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STAT3 Protein Up-regulates Ga-interacting
Vesicle-associated Protein (GIV)/Girdin Expression, and GIV
Enhances STAT3 Activation in a Positive Feedback Loop
during Wound Healing and Tumor Invasion/Metastasis™
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(Bacl(ground: GIV/Girdin is a GEF for Ge; and a metastasis-related protein, which is required for cancer invasion.
Results: STAT3 directly binds the GIV promoter and triggers GIV transcription. The GEF function of GIV enhances activation

Conclusion: STAT3 up-regulates GIV transcription, and GIV enhances STAT3 activation.
Significance: Insights gained are crucial for devising both therapeutic and prognostic options at the crossroads between STAT3
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Ga-interacting vesicle-associated protein (GIV) is a guanine
nucleotide exchange factor that modulates key signaling path-
ways during a diverse set of biological processes, e.g. wound
healing, macrophage chemotaxis, tumor angiogenesis, vascular
repair, and cancer invasion/metastasis. We recently demon-
strated that GIV is a metastasis-related protein, which serves
both as a therapeutic target and as a biomarker for prognostica-
tion in cancer patients. Here we report the discovery that GIV is
a direct target of the transcription factor signal transducer and
activator of transcription-3 (STAT3), which is commonly
known as a central regulator of tumor metastasis. We identified
a single STAT3-binding site on the GIV promoter that was nec-
essary and sufficient for transcriptional activation of GIV during
wound healing and cancer invasion. Immunohistochemical
analysis of breast carcinomas showed significant correlation
between STAT3 activation and elevated GIV expression. Fur-
thermore, we provide evidence that GIV positively autoregu-
lates its own transcription by enhancing STAT3 activation via
its guanine nucleotide exchange factor activity. Our findings
provide mechanistic insights into how STAT3 activation is
directly integrated with the receptor tyrosine kinase-GIV-G
protein signaling axis. The forward feedback regulation we
describe here between GIV and STAT3 may have profound ther-
apeutic implications for cancer and epithelial regeneration/re-
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pair and could help invent novel approaches in treating and
prognosticating cancer.

Gua-interacting vesicle-associated protein (GIV?; also known
as Girdin) is a multidomain signal transducer and a novel gua-
nine nucleotide exchange factor (GEF) that triggers cell migra-
tion via its ability to scaffold key signaling molecules, i.e. trim-
eric G proteins, growth factor receptors, PI3K, Akt, and
phosphoinositides, with the actin cytoskeleton (1). Mechanisti-
cally, GIV influences cell migration by directly interacting with
growth factor receptors and modulating some of the major
receptor-initiated signaling pathways via its catalytic GEF
domain (2). An intact GEF domain triggers cells to preferen-
tially migrate because signals that primarily trigger motility (i.e.
motogenic PI3K — Akt, PLCy1 — inositol 1,4,5-trisphosphate,
and diacylglycerol pathways) are enhanced, whereas signals
that primarily trigger mitosis (i.e. mitogenic MAPK — extracel-
lular signal-regulated kinase (ERK) and STAT5 pathways) are
suppressed. By contrast, the absence of the GEF domain gener-
ates an opposite, mirror image signaling profile, which inhibits
cell migration and instead triggers cells to divide (2). Consistent
with the ability of GIV to modulate several major signaling
pathways downstream of both growth factor receptor tyrosine
kinases (RTKs) and G protein-coupled receptors (1), we and
others have shown that GIV serves as a common modulator of
signals during a diverse set of biological processes, e.g. epithelial
wound healing, macrophage chemotaxis (3), development (4,
5), neuronal migration (6, 7), vascular repair (8), autophagy (9),
tumor angiogenesis (10), tumor cell migration (3, 11), and can-
cer invasion/metastasis (3, 12, 13).

® The abbreviations used are: GIV, Ga-interacting vesicle-associated protein,
GEF, guanine nucleotide exchange factor; RTK, receptor tyrosine kinase;
MMP, matrix metalloproteinase; Bcl-2, B-cell ymphoma 2; Scr, scrambled;
qPCR, quantitative PCR; pSTAT3, phospho-STAT3; H3K, histone H3 lysine;
me3, trimethylation; me1, monomethylation; KR, K685R; FA, F1685A.
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The first clue that GIV might play a role in cancer invasion
came from our finding that GIV-dependent activation of G is
essential for Akt enhancement and actin remodeling during
tumor cell migration (14). The role of GIV in tumor invasion/
metastasis in vivo was further substantiated when its depletion
was found to markedly impair metastasis in mouse models (13)
and inhibit VEGF-mediated neoangiogenesis (10); the latter is a
prerequisite for tumor progression. We demonstrated (2) that
expression of GIV mRNA and protein is deregulated in breast
and colorectal cancers. In poorly invasive cancer cells and in
early staged, preinvasive colorectal carcinomas, GIV is down-
regulated by alternative splicing, but in highly invasive cancer
cells and late staged invasive carcinomas, GIV is highly
expressed at levels ~20—-50-fold above normal. Striking differ-
ences in GIV expression have also been reported among pri-
mary tumors and cancer cells of other human carcinomas (e.g.
breast, colon, lung, skin, pancreas, and uterine cervical) (2, 12,
13). Subsequent work from us and others has demonstrated
that GIV behaves as a bona fide metastasis-related protein (12)
in that its overexpression predicts invasiveness and prognosti-
cates unfavorable outcome for patients with colorectal cancer
(12), breast cancer (15, 16), and glioblastomas (17). Despite the
breadth of information available on the biological relevance of
GIV in healing wounds, invading carcinomas, and tumor angio-
genesis, it remains unexplored which transcription factor reg-
ulates GIV expression during any of these processes. Because
evidence supporting the role of GIV in cancer metastasis con-
tinues to accumulate, the task of identifying the transcription
factor that targets GIV becomes both urgent and critical.

