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Activated Racl regulates the degradation of IkBa and
the nuclear translocation of STAT3-NFkB complexes

In starved cancer cells

Sung Joo Kim! and Sarah Yoon?

In several human tumors, signal transducer and activator of transcription 3 (STAT3) and nuclear factor kB (NFxB) are activated
and interact; how these STAT3-NFkB complexes are transported to the nucleus is not fully understood. In this study, we found
that Racl was activated in starved cancer cells and that activated Racl coexisted with STAT3 and NFkB. Racl knockdown and
overexpression of the dominant-negative mutant Rac1N19 inhibited the degradation of IkBa, an inhibitor of NFkB. MG132, an
inhibitor of the ubiquitin proteasome pathway, increased the amount of non-phosphorylated IkBa, but not serine-phosphorylated
IkBa, indicating that IkBa degradation by Racl in starved cancer cells is independent of IkBa serine phosphorylation by

IKK. Racl knockdown also inhibited the nuclear translocation of STAT3-NFxB complexes, indicating that this translocation
requires activated Racl. We also demonstrated that the mutant STAT3 Y705F could form complexes with NFxB, and these
unphosphorylated STAT3-NFkB complexes translocated into the nucleus and upregulated the activity of NFkB in starved cancer
cells, suggesting that phosphorylation of STAT3 is not essential for its translocation. To our knowledge, this is the first study
demonstrating the crucial role of Racl in the function of STAT3-NFkB complexes in starved cancer cells and implies that
targeting Rac1l may have future therapeutic significance in cancer therapy.

Experimental & Molecular Medicine (2016) 48, e231; doi:10.1038/emm.2016.17; published online 6 May 2016

INTRODUCTION
Racl belongs to the Rho family of small GTPases, which
participates in numerous pathways, including cytoskeleton
reorganization, gene transcription, cell proliferation and
survival.’? Racl binds to signal transducer and activator of
transcription 3 (STAT3) at the cell membrane, as well as inside
the nucleus in COS-1 and smooth muscle cells treated with
growth factors, and it appears to regulate the phosphorylation
of tyrosine and serine residues.>* It functions in the nuclear
translocation of phosphorylated STATs (p-STATs) and
B-catenin, and accumulates in the nucleus during the
G2-phase, promoting cell division.>®

STATS3, one of seven STAT family members, is activated in
response to interleukin-6 (IL6). Many cytokines use the
common gpl30 receptor to activate the phosphorylation of
STAT3 on tyrosine residue 705, leading to the formation of
STAT3 dimers through a reciprocal phosphotyrosine—SH2
domain interaction. STAT3 dimers move to the nucleus, a
translocation that requires Racl and GTPase-activating protein
MgcRacGAP,” and facilitate various transcriptional activities.

STATS3 is constitutively activated in nearly all human cancers.”

Target proteins transcribed by activated STAT3 are implicated
in the fundamental events of tumor development, including
proliferation, survival, invasion and angiogenesis.®

Nuclear factor-xB (NFkB) is a transcription factor associated
with cell survival and proliferation, as well as immune and
inflammatory responses, and can be activated by both canoni-
cal and non-canonical pathways. NFkB activation is triggered
by growth factors and cytokines, such as tumor necrosis factor
alpha, LTp, IL1p and lipopolysaccharide, and is closely linked
to human tumorigenesis. The genes expressed by NFkB
suppress tumor cell death, promote tumor growth and provide
tumors with an inflammatory microenvironment. NFkB
consists of five members, Rel (c-Rel), RelA (p65), RelB, NFkB
1 (p50 and its precursor pl05) and NFkB 2 (p52 and its
precursor p100). They form both homo- and heterodimers, of
which the best characterized is the p50 and p65 heterodimer.
In resting cells, this heterodimer is sequestered in the
cytoplasm by its association with the inhibitory subunit
IkBa.” Degradation of IxBa is the main regulatory step of
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the canonical NFkB pathway, and Rac GTPase regulates IxBo
degradation by conveying the SCF (Skp1/Cul-1/F-box protein
complex) complex and IkBo to membrane ruffles.!

