expression of growth-promoting genes such as
that encoding cyclin d1 (Balmanno and Cook, 1999; Cook

et al,, 1999). Genetic alterations resulting in constitutive Erk
activation are frequently observed in cancer patients. For
example, Ras proteins are activated by mutations in approxi-
mately 30% of all human cancers (Malumbres and Barbacid,
2003; Schubbert et al., 2007; Young et al., 2009).

Although most SUMO targets are nuclear proteins, a num-
ber of non-nuclear substrates have recently been reported,
many of which are signaling molecules. For instance, SUMOy-
lation regulates the subcellular localization of Dictyostelium
DAMEK1 as well as activities of the human type I TGF (trans-
forming growth factor)-receptor and protein tyrosine phos-
phatase 1B (Dadke et al., 2007; Desterro et al., 1998; Sobko
et al., 2002). Thus, altered SUMOylation of intracellular
signaling modules may be associated with pathological condi-
tions that include carcinogenesis. Indeed, it has been shown
that oncogenic Ras inhibits MEK SUMOylation to enhance
cell transformation (Kubota et al., 2011). Unlike other onco-
genes in the Erk pathway, hyperactive Ras alone can both
initiate and sensitize the Erk cascade, potentially explaining
the striking etiological feature of Ras oncogenes in human
cancers. Given the well-defined role of the Erk pathway in tu-
mor growth, therapeutic targeting of Erk signaling compo-
nents is an area of intense investigation.

The Erk1/2-MAPK is evolutionarily conserved signaling
module by which cells transduce extracellular signals into
intracellular responses, and is essential for the control of cell
death, differentiation, and proliferation (Park et al., 2007). The
Raf has been extensively studied as the upstream kinase link-
ing Ras activation to the MEK phosphorylation. Raf has also
been implicated as a downstream target of the small GTPase
Rac (Leng et al., 1999). Rac regulates Raf-1 activation via its
downstream target PAK, which phosphorylates Raf-1 at serine
338 (Kingetal., 1998; Li et al., 2001). A role of Rho in Raf activa-
tion has also been described, but the effectors are unknown (Li
et al., 2001). Furthermore, organization of the actin cytoskel-
eton is implicated in MEK autophosphorylation through Raf-
independent mechanism (Park etal., 2007). There are three ma-
jor families of MAPK cascade, i.e., Ras-Rafl-MEK1/2-Erk1/2,
Rac-MEKK1-MEK4/7-JNK1/2, and MEK3/6-p38 MAPK, have
been defined in mammalian cells (Krens et al., 2006), and
MAPK cascades are activated via upstream kinases-mediated
sequential phosphorylations of cascades. The results obtained
from current studies indicate that SUMOylation of RhoGDlIa is
specifically required for activation of the MEK1/2-Erk cascade,
but not the MEK4/7-JNK cascade. As a result, RhoGDIo SUMOy-
lation mediated cyclin D1 repression and cell growth arrest in
cancer cells. Although the mechanisms underlying the specific
regulation of MEK1/2-Erk cascade by RhoGDIz SUMOylation
has not been elucidated yet, the potential involvement of Ras,
Raf, Rac, as well as specific kinase phosphatases, will be inves-
tigated in our future studies.

In summary, the results from the current study demon-
strate that SUMOylated RhoGDla is the active form for its inhi-
bition of cancer cell anchorage-independent growth, and that
this inhibition was mediated by suppression of the MEK1/2-
Erk-AP-1 cascade, in turn leading to a reduction of cyclin D1
transcription and protein expression, as well as cancer cell
growth arrest. These new findings provide significant novel
insight into our understanding of the nature of RhoGDla
SUMOylation at Lys-138 in its regulation of cancer cell
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property of anchorage-independent growth, in addition to its
regulation of cancer invasion and metastasis, as demon-
strated in our previous studies (Yu et al., 2012; Liu et al,
2011). Moreover, modulation of RhoGDIa through SUMOyla-
tion might be used as a potential approach for cancer preven-
tion and therapy.
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