Transcription factors are encoded by a large number of onco-
genes and tumor suppressor genes (18) that control gene
expression patterns and signaling pathways in cancer. It is well
accepted that aberrant activation of transcription factors can
trigger oncogenesis and cancer progression via a myriad of
mechanisms such as changes in gene expression, protein stabil-
ity, and protein-protein interactions (18). Among the transcrip-
tion factors that are predicted to bind the stretch of DNA that
corresponds to the promoter region of GIV, signal transducer
and activator of transcription-3 (STAT3) stands out as the most
likely candidate for various reasons. (a) Although GIV behaves
as a metastasis-related protein, the STAT3 signaling pathway is
referred to as the “central regulator of tumor metastasis” (19).
(b) STAT3 regulates a common set of genes involved in wound
healing and cancer (20), the two biological processes in which
GIV is strongly implicated. (c) A recent study (21) using gene
expression profiling in prostate cancer cells showed that
STAT3 influences cell migration and proliferation much like
GIV (2); i.e. STAT3 inhibits tumor growth (decreases transcrip-
tion of genes that enhance growth) and favors invasion
(increases transcription of genes that are implicated in metas-
tasis). (d) Targeted depletion of STAT3, but not STATS5, in
prostate cancer cells specifically reduced the transcription of
GIV gene (ccdc88a) in the above study (21). Based on these
clues, we hypothesized that STAT3 regulates GIV transcrip-
tion during epithelial wound healing and tumor invasion/
metastasis.
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EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Unless otherwise indicated, all
reagents were of analytical grade and obtained from Sigma-
Aldrich. Cell culture media and epidermal growth factor (EGF)
were purchased from Invitrogen. Custom-designed oligos were
obtained from Valuegene (San Diego, CA). Silencer Negative
Control scrambled (Scr) siRNA and STAT3 siRNA were pur-
chased from Ambion and Santa Cruz Biotechnology, respec-
tively. Antibodies against GIV that were used in this work
include rabbit serum anti-GIV coiled coil immunoglobulin G
(for immunoblotting only) (22), affinity-purified GIV coiled
coil immunoglobulin G (catalog number ABT80 from EMD
Millipore for immunohistochemistry and immunoblotting).
Mouse mAbs against STAT3 (Santa Cruz Biotechnology),
c-myc (Cell Signaling Technology), anti-histone (histone H3
lysine 9 trimethylation (H3K9me3)) (Millipore), and tubulin
(Sigma) were purchased from commercial sources. Rabbit poly-
clonal antibodies against phospho-Tyr-705 and phospho-Ser-
727 STAT3 (Cell Signaling Technology), Ga;; (Santa Cruz
Biotechnology), phospho-Akt-Ser-473 (Cell Signaling Technol-
ogy), pan-Gp (Santa Cruz Biotechnology), and phospho-ERK1/2
(Cell Signaling Technology) were obtained commercially.
DAPI and anti-mouse Alexa Fluor 594-coupled goat secondary
antibody for immunofluorescence were purchased from Invit-
rogen. Goat anti-rabbit and goat anti-mouse Alexa Fluor 680 or
IRDye 800 F(ab'), for immunoblotting were from LI-COR Bio-
sciences (Lincoln, NE).

Expression Vectors and Mutagenesis—myc-tagged STAT3 in
pcDNA3.1 and luciferase reporter vectors (pGL4 and pTSKL)
were generous gifts from Eugene Chin (Brown University) and
Christopher K. Glass (University of California, San Diego),
respectively. STAT3-C (A662C and A664C), STAT3-Y705F,
and STAT3-KR (K685R) constructs were generated by site-di-
rected mutagenesis using a QuikChange kit (Stratagene, San
Diego, CA) according to the manufacturer’s protocols. His-
STAT3 was generated by cloning STAT3 from myc-STAT3 in
pcDNA3.1 into pET-28b vector (Novagen). The human GIV
promoter containing the 5’ region of the GIV gene (a genomic
DNA fragment of ~1.2-kb size) was cloned into pGL4.10[luc2]
vector between Kpnl and HindIII. pGL4-GIV(A+39/+58) was
generated by deleting the predicted STAT3-binding site, which
is located between positions +39 and +58. pTSKL-GIV(+39/
+58) minimal promoter was cloned by ligating the predicted
STAT3-binding region (+39/+58) into a pTSKL plasmid
between HindIII and BamHI.

Cell Culture and Transfection—HeLa, DLD-1, and MDA-
MB 231 cells were maintained according to ATCC guidelines.
HeLa cells were used in the generation of stable cell lines
expressing various STAT3 constructs at ~2-fold above endog-
enous levels exactly as described previously (2). The 21T breast
cell lines (16N, NT, and MT2) were obtained from Arthur B.
Pardee (Dana-Farber Cancer Institute and Harvard Medical
School, Boston, MA) and maintained as described previously
(32, 39). Transfection was performed using Genejuice (Nova-
gen) for DNA plasmids or Oligofectamine (Invitrogen) for
siRNA oligos according to the manufacturers’ protocols.
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Scratch Wound Assays—To monitor gene expression and
STATS3 activation in scratch wound assays, HeLa cells were
plated at near confluence; transfected with plasmid DNA,
siRNA oligos, or both as indicated in various experiments; and
grown for an additional 36 —48 h until fully confluent. These
confluent cultures were subjected to high density scratch
wounding using a sterilized, metal, 250-toothed wounding
comb exactly as we have done previously (2, 3, 14, 23-25).