STAT3 and NFkB interact.''"'® In our previous study, we
found that STAT3 and NF«xB are activated simultaneously in
cancer cells by an intrinsic mechanism under stressful condi-
tions and that they cooperatively induce various survival
factors.!? Moreover, we showed that STAT3 and NFkB exist
as identical nuclear complexes on proximal IL6 promoters and
that STAT3 has a critical role in not only binding to IL6
promoters but also in retaining NFkB in the nucleus. However,
where the STAT3-NFkB complex is formed, whether in the
cytoplasm or nucleus, has not been elucidated, and if the
STAT3-NFkB complex is formed in the cytoplasm, how is it
transported to the nucleus? In this study, we found that
activated Racl is required for IkBa degradation and the
transport of the STAT3-NFkB complex to the nucleus,
indicating a novel function of Racl GTPase.

MATERIALS AND METHODS

Cells, antibodies and other reagents

Hela cells (human cervical cancer) were cultured in minimum
essential medium supplemented with 10% heat-inactivated fetal
bovine serum, 2mwm 1-glutamine, 100U ml~! penicillin and
100 pg ml~ ! streptomycin. Anti-STAT3 Y705, anti-STAT3, anti-IkBa,
anti-phospho-IkBa and anti-p50 antibodies (Abs) were purchased
from Cell Signaling Biotechnology (Danvers, MA, USA). Anti-p65,
anti-HA, and anti-histone H3 Abs, and MG132 were from Santa Cruz
Biotechnology (Dallas, TX, USA). The anti-V5 Ab and Hank’s
balanced salt solution (HBSS) were from Invitrogen (Grand Island,
NY, USA). The anti-Racl Ab was from Millipore (Darmstadt,
Germany). The anti-tubulin Ab was from Calbiochem (Darmstadt,
Germany).

Expression constructs and lentiviral vector transfections
Lentiviral constructs expressing STAT3 short hairpin RNA (shRNA),
p65 shRNA and Racl shRNA were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The wild-type Racl, RaclQ61L, RacIN17,
wild-type STAT3, STAT3 Y705F, IKK2 and IKK2 K44M cDNAs were
from Addgene (Cambridge, MA, USA). All the cDNA constructs were
subcloned into pCDH-EF1-MCS-T2A-Puro, a lentiviral vector for
c¢DNA expression (System Biosciences, Mountain View, CA, USA). Six
tandem repeats of the STAT3-responsive element (and NFkB-respon-
sive element were cloned into pGF1-mCMYV, a lentiviral reporter
vector (System Biosciences). All the lentiviral vectors were transfected
into 293TN cells (System Biosciences) with Lipofectamine 2000
transfection reagent (Invitrogen). Particles were collected 2 days after
the transfection of the lentiviral plasmids and were used to infect
HeLa cells. Lentivirus-infected HeLa cells were puromycin selected
for 1 week.

Racl GTPase activation assay

Cells were processed and assayed for Racl activity using a kit from Cell
Biolabs (San Diego, CA, USA). Briefly, cell lysates were incubated with
agarose beads coupled to the p21-binding domain of a p21-activated
protein kinase. Bound Racl was analyzed by western blot using an
anti-Racl Ab.
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Real-time PCR

Cells were collected after treatment at the indicated time points. Total
RNA was isolated using an RNeasy kit (Qiagen, Venlo, Netherlands).
The PrimeScript RT kit (Takara, Shiga, Japan) was used to reverse
transcribe the messenger RNA (mRNA) into cDNA. PCR was carried
out using an ABI PRISM 7000 machine (Applied Biosystems,
Carlsbad, CA, USA) with SYBR Premix Ex Taq II (Takara). The
sequences of primers are as follows: hIL6: For, 5-AAGCCAGA
GCTGTGCAGATGAGTA-3" and Rev, 5-TGTCCTGCAGCCACT
GGTTC-3'; p-actin: For, 5-TGGCACCCAGCACAATGAA-3" and
Rev, 5'-CTAAGTCATAGTCCGCCTAGAAGCA-3’; and GFP: For,
5'-CACCCGCATCGAGAAGTACG-3" and Rev, 5-GGTGCCACCAC
CTTGAAGT-3'. Analysis of each sample was performed at least three
times for each experiment, and the data in the figures are reported as
relative quantitation: average values of 2~ 2ACT +5.d,