Lysis and Immunoblotting—Lysates were prepared by resus-
pending the cells in lysis buffer (20 mm HEPES, pH 7.2, 5 mm
magnesium acetate, 125 mm potassium acetate, 0.4% Triton
X-100, 1 mm dithiothreitol (DTT) supplemented with phos-
phatase (Sigma) and protease (Roche Applied Science) inhibi-
tor mixtures), passed through a 28-gauge needle at 4 °C, and
cleared 10,000 X g for 10 min before use in subsequent experi-
ments. Equal amounts of total cellular proteins were separated
by 10% SDS-PAGE and transferred to PVDF membranes (Mil-
lipore, Billerica, MA). Immunoblotting and quantification were
carried out as described previously (25) by dual color infrared
imaging using an Odyssey imaging system (LI-COR Biosci-
ences). All individual images were processed with Image] soft-
ware (National Institutes of Health) and assembled for presen-
tation with Photoshop and Illustrator software (both Adobe).

RNA Isolation and Quantitative PCR (qPCR)—Total RNA
was isolated using an RNeasy kit (Qiagen) according to the
manufacturer’s protocol. First strand cDNA was synthesized
using Superscript II reverse transcriptase (Invitrogen) followed
by ribonuclease H treatment (Invitrogen) prior to performing
quantitative real time PCR. Reactions omitting reverse tran-
scriptase were performed in each experiment as negative con-
trols. Primer sequences are available upon request. Reactions
were then run on a real time PCR system (ABI Prism 7300,
Applied Biosystems). Gene expression was detected with SYBR
Green (Invitrogen), and relative gene expression was deter-
mined by normalizing to GAPDH using the AC;- method.

Chromatin Immunoprecipitation—These assays were per-
formed essentially as described (26). Briefly, cells were cross-
linked by addition of formaldehyde to 1% final concentration in
media and incubation at room temperature for 10 min, neutral-
ized with 125 mm glycine, and then subjected to sonication
using a Bioruptor (Diagenode) to fragment the chromatin to
obtain 200-500-bp fragments. Sonicated chromatin was pre-
cleared with a mixture containing 50% protein A/G bead slurry
(Pierce), salmon sperm DNA, and BSA. Precleared chromatin
was incubated with specific antibodies (myc, H3K9me3, and
STATS3) and their respective IgG controls. Protein A/G bead
slurry was then added to pull down the antibody-bound chro-
matin, which was eluted using sodium bicarbonate buffer con-
taining SDS and DTT. Eluted chromatin was decross-linked,
and protein was removed by treating with proteinase K. Puri-
fied immunoprecipitated chromatin was subjected to quantita-
tive real time PCR amplification using multiple sets of primers.
The sequences of these primers are available upon request.
Input chromatin was used as a control.

Expression and Purification of Recombinant STAT3—His-
tagged recombinant STAT3 protein was expressed and purified
from Escherichia coli strain BL21(DE3) (Invitrogen) using His-
Pur™ Cobalt Resin (Thermo Scientific). Briefly, cultures of
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transformed bacteria were induced overnight at 20 °C with 1
mMm isopropyl B-p-1-thiogalactopyranoside. The bacterium
pellet from 500 ml of culture was resuspended in 50 ml of lysis
buffer (50 mm NaH,PO,, 300 mm NaCl, 1 mg/ml lysosome, 10
mM imidazole, 2X protease inhibitor mixture (Complete
EDTA-free, Roche Diagnostics)). After sonication (6 X 30 s,1
min between cycles), lysates were centrifuged at 12,000 X g at
4 °C for 30 min. Solubilized protein was affinity-purified on
HisPur Cobalt Resin. Protein was eluted with elution buffer (50
mMm NaH,PO,, 300 mm NaCl, 250 mm imidazole), dialyzed
overnight against PBS, and stored at —80 °C.

Electrophoretic Mobility Shift Assay (EMSA)—EMSA was
carried out as described previously (27). The following **P-
labeled oligonucleotide pair containing the putative STAT3-
binding site at position +33/+62 in the human GIV promoter
was used as a probe in EMSA: forward, 5-TGTGCC-
AGGGATTCCCAGAGACGCGCTGAA-3’; reverse, 5'-TTC-
AGCGCGTCTCTGGGAATCCCTGGCACA-3" (the STAT3-
binding sequence is underlined). Recombinant His-STAT3 was
incubated with *?P-labeled oligonucleotide probe in 20 ul of
buffer containing 10 mm HEPES, pH 7.8, 50 mm KCl, 1 mm
EDTA, 5 mm MgCl,, 10% glycerol, 5 mm DTT, 1 mg/ml bovine
serum albumin, and 1 mm Na,VO,. After a 15-min incubation
at room temperature, the samples were separated on a 6%
native polyacrylamide gel. For competition analyses, His-
STAT3 was incubated with cold probe (unlabeled oligonucleo-
tide) for 15 min at room temperature before addition of the
labeled oligonucleotides.