Preparation of cell lysates, western blots and
immunoprecipitation

The nuclear and cytoplasmic fractions were prepared using the
NE-PER nuclear and cytoplasmic extraction reagents (Pierce, Rock-
ford, IL, USA). For immunoprecipitation, 200 pg of proteins were
incubated overnight with anti-p65 Ab or anti-STAT3 Ab, then with
protein A agarose beads (Santa Cruz Biotechnology) for 1 h. The beads
were washed five times, and the immunoprecipitate was extracted with
2x SDS sample buffer. For preparing whole-cell lysates, cells were
lysed in high-salt lysis buffer (20 mm Tris-HCI (pH 8.0), 1% Triton
X-100, 2 mm EDTA and 1 mm phenylmethylsulfonyl fluoride), incu-
bated on ice for 20 min and centrifuged for 20 min to remove cell
debris. A total of 20pg of whole-cell lysate was used in
SDS—polyacrylamide gel electrophoresis. The proteins were then
electrotransferred to a polyvinylidene difluoride membrane and
incubated overnight with Abs at 4 °C. Then, the membranes were
incubated with peroxidase-conjugated secondary Abs (Pierce) for 1 h
at room temperature, and the signal was detected using an enhanced
chemiluminescence detection kit (Amersham Biosciences, Piscataway,
NJ, USA).

Confocal microscopy

HeLa cells were grown on Lab-Tek four-well glass chamber slides
(NUNC, Rockford, IL, USA) and were incubated in HBSS for the
indicated time periods. Cells were fixed and permeabilized with cold
methanol for 5 min. They were then washed with phosphate-buffered
saline, and incubated with primary Ab and secondary Ab conjugates.
Images were collected on a laser scanning confocal microscope
LSM710 (Carl Zeiss, Oberkochen, Germany) equipped with argon
(488 nm) and krypton (568 nm) lasers, using a X 40 water immersion
objective lens. Images were processed with ZEN 2009 light edition
(Carl Zeiss).

RESULTS

Racl is activated and colocalizes with STAT3, p65 and IxkBa
in starved cancer cells

In a previous study, we showed that STAT3 and NFxB are
activated in starved cancer cells and that activated STAT3 and
NFkB cooperatively induce IL6 expression.!? We also found
that STAT3 has critical roles in the nuclear retention of NFkB
in starved cancer cells and that NADPH oxidases, activated by
autophagic processes, are associated with STAT3 activation.!*
p22phox-dependent NADPH oxidase function is dependent on



the small GTPase Racl.!® Racl and protein kinase C mediate
the activation of STAT3 in endothelial cells following hypoxia—
reoxygenation.!® The binding of STAT3 with Racl occurs
predominantly at the cell membrane, but also inside the
nucleus, and occurs through the binding of the coiled-coil
domain of STAT3 to the 54 NH2-terminal residues of Racl. In
this study, we found that, in control cells, STAT3 and NF«B
were dispersed in the cytoplasm, but in cells exposed to HBSS,
STAT3, NFkB and IkBa localized to the membrane ruffles,
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where IxBa was degraded before STAT3 and NFkB translo-
cated into the nucleus in a time-dependent manner, as
demonstrated by confocal microscopy (Figures la and b).
The small GTPase Racl is a regulator of actin assembly, which
is essential for membrane ruffles. Taken together, this suggests
that the small GTPase Racl functions in the activation of
STAT3-NFkB complexes in starved cancer cells.

To investigate the connection between Racl and
STAT3-NFkB complexes, we used the previous discovery that

IkBa Merge

Figure 1 STAT3, p65 and IkBa relocated to the membrane ruffles in starved cancer cells. (a, b) Hela cells were incubated in HBSS for
the indicated time periods. Confocal microscopy analysis showing STAT3, p65 and IkBa (a), and a merged image of STAT3 and p65 (b).
Arrows indicate membrane ruffles. DAPI, 4’,6-diamidino-2-phenylindole; HBSS, Hank’s balanced salt solution; STAT3, signal transducer

and activator of transcription 3.
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activated Racl assists NFkB activation by conveying the SCF
complex and IxkBa to membrane ruffles.'® To verify this
finding, we performed a pull-down experiment using the
Racl effector PAK linked to GST protein. HBSS induced
activation of Racl in a time-dependent manner (Figure 2a).
The next step was to view the colocalization of STAT3, NFxB
and Racl after HBSS treatment in HeLa cells using confocal
microscopy. We found that Racl, p65, STAT3 and IkBa were
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colocalized at the membrane ruffles after a 4-h treatment with
HBSS. In control cells, STAT3, p65 and Racl were dispersed
throughout the cytoplasm (Figure 2b). Consistent with this,
Racl and STAT3 bound to each other in the nuclei of starved
cancer cells, evidenced by immunoprecipitation of the nuclear
and cytoplasmic fractions (Figure 2¢). These results suggest that
Racl is required for activation of the STAT3-NFkB complexes
in starved cancer cells.
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Figure 2 Racl is activated and colocalized with STAT3 or p65 in starved cancer cells. (a) HelLa cells were incubated in HBSS for the
indicated time periods, and total cell lysates were incubated with PAK PBD agarose beads. Bound Racl was detected with western
blotting using a Racl Ab (upper panel). The amount of total Racl was also measured with western blotting (lower panel). PC, positive
control (GTPyS), NC, negative control (GDP). (b) Hela cells incubated in HBSS for 4 h were fluorescence-stained with anti-Racl Ab, anti-
STAT3 Ab, anti-p65 Ab and DAPI. (c) Hela cells expressing vector or Racl wild-type HA (Rac1WT-HA) and STAT3 wild-type V5 (ST3WT-
Vb) were western blotted with V5 Ab, HA Ab and tubulin Ab (left). HelLa cells expressing RacIWT-HA and ST3WT-V5 were incubated with
HBSS for O or 8 h. Nuclear and cytoplasmic fractions were prepared, immunoprecipitated with anti-STAT3 Ab and western blotted with
anti-HA Ab and anti-V5 Ab (right). DAPI, 4’,6-diamidino-2-phenylindole; HBSS, Hank’s balanced salt solution; STAT3, signal transducer

and activator of transcription 3.
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Degradation of IxkBa by Racl in starved cancer cells is
independent of IkBa serine phosphorylation by IKK
To investigate the effect of Racl on IkBa degradation, we
examined the IkBa protein level in Hela cells expressing
non-target (NT) or Racl shRNA after HBSS treatment. As
shown in Figure 3a, the protein level of IkBa decreased in a
time-dependent manner when treated with HBSS in control
cells, but not in Racl knockdown cells. As viewed by confocal
microscopy, IkBa was diffusely spread throughout the cytoplasm
of control cells, whereas upon exposure to HBSS, it disappeared.
However, in Racl knockdown cells, IkBax was not degraded
completely (Figure 3b). Because these results suggest a relation-
ship between activated Racl and IkBa degradation, we next
verified whether Racl activation depended on IxBa degradation.
We made HeLa cells that overexpressed RaclWT-HA, the
dominant-positive mutant Rac1Q61L-HA, or the dominant-
negative mutant RacIN17-HA and used a western blot to
measure the amount of IkBa in HBSS-treated cells. As shown
in Figure 3¢, IkBa depletion had already occurred after 8 h in
HeLa cells overexpressing vector, RaclWT, and Racl1Q61, and
IxkBo was degraded in a time-dependent manner during HBSS
treatment, whereas in HeLa cells overexpressing RacIN17,
IkBa was not completely degraded by HBSS. These data
suggest that Racl is necessary for the degradation of IkBa.
To investigate serine-phosphorylated IxBa, MGI132, an
inhibitor of the ubiquitin proteasome pathway, was applied
to HBSS-treated STAT3 or Racl knockdown HeLa cells. We
found that MGI32 treatment increased the level of non-
phosphorylated IxBa, but not serine-phosphorylated IxkBa, in
starved cancer cells (Figure 3d). In addition, Hela cells
overexpressing IKK K44M, the kinase-dead mutant, had a
similar NFkB activity as the control cells after HBSS treatment
(Supplementary Figure 1a), as determined by the reporter assay
with NFxB-responsive elements (Supplementary Figure 1b).
These results indicate that Racl is required for IxkBo degrada-
tion in starved cancer cells. This process is independent of the
IkBa ubiquitination-mediated degradation via serine phos-
phorylation by IKK, but it is still dependent on degradation
of non-phosphorylated TxBo.!? Furthermore, we recently
reported that GCN—elF2a pathway was found to be associated
with NFkB activation, possibly through modified translational
regulation, that is, decrease of IkBa translation along with
global transloational attenuation and selective translational
increase of specific genes including NFkB p65 subunit [14].