Luciferase Assay—These assays were performed as described
previously (28). Briefly, transfection of various luciferase
reporter constructs was carried out using Genejuice according
to the manufacturer’s protocol, and cytosolic fractions were
prepared 48 h after transfection. In siRNA experiments, 300 nm
scrambled control or STAT3-targeting siRNA oligonucleotides
was added to cells first followed by transfection with the various
luciferase reporters after 48 h, and then cells were harvested
after another 24 h to carry out luciferase assays. Luciferase
activity was analyzed using a microplate luminometer (Turner
Biosystem) and normalized to B-galactosidase activity by col-
orimetric assay at A, as an internal control for transfection
efficiency.

Immunohistochemistry—Forty-five deidentified breast can-
cer specimens (from the Department of Pathology, China Med-
ical University, China) of known histological type and grade
were analyzed by immunohistochemistry using anti-GIV
(1:500) and anti-phospho-STAT3 (pSTAT3) (1:300) rabbit
polyclonal antibodies. Briefly, formalin-fixed, paraffin-embed-
ded tissue sections of 4-um thickness were cut and placed on
glass slides coated with 3-aminopropyltriethoxysilane followed
by deparaffinization and hydration. Heat-induced epitope
retrieval was performed using citrate buffer (pH = 6) in a pres-
sure cooker. Tissue sections were incubated with 3% hydrogen
peroxidase for 40 min to block endogenous peroxidase activity
followed by incubation with primary antibodies overnight in a
humidified chamber at 4 °C. Immunostaining was visualized
with a labeled streptavidin-biotin using 3,3’-diaminobenzidine
as a chromogen and counterstained with hematoxylin. All the
samples were first quantitatively analyzed and scored based on
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FIGURE 1. Expression of GIV mRNA and protein is up-regulated during epithelial wound healing and cancer progression. A, confluent Hela cell
monolayers were scratch-wounded and harvested at the indicated time points after wounding, and whole cell lysates were analyzed for full-length GIV mRNA
(left) and protein (right) by gPCR and immunoblotting (/B), respectively. Changes in GIV mRNA are expressed as mean = S.D. (n = 3 separate experiments). B,
-Fold changes in GIV mRNA observed immediately after an acute surgical wound of human skin and at 3 and 7 days (d) after wounding were analyzed using the
raw microarray data reported in a study by Nuutila et al. (30) investigating the human skin transcriptome during wound healing. All values were normalized to
intact normal skin. C, the abundance of GIV mRNA in highly metastatic MDA-MB 231 breast cancer cells (left) and DLD-1 colorectal cancer cells (right) was
analyzed by qPCR, normalized to their respective normal controls, and expressed as -fold change in GIV mRNA. D, the abundance of GIV mRNA was analyzed
in the isogenic background of the 21T series of breast cancer cells (left) and Ls series of colorectal cancer cells (right) by qPCR, normalized to the least invasive
celllinein each series (i.e. 16N in breast and Ls-174T in colon), and expressed as -fold change in GIV mRNA. Error bars represent S.D. *, p < 0.05; **, p < 0.01; ***,

p < 0.001.

two independent criteria. 1) The intensity of staining was
scored on a scale of 0 —3 where 0 = no staining, 1 = light brown,
2 = brown, and 3 = dark brown. 2) The percentage of cells that
stained positive within the tumor was scored on a scale of 0—4
where 0 = 0%, 1 = =10%, 2 = 11-50%, 3 = 51-75%, and 4 =
>75%. Subsequently, each tumor sample was assigned a final
score thatis the product ofits (intensity of staining) X (percent-
age of tumor cells that stained positive). Tumors were catego-
rized as negative when their final score was <3 and positive
when their final score was =3.

Immunofluorescence—Cells were fixed at room temperature
with 3% paraformaldehyde for 20 —25 min, permeabilized (0.2%
Triton X-100) for 45 min, and incubated for 1 h each with pri-
mary and then secondary antibodies as described previously (2,
23). Samples were examined with a Zeiss Axiophot microscope
(Carl Zeiss Inc.) with a 63X aperture objective (Zeiss Plan Neo-
fluar, 1.30 numerical aperture), and images were collected with
an ORCA-ER camera (Hamamatsu) and Volocity software. All
individual images were processed with Image] software
(National Institutes of Health) and assembled for presentation
with Photoshop and Illustrator software (both Adobe).

Statistical Analysis—Data are expressed as the mean * S.D.
Unless stated otherwise, statistical significance was determined
using Student’s ¢ test and was achieved when the p value was
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=0.05. A x” test was used to analyze the significance of pPSTAT3
or GIV staining and the various histological types of tumors.
Fisher’s exact test was used to analyze the strength of correla-
tion between pSTAT3 and GIV staining. Statistical significance
was assessed with the Wilcoxon signed rank test: *, p < 0.05; **,
p <0.01; and ***, p < 0.001.