Racl activation is required for the nuclear translocation and
activity of STAT3 and NFkB

Because STAT3 and NFkB were activated in starved cancer
cells,'2 we investigated whether the HBSS-induced Racl
activation could lead to the nuclear translocation and activation
of STAT3 and NFxB. First, using confocal microscopy, we
analyzed the ability of STAT3 and NF«B to translocate into the
nucleus using Abs against STAT3 and p65. In HelLa cells
expressing NT shRNA, STAT3 and the p65 subunit translo-
cated into the nucleus during HBSS treatment in a time-
dependent manner, but not in Racl knockdown cells
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(Figure 4a). HeLa cells expressing the dominant-positive
mutant RaclQ61L-HA or the dominant-negative mutant
RacIN17-HA demonstrated the specific involvement of Racl
in this translocation (Supplementary Figure 2). To verify that
the translocation of STAT3 and NFkB to the nucleus was
dependent on Racl, the nuclear and cytoplasmic fractions were
extracted from HeLa cells expressing NT shRNA or Racl
shRNA after HBSS treatment, and western blotting was
performed. Nuclear translocation was considerably inhibited
during starvation in Racl knockdown cells, indicating that
activated Racl was required for nuclear translocation of STAT3
and the p65 subunit (Figure 4b). Translocation of the p50
subunit into the nucleus was independent of Racl. Using the
transfected HelLa cells expressing NT shRNA or Racl shRNA
with reporter vectors containing STAT3-responsive element or
NFkB-responsive element, we found that translocation of
STAT3 and NFkB correlated with their transactivation activity.
STAT3 and NFkB activation was partially blocked in the HeLa
cell lines expressing Racl shRNA, as compared with the NT
control cell lines (Figure 4c). These results indicate that
Racl induces STAT3 and NFxB activation, supporting the
master role of this GTPase in the positioning and function of
STAT3-NFkB complexes.

Unphosphorylated STAT3 binds to NFkB in starved cancer
cells

In the JAK-STAT3 pathway, the most understood cytokine
signaling pathway, JAK tyrosine kinases are activated by recruit-
ment to the cytokine receptors and phosphorylate STAT3.
Phosphorylated STAT3 proteins form dimers and move to the
nucleus, where they are associated with various transcriptional
activities. Racl has an important role in STAT3 tyrosine
phosphorylation and nuclear translocation. Racl and MgcRac-
GAP can bind STAT3, and this Racl-MgcRacGAP-STAT3
association is required for the STAT3 Y705 phosphorylation
following cytokine stimulation.”> On the other hand, unpho-
sphorylated STAT3, which activates gene expression by a
mechanism distinct from that used by STAT3 dimers, is likely
to be an important transcription factor both in cancer and in the
cytokine response.!” Unphosphorylated STAT3 forms complexes
with dimers of NFkB subunits and contributes to the second
wave of induction of «B-responsive genes after IL6
stimulation.'?

We demonstrated that Racl is activated in starved cancer
cells (Figure 2a) and that the level of phosphorylated STAT3 is
decreased after HBSS exposure in Hela cells with Racl
knockdown (Figure 4b). To verify whether phosphorylation
of STAT3 is an essential step in activating STAT3-NFxB
complexes in starved cancer cells, we measured the nuclear
translocation efficiency of STAT3 in starved HeLa cells
overexpressing wild-type STAT3 or the STAT3 Y705F mutant,
which cannot be phosphorylated on residue 705. STAT3
translocated to the nucleus in STAT3 Y705F-HeLa cells, as
well as in STAT3 WT-HelLa cells (Figure 5a), with both cell
types having similar levels of the reporter with the NFkB-
responsive elements as compared with the control cells

)
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Figure 3 Degradation of IkB kinase by Racl in starved cancer cells is independent of IkBa serine phosphorylation by IKK. (a) HelLa cells
expressing NT shRNA or Racl shRNA were western blotted with Racl Ab and tubulin Ab (left). HelLa cells expressing NT shRNA or Racl
shRNA were incubated in HBSS for the indicated time periods and western blotted with IkBa Ab and tubulin Ab (right). (b) Hela cells
expressing NT or Racl shRNA incubated in HBSS for the indicated time periods were fluorescence-stained with anti-Racl Ab, anti-lkBa
and DAPI. Arrow indicate p105 (upper) and p50 (lower), respectively. (c) Hela cells expressing control vector, Rac1WT-HA, Rac1Q61L-HA
or RacIN17-HA were western blotted with HA Ab and tubulin Ab (left). HelLa cells expressing control vector, Rac1WT-HA, Rac1Q61L-HA
or RacIN17-HA were incubated in HBSS for the indicated time periods and western blotted with IkBa Ab and tubulin Ab (right). (d) HelLa
cells expressing NT shRNA, STAT3 shRNA or Racl shRNA were western blotted with STAT3 Ab, Racl Ab and tubulin Ab (left). HelLa
cells expressing NT shRNA, STAT3 shRNA or Racl shRNA were incubated in HBSS for 6 h with and without MG132 (25 pm), and western
blotted to detect phospho-serine IkBa, IkBa or tubulin (right). Ab, antibody; DAPI, 4’,6-diamidino-2-phenylindole; HBSS, Hank’s balanced
salt solution; NT, non-target; short hairpin RNA; STAT3, signal transducer and activator of transcription 3.
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Figure 4 Racl activation induces the nuclear translocation and activity of the STAT3 and NFxB complex. (a) Hela cells expressing NT
shRNA or Racl shRNA were incubated in HBSS for the indicated time periods and fluorescence-stained with anti-p65 Ab, anti-STAT3 Ab
and DAPI. (b) The nuclear and cytoplasmic fractions were prepared from NT-Hela cells and Racl shRNA-HelLa cells incubated in HBSS
for the indicated time periods, and western blotted to detect pY705-STAT3, STAT3, p65, p50, histone H3 and tubulin. (c) Hela cells
stably expressing NT shRNA or Racl shRNA were incubated in HBSS for the indicated time periods, and STAT3 reporter activity and
NFxB reporter activity were measured by real-time PCR. Data are presented as relative quantitation (RQ)+s.d. *P<0.05 and **P<0.01
compared with the respective control. Ab, antibody; DAPI, 4’,6-diamidino-2-phenylindole; HBSS, Hank’s balanced salt solution; NT,
non-target; shRNA, short hairpin RNA; NFkB, nuclear factor kB; STAT3, signal transducer and activator of transcription 3.

(Figure 5b). Furthermore, unphosphorylated STAT3 interacted
with NFkB in the nuclei, evidenced by immunoprecipitation of
the nuclear and cytoplasmic fractions in starved HeLa cells
expressing STAT3 WT and p65 or STAT3 Y705F and p65
(Figure 5c¢). Taken together, these results demonstrate that
phosphorylation of STAT3 is not an essential step for the
nuclear translocation or activity of the STAT3-NFkB complex
in starved cancer cells.

Racl is required for translocation of the STAT3-NFkB
complex in starved cancer cells