RESULTS

GIV Expression Is Up-regulated during Epithelial Wound
Healing and Cancer Progression—W e and others have demon-
strated previously that GIV is required for cell migration during
epithelial wound healing and tumor invasion (11, 13). Because
wound healing and tumor invasion are dynamic events that
require regulation of genes involved in cell proliferation, migra-
tion, invasion, stromal regeneration, and neovascularization in
a timely fashion (29) and because GIV regulates more than one
of these processes (1-3, 10, 11, 13), we asked whether the
expression of full-length GIV mRNA and/or protein is altered
during the course of epithelial wound healing and cancer pro-
gression. GIV mRNA expression was rapidly induced when
confluent monolayers of HeLa epithelial cells were subjected to
multiple scratch wounds (>10,000 wounds/60 cm?; see “Exper-
imental Procedures”), peaked at 6 h, and decreased at 24 h, the
latter coinciding with wound closure (Fig. 1A4). GIV protein also
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increased ~2.3-fold during the course of 24 h, lagging behind
the peak mRNA levels (Fig. 14). Next we investigated whether a
similar induction in GIV expression also occurs during human
dermal wound healing by analyzing genome-wide microarray
expression data from human skin graft donor sites (30). Skin
samples were biopsied immediately before and after harvesting
the graft as well as at 3 and 7 days postharvest, representing
early and later phases of wound healing. Expression of GIV
mRNA peaked at 3 days after grafting by ~2.25-fold and
decreased by 7 days, the latter coinciding with re-epithelializa-
tion of the denuded surface (Fig. 1B). Similarly, microarray
expression analysis in injured murine skin following a second
degree scald burn (31) also showed induction in GIV mRNA
after injury (supplemental Fig. S1). These findings demonstrate
that GIV expression is up-regulated during epithelial wound
healing.

To determine whether GIV mRNA expression also increases
during cancer progression, first we compared the levels of GIV
mRNA in highly invasive MDA-MB 231 (breast) and DLD-1
(colorectal) carcinoma cells with their respective normal epi-
thelial control. We demonstrated previously that these highly
invasive cell lines express GIV protein, whereas their non-inva-
sive counterparts do not (2). Consistently, GIV mRNA levels in
MDA-MB 231 and DLD-1 cells were also elevated by ~25-35-
fold above their respective normal controls (Fig. 1C). To deter-
mine whether GIV expression progressively increases with
increasing invasiveness of tumor cells during breast and
colorectal cancer progression, we took advantage of the iso-
genic background of the 21T series of human mammary cells
(16N, NT, and MT2) (32) and human colon cancer cell lines
Ls-174T and Ls-LiM6 (33). 21T cells were derived by succes-
sive biopsies from a single breast cancer patient in which
16N was from the normal breast, NT was from the primary
tumor (invasive ductal carcinoma), and MT2 was from the
metastatic pleural effusions. The human Ls-LiM6 lines were
established using a mouse metastasis model by selecting
clones with high liver-metastasizing ability from poorly met-
astatic Ls-174T parent cells and differ only with respect to
expression of metastasis-related proteins. We found that the
abundance of GIV mRNA progressively increases with
increasing invasiveness of 21T breast and Ls colorectal can-
cer cells (Fig. 1D), indicating that GIV expression increases
during breast and colorectal cancer invasion. Furthermore, a
survey of Gene Expression Omnibus (GEO) profiles revealed
that GIV mRNA is significantly increased during the meta-
static progression of a variety of solid tumors, including
breast, colon, lung, melanomas, renal, gastric, pancreatic,
esophageal, and thyroid (supplemental Fig. S2 and legend).
We conclude that GIV expression is up-regulated during two
multistep, complex, but related biological processes, wound
healing and cancer progression.

STAT3 Is Required for the Induction of GIV Expression during
Wound Healing and in Invasive Cancer Cells—Next we asked
whether STAT3 affects GIV expression during wound healing
and in invasive cancer cells. To this end, we either overex-
pressed or depleted STAT3 in HeLa cells and analyzed GIV
expression by immunoblotting and qPCR. Overexpression of
STATS3 in HeLa cells increased GIV mRNA and protein levels
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compared with vector controls (Fig. 24), indicating that STAT3
can augment GIV expression. Conversely, siRNA targeted
depletion of endogenous STAT3 in HeLa cells reduced GIV
mRNA and protein expression compared with scrambled con-
trols (Fig. 2B), indicating that STAT3 is essential for maintain-
ing the steady-state levels of GIV expression in HeLa cells. Fur-
thermore, scratch wound-induced up-regulation of GIV
mRNA was seen in HeLa cells stably expressing the consti-
tutively active STAT3-C (34) but not in cells expressing the
constitutively inactive, dominant negative STAT3-K685R
(35) mutant, indicating that activation of STAT3 is required
for up-regulation of GIV during wound healing (Fig. 2C).
Exogenous STAT3 could also induce GIV expression in
HeLa cells in the absence of phosphorylation at Tyr-705
(supplemental Fig. S3), indicating that tyrosine phosphoryl-
ation of STAT3 is not a prerequisite for the induction of GIV.
As observed in the case of HeLa cells, depletion of endoge-
nous STAT3 in the invasive cancer cell lines MDA-MB 231
and DLD-1 also resulted in a decrease of GIV mRNA levels
(by ~40%) and a concomitant reduction in the levels of GIV
protein (Fig. 2, D and E). The observed decrease in GIV
expression in STAT3-depleted cells could not be due to off-
target effects of siRNA oligos because exogenous expression
of siRNA-resistant STAT3 in cells treated with STAT3
siRNA rescued the levels of GIV mRNA and protein (Fig. 2, F
and G). Taken together, these results indicate that STAT3
positively regulates GIV expression during wound healing
and in invasive cancer cells.

STAT3 Binds the GIV Promoter and Activates Its Tran-
scription—To discern whether GIV is a transcriptional target
of STAT3, we performed chromatin immunoprecipitation
(ChIP) in HeLa cells expressing myc-tagged STAT3 at 0, 6, and
24 h after scratch wounding (Fig. 3, A and B). Immunoprecipi-
tate-bound chromatin was analyzed for STAT3 occupancy by
quantitative PCR. Primers for multiple amplicons were
designed to cover a 3-kb region within the GIV gene that
includes the GIV promoter demarcated with high H3K4me3
and low H3K4mel, a histone signature for the promoter region
(Fig. 3A4). We found the highest enrichment of STAT3 using
primers that amplify from —100 to +250 relative to the tran-
scription start site of GIV (Fig. 34, primer set 4). Consistent
with this, we found a putative STAT3-binding site +39/+58
from the transcription start site using two commonly used pre-
diction software programs, JASPAR and TFBIND. Addition-
ally, STAT3 recruitment to the GIV promoter was triggered by
scratch wounding (Fig. 3C): the binding is minimal in cells of an
intact monolayer (0 h), peaks at 6 h postwounding, and subse-
quently decreases at 24 h post-wounding, suggesting that
STAT3 binds GIV during the early response after wounding
and releases the GIV promoter during the late response. This
maximal STAT3 recruitment at 6 h postwounding coincides
with the timing for peak expression of GIV mRNA we observed
previously (Fig. 14). An identical pattern was also seen when
chromatin immunoprecipitation was carried out in HeLa cells
using a monoclonal anti-STAT3 antibody (Santa Cruz Biotech-
nology) targeting endogenous STAT3 (supplemental Fig. S4),
thereby validating our chromatin immunoprecipitation results
using anti-myc IgG and overexpression of myc tagged-STATS3.
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FIGURE 2. STAT3 is required for up-regulation of GIV expression during wound healing and in invasive cancer cells. A, overexpression of
myc-STAT3 increases both GIV mRNA and protein. Whole cell lysates of HeLa cells transiently overexpressing myc-STAT3 or vector control were analyzed
for GIV protein (top) and mRNA (bottom) expression by immunoblotting (/B) and gPCR, respectively. Up-regulation of GIV protein (top) is specific because
Gay5 or tubulin remains unchanged. -Fold changes in GIV mRNA (bottom) are expressed as mean = S.D. (n = 3). B, depletion of STAT3 reduces both GIV
protein and mRNA levels in Hela cells. HeLa cells were treated with Scr or STAT3 siRNA and analyzed for GIV protein (top) and mRNA (bottom) expression
by immunoblotting and qPCR, respectively. Results are expressed as mean = S.D. (n = 3). C, activation of STAT3 is required for up-regulation of GIV
mRNA during wound healing. Whole cell lysates of Hela cells stably expressing myc-tagged constructs, either the constitutively active STAT3-C mutant,
the constitutively inactive, dominant negative STAT3-KR mutant, or vector control, were analyzed for myc-STAT3 and tubulin by immunoblotting (top)
and for GIV mRNA by qPCR (bottom). -Fold changes in GIV mRNA are expressed as mean = S.D. (n = 3). The p value was calculated by comparing GIV
mMRNA levels in Hela cells expressing STAT3-C and STAT3-KR at 6 h postwounding. D and E, depletion of STAT3 reduces both GIV protein and mRNA in
highly invasive MDA-MB 231 (D) and DLD-1 (E) cells. MDA-MB 231 and DLD-1 cells were treated with Scr or STAT3 siRNA, and whole cell lysates were
analyzed for GIV protein (left) and mRNA (right) by immunoblotting and qPCR, respectively. Both GIV protein and mRNA levels were reduced in MDA-MB
231 and DLD-1 cells depleted of STAT3. Results are expressed as mean = S.D. (n = 3). F and G, expression of siRNA-resistant mouse STAT3 in HelLa cells
depleted of endogenous STAT3 increases both GIV mRNA (F) and protein (G) levels. HeLa cells were treated with control (Scr) or anti-human (h) STAT3
siRNA, transfected with vector or myc-STAT3 (mouse) as indicated, and subsequently analyzed for GIV mRNA by qPCR (F) and for GIV, STAT3, and tubulin
by immunoblotting. Error bars represent S.D. *, p < 0.05; **, p < 0.01.

Next we asked whether STAT3 binding to the GIV promoter
corresponds to a decrease of transcriptional repressive histone
marks, which in turn allows up-regulation of GIV transcription
by modulating chromatin. Indeed, when we checked the levels
of such a bona fide repressive histone mark, H3K9me3, on the
GIV promoter, we found decreased H3K9me3 at 6 h post-
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wounding, coinciding with maximal STAT3 binding. Interest-
ingly, the H3K9me3 level seemed to be restored at 24 h of
wounding, coinciding with the release of STAT3 from the GIV
promoter. These results strongly indicate that both STAT3
occupancy and a concomitant loss of the H3K9me3 mark cor-
relate directly with GIV expression. A similar regulation of GIV
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by STAT3 was observed in MDA-MB 231 (Fig. 3D) and DLD-1
(Fig. 3E) cancer cells: STAT3 binds the promoter region of GIV
in both cell lines, and this binding coincides with a reduction in
the H3K9me3 marks. These findings demonstrate that STAT3
binds to an identical region within the GIV promoter in three
different cell lines and can activate transcription via the GIV
promoter by modulating the repressive histone profile in that
region.