In our previous study, we found that STAT3 forms complexes
with NFxB and that these complexes exist as identical nuclear
complexes on the IL6 promoter in starved cancer cells.'> To
investigate the role of Racl in the starvation-induced STAT3—
NFkB interaction, HeLa cell lines stably expressing cDNA
constructs (STAT3 WT and p65, with or without Racl shRNA)
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Figure 5 Unphosphorylated STAT3 binds to NFxB in starved cancer cells. (a) Nuclear and cytoplasmic fractions were prepared from Hela
cells expressing STAT3WT (ST3W)-V5 or STAT3 Y705F (ST3F)-V5 incubated in HBSS for the indicated time periods and western blotted
with pY705-STAT3 Ab, V5 Ab, p65 Ab, p50 Ab, histone H3 Ab and tubulin Ab. Arrows indicate pY705-STAT3 (left), p105 (right, upper)
and p50 (right, lower), respectively. (b) Hela cells stably expressing control vector, ST3W-V5 or ST3F-V5 were incubated in HBSS for the
indicated time periods, and NF«B reporter activity was measured by real-time PCR. Data are presented as relative quantitation (RQ)+s.d.
(c) Hela cells expressing ST3WT-V5 and p65-HA, or ST3F-V5 and p65-HA, were western blotted with V5 Ab, HA Ab and tubulin Ab (left).
The nuclear and cytoplasmic fraction were prepared from HBSS-incubated Hela cells expressing ST3WT-V5 and p65-HA or ST3F-V5 and
p65-HA, immunoprecipitated with anti-p65 Ab, and western blotted with STAT3 Ab and p65 Ab (right). *P<0.05 and **P<0.01
compared with the respective control. Ab, antibody; HBSS, Hank’s balanced salt solution; IP, immunoprecipitate; NFxB, nuclear factor xB;
STAT3, signal transducer and activator of transcription 3.
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were prepared (Figure 6a). STAT3 and NFxB bound in the
nuclei, evidenced by immunoprecipitation of the nuclear and
cytoplasmic fractions in starved HelLa cells expressing STAT3
WT and p65. In Racl knockdown cells expressing STAT3 WT
and p65, STAT3 and NFkB bound each other in the cytoplasm,
but could not translocate to the nucleus during starvation
(Figure 6b). Furthermore, cells knocked down for Racl by
infection of Racl shRNA had lower levels of IL6 mRNA,
similar to the knockdown of STAT3 or p65 in HeLla cells
(Figure 6¢). Collectively, the above data demonstrate that Racl
activation during starvation is required for IkBa degradation
and nuclear translocation of STAT3-NFkB complexes, thus
contributing to IL6 induction through the formation of
STAT3-NFkB complexes on the IL6 promoter.
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Figure 6 Racl is required for nuclear translocation of the STAT3-
NFxB complex in starved cancer cells. (a) Parental Hela cells and
HelLa cells expressing STAT3WT-V5 and p65-HA, and STAT3WT-
V5, p65-HA and Racl shRNA were western blotted with V5 Ab, HA
Ab, Racl Ab and tubulin Ab. (b) Hela cells expressing ST3WT-V5
and p65-HA, and ST3WT-V5, p65-HA and Racl shRNA were
incubated in HBSS for 8 h and had their nuclear and cytoplasmic
fraction extracted and immunoprecipitated with anti-p65 Ab,
followed by western blotting with STAT3 Ab and p65 Ab. (c) Hela
cells expressing NT shRNA, STAT3 shRNA, p65 shRNA or Racl
shRNA were incubated in HBSS for 16 h, and the amounts of /L6
mRNA were measured by real-time PCR. Data are presented as
relative quantitation (RQ)+s.d. Ab, antibody; C.F., cytoplasmic
fraction; HBSS, Hank's  balanced salt solution; IP,
immunoprecipitate; mRNA, messenger RNA; NT, non-target; N.F.,
nuclear fraction; NFxB, nuclear factor kB; shRNA, short hairpin
RNA; STAT3, signal transducer and activator of transcription 3.
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DISCUSSION

In addition to confirming the translocation of GTP-bound Racl
to the membrane ruffles, we also found that Racl activation
promoted the recruitment of molecules crucial for activating
STAT3-NFkB complexes, including the NFxB inhibitor, IkBa,
to the membrane ruffles. More importantly, this occurred only if
Racl was activated by treatment with HBSS (Figure 3). Support-
ing this, it was reported that Racl GTPase affects NFxB
activation by conveying the SCF complex and IxBa to the
membrane ruffle.! In our study, during amino acid and serum
deprivation of the HeLa cells, Racl was activated (Figure 2a),
and the activated Racl regulated the degradation of IkBa
(Figure 3). Moreover, phospho-serine IkBa was not detected,
although the level of non-phosphorylated IkBa increased when
starved cancer cells were treated with MG132, a proteasomal
inhibitor (Figure 3d), indicating that the IxBa not phosphory-
lated by IKK is degraded by activated Racl in starved cancer cells
to release free NFkB.

The Rho family of small GTPases has key roles in a variety of
cellular functions, including regulation of the cell cycle,
transcription and transformation.'® Racl regulates cell migra-
tion, membrane ruffling, production of superoxide and
phagocytosis.!®20 It has been reported that Racl is involved
in the assembly and activation of NADPH oxidase (Nox).2»?2
In our previous study, we found that Jak2/STAT3 was activated
in amino-acid- and serum-deprivated cancer cells, as well as
rapamycin-treated cancer cells.!* The activation of JAK2/
STAT3 was totally dependent on reactive oxygen species
produced by NADPH oxidase enzymes that were activated
during early autophagic processes, because STAT3 phosphor-
ylation was blocked completely by treatment with DPI, a
specific inhibitor of Nox and partially by p22 phox
knockdown.!* Supporting this, it was recently reported that
reactive oxygen species induced by activated Racl stimulated
STAT3 phosphorylation at Tyr705 and Ser727.%

The C-terminal region of Racl contains a functional NLS,
suggesting a role for Racl in the nucleus. Consistent with this,
GTP-bound Racl and MgcRacGAP function as a nuclear
transport chaperone for activated STATs.> In this study, using
Racl knockdown Hela cells, we demonstrated that Racl was
required for the nuclear translocation of STAT3-NFkB
complexes (Figures 4 and 6). Further studies on the composi-
tion and inter-relationship of STAT3-NFkB complexes during
nuclear translocation in starved cancer cells are needed.