STAT3 Regulates GIV Transcription

To determine whether STAT3 directly binds to the pre-
dicted region of the GIV promoter identified in the ChIP
assays, we generated a radiolabeled pair of DNA probes har-
boring the putative STAT3-binding site on the GIV pro-
moter and used them in an in vitro EMSA with recombinant
His-STAT3. We found that STAT3 associates in complex
with GIV promoter probes, contributing to a gel shift (Fig.
3F). This complex/shift was lost when STAT3 was preincu-
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STAT3 Regulates GIV Transcription

bated in the presence of excess unlabeled probe. These
results demonstrate that STAT3 directly binds to the pre-
dicted region on the GIV promoter.

Next we asked whether binding of STAT3 to the promoter
region of GIV activates transcription of the GIV gene. To this
end, we used luciferase reporter assays driven by the GIV pro-
moter with or without the STAT3-binding site. Four luciferase
constructs were generated (Fig. 44 and supplemental Fig. S5A):
1) pGL4-GIV containing ~1.2 kb of the wild type GIV pro-
moter, 2) pGL4-GIV(A+39/+58) carrying ~1.2 kb of the GIV
promoter without the STAT3-binding site (+39 to +58), 3)
pGL4-GIV mutant in which the consensus for STAT3-binding
site is selectively mutated, and 4) pTSKL-GIV(+39/+58) car-
rying only the STAT3-binding site with a weak minimal pro-
moter. To examine whether binding of STAT3 to the GIV
promoter activates its transcription, we carried out lucifer-
ase assays in HeLa, MDA-MB 231, and DLD-1 cells tran-
siently expressing pGL4-GIV promoter with or without
depletion of endogenous STAT3. Depletion of endogenous
STAT3resulted in a significant decrease of luciferase activity
in all three cell lines (Fig. 4B), indicating that STAT3 is
required for activation of GIV transcription. Furthermore,
cotransfection of pGL4-GIV with the constitutively active
STAT3-C, but not the constitutively inactive STAT3-KR
mutant, significantly increased the expression of luciferase
via the GIV promoter in all three cell lines (Fig. 4C), indicat-
ing that activation of STAT3 is essential for induction of GIV
transcription.

To discern whether the STAT3-binding site in the GIV pro-
moter is required for transcriptional activation of GIV, we fol-
lowed two approaches. First, we compared luciferase activity in
HeLa, MDA-MB 231, and DLD-1 cells transiently expressing
the pGL4-GIV(A+39/+58) construct (which lacks the STAT3-
binding site) with those expressing the pGL4-GIV. The lack of
the STAT3-binding site reduced luciferase activity in all three
cell lines (Fig. 4D) and abolished the ability of STAT3-C to
enhance GIV gene expression (supplemental Fig. S5B), indicat-
ing that the STAT3-binding site between +39 and +58 of the
GIV promoter is required for its activation. As a second
approach, when HeLa cells transiently expressing the pGL4-
GIV mutant construct (in which the STAT3-binding consensus
sequence is selectively mutated; supplemental Fig. S5A) were
compared with those expressing the pGL4-GIV, we found that
disruption of the STAT3-binding consensus reduced luciferase

activity by ~4-fold (supplemental Fig. S5C), indicating that
STAT3 requires the binding consensus sequence to enhance
GIV promoter activity. Next we asked whether the STAT3-
binding site from the GIV promoter is sufficient for STAT3-
mediated transcription of GIV by carrying out luciferase assays
in HeLa, MDA-MB 231, and DLD-1 cells transiently expressing
the minimal promoter-luciferase construct pTSKL(+39/+58),
which contains the STAT3-binding site. Addition of the
STAT3-binding site from +39/+58 of the GIV promoter
was sufficient to increase luciferase activity driven by a min-
imal thymidine kinase promoter in all three cell lines (sup-
plemental Fig. S6). As seen in the case of pGL4-GIV, deple-
tion of STAT3 by siRNA resulted in a significant decrease in
luciferase activity from pTSKL(+39/+58) in all three cell
lines (Fig. 4E). Furthermore, cotransfection of pTSKL(+39/
+58) with the constitutively active STAT3-C, but not the
constitutively inactive STAT3-KR mutant, significantly
increased the expression of luciferase in all three cell lines
(Fig. 4F), indicating that the STAT3-binding site is the min-
imal GIV promoter sequence that directs expression of the
luciferase reporter gene. These results demonstrate that
binding of STAT3 between +39 and +58 of the GIV pro-
moter is both necessary and sufficient for the activation of
GIV transcription.

STAT3 Activation Correlates with GIV Expression in Breast
Carcinomas—GIV expression in breast and colorectal tumors
and tumor-derived cell lines has recently been shown to posi-
tively correlate with increasing tumor aggressiveness (2, 12, 16)
and to serve as a poor prognosticator and a predictor of distant
metastasis (12, 15). Similarly, separate studies have established
that STAT3 is constitutively activated in breast and colorectal
tumors and tumor-derived cell lines and that elevated levels of
tyrosine 705-phosphorylated STAT3 (Tyr(P)-705 STAT3) in
patients with breast and colorectal cancer correlated with poor
outcome (36-38). We asked whether increasing GIV expres-
sion during breast cancer progression that we previously
observed in 21T series tumor cells (12) is also accompanied by
enhanced STATS3 activation as determined by tyrosine phos-
phorylation at Tyr-705. We found that phosphorylated STAT3
progressively increased with increasing GIV protein (Fig. 5A4)
and mRNA expression (Fig. 1D), which correlates with their
previously documented (39) increasing invasiveness and meta-
static potential. Next we analyzed the expression of GIV and
nuclear translocation of pSTAT3(Tyr-705) proteins in breast