There are several reports that STAT3 and NFkB interact with
each other. For example, Hagihara et al. demonstrated that
STAT3 forms a complex with the p65 subunit of NFkB
following stimulation of cells with IL1 and IL6, and that the
bound STATS3 interacts with non-consensus sequences near the
kB element of the SAA promoter. Moreover, they demon-
strated that a complex including STAT3, p65 and p300 is
essential for the synergistic induction of the SAA gene, which
does not have a typical STAT3 response element in its
promoter, by IL1 and 116.2* Furthermore, a recent study found
that IR treatment increased phosphorylation of p65 and
STAT3, both of which eventually translocate into the nucleus

)

Experimental & Molecular Medicine



o

Racl regulates STAT3-NFKB complexes
SJ Kim and S Yoon

10

in glioma. In the nucleus, CBP/p300 acetyltransferases bind to
the p-p65, transfer acetyl groups and acetylate p65. p-STAT3
directly interacts with p-p65 at its transactivation domain and
forms a p-p65—p-STAT3 complex in the nucleus. That study
found that IR elevates p-p65/p-STAT3 complex formation and
subsequent binding to the adjacent NFxB (+399) and STAT3
(+479) consensus sequences in the ICAM-1 intron 1.!' On the
other hand, Yang et al. found that unphosphorylated STAT3
forms complexes with dimers of NFxB subunits to contribute
to the second wave of induction of kB-responsive genes after
IL6 stimulation. The intracellular concentration of unpho-
sphorylated STAT3 increases when the STAT3 gene is activated
in response to gp130-linked cytokines, allowing unphosphory-
lated STAT3 to compete more effectively with IxkBa for
unphosphorylated NFxB with which to form a novel transcrip-
tion factor that induces RANTES expression by binding to the
proximal kB site of the promoter.!®> This suggests that only
phosphorylated STAT3 can interact with p300/phosphorylated
p65 efficiently, leading to p65 acetylation.

In our previous work,'> we found that the level of
phosphorylated STAT3 is increased during starvation, that
the activated STAT3 has an essential role in the nuclear
retention of NFkB and that STAT3-NFkB exist as nuclear
complexes on the IL6 promoter in starved cancer cells. We
wanted to know whether the phosphorylation of STAT3 is
necessary for both the formation of STAT3-NFxB complexes
and the nuclear translocation of STAT3-NFxB complexes in
starved cancer cells. STAT3 Y705F, as well as wild-type STAT3,
could form complexes with NFkB in starved cancer cells.
Furthermore, STAT3 Y705F could be translocated into the
nucleus and had a critical role in NFxB activity during HBSS
treatment (Figure 5). In a previous study, we found that
phosphorylation of tyrosine 705 in STAT3 is upregulated in
starved cancer cells.!* Therefore, STAT3 may have two distinct
roles in starved cancer cells: being part of the primary response
through the action of phosphorylated STAT3 and being a
secondary part of the complete response through the action of
increased amounts of unphosphorylated STAT3.!?

STAT3 and NFxB control both distinct and overlapping
groups of genes during tumorigenesis. These genes may contain
one or both STAT3- and NFkB-binding sites, resulting in some
being regulated by only one and others by both STAT3 and
NFkB in a cooperative manner, respectively. Indeed, the over-
expression of a constitutively active form of STAT3 in HME cells
induces 427 genes, whereas tumor necrosis factor alpha (a major
NF«B activator) induces the expression of 1225 genes, with only
123 genes dependent on both STAT3 and NFkB.!*> The high
number of overlapping target genes regulated by crosstalk
between STAT3 and NFkB suggests the need for therapies to
target both of these transcription factors. Through their func-
tional interaction, STAT3 and NFkB collaboratively promote
tumor development via induction of pro-tumorigenic genes,
including chemokines, immunosuppressive cytokines and genes
in angiogenesis and hypoxia.>?” Thus, the inhibitors of STAT3~
NFxB complexes may reduce some of the essential homeostatic
functions executed by STAT3 and NFkB on their own, while
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inhibiting their malicious cooperation in cancer cells. The results
of this study demonstrate the important roles of Racl in the
function of STAT3-NFxB complexes in starved cancer cells. Our
study highlights the importance of Racl and supports the idea
that Racl may be a therapeutic target in cancer.
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