FIGURE 3. STAT3 binds directly to the GIV promoter. A, top, a schematic representation of STAT3 binding elements on GIV gene is shown. Confluent
monolayers of Hela cells expressing myc-tagged STAT3 were scratch-wounded; harvested at 0, 6, and 24 h postwounding; and analyzed for myc-STAT3
occupancy within a stretch of an ~3-kb region that includes the GIV promoter and parts of the gene body (indicated by gray shading) by ChIP using anti-myc
or control IgGs followed by gPCR using primer pairs that systematically cover the 3-kb region. Shown here are the gPCR results of four such primer pairs,
numbered 7-4, demonstrating sites of myc-STAT3 occupancy at different time points during wound healing expressed as -fold enrichment over control IgG.
Bottom, a snapshot of the coding region of GIV gene from the UCSC Genome Browser is shown layered below by epigenetic histone marks H3K4me1, which is
characteristic of enhancers, and H3K4me3, which is characteristic of promoters. myc-STAT3 binds the GIV gene exclusively at 6 h after wounding and
specifically occupies its promoter region (highest enrichment seen with primer pair 4) as determined by its high H3K4me3 and low H3K4me1 associations
(demarcated by interrupted gray lines). B, whole cell lysates of HelLa cells used in the above assay were analyzed for expression of myc-STAT3 at 0, 6, and 24 h
after scratch wounding by immunoblotting. C-E, increased STAT3 occupancy coincided with a reciprocal loss of the repressive H3K9me3 modification in HelLa
(©), MDA-MB 231 (D), and DLD-1 (E) cells. Chromatin immunoprecipitation assays were carried out in HeLa cells (C) after scratch wounding as described earlier
and in highly invasive MDA-MB 231 breast cancer (D) and DLD-1 colorectal cancer (E) cell lines overexpressing myc-STAT3 or control vector as indicated using
anti-myc (left), anti-H3K9me3 (right), and their respective control IgGs and analyzed for STAT3 and H3K9me3 occupancy by qPCR. F, His-STAT3 binds directly to
the GIV promoter as determined by EMSA. Recombinant His-STAT3 formed protein-DNA complexes (shift in lane 2) when incubated with DNA probes
harboring the putative STAT3-binding site in the GIV promoter. These complexes are absent in the presence of excess cold probe (lane 3). Error bars represent
S.D.* p < 0.05; **, p < 0.01; **** p < 0.001.
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FIGURE 5. Expression of GIV protein increases during metastatic progression of breast carcinomas. A, whole cell lysates of 21T series of human
mammary cells (16N, NT, and MT2) were analyzed for GIV, phospho-Tyr-705 STAT3 (p STAT3), total STAT3 (t STAT3), Ga;3, and tubulin by immunoblotting
(IB). B, the abundance of GIV (top) and pSTAT3 (bottom) was analyzed in equal numbers of human breast carcinomas representing three stages during
metastatic progression, carcinoma in situ (left), invasive ductal carcinoma without lymph node metastasis (middle), and invasive ductal carcinoma with
lymph node metastasis (right). Shown here are representative images of three tumors from separate patients. GIV shows nuclear and cytosolic staining,
whereas pSTAT3 is predominantly nuclear. Although carcinomas in situ stained mostly negative for both GIV and pSTAT3, invasive ductal carcinomas
frequently stained positive for both (see Tables 1-3). Both the intensity of staining and the percentage of tumor cells that stained positive for GIV and
pSTAT3 increased with tumor progression. Insets display a region in the field of the tumor enlarged by digital magnification. Original magnifications,
20X.

TABLE 1

GIV expression as determined by cytosolic and nuclear staining (GIV-
positive) of tumor epithelium correlates with tumor aggressiveness
Tumors were scored as either negative or positive for GIV staining as described
under “Experimental Procedures.” The p value was determined by x* test. LN,
lymph node; pos, positive; neg, negative.

tumors iz situ by immunohistochemistry. We analyzed a total
of 45 samples (15 carcinomas in situ, 15 invasive ductal carci-
nomas without lymph node metastasis, and 15 invasive ductal
carcinomas with lymph node metastasis). The expression of
GIV protein as determined by a composite score of the intensity

of staining and the percentage of tumor cells that stained posi- ) ) Percent  x* 14
. ‘, . . o Histologictype n  GIV-pos GIV-neg GIV-pos value value
tive (see “Experimental Procedures”) increased significantly , ‘
. . o : . . . Carcinoma in 15 4 11 26.67 6.581 0.037
with cancer progression: 26% in the carcinoma in situ group, Situ
53% in the invasive tumors without lymphatic spread, and 73% Invasive ductal 15 7 8 53.33
. . . . . . carcinoma
in the invasive tumors with lymphatic spread (Fig. 58 and Table without LN
1). Similarly, the abundance of pSTAT3 protein in the metastasis
nucl Iso incr d significantly with cancer progression: Invasive ductal =15 11 4 7333
ucleus also increased significantly with cancer progression: carcinoma
33% in the carcinoma in situ group, 60% in the invasive with LN
metastasis

tumors without lymphatic spread, and 86% in the invasive
tumors with lymphatic spread (Fig. 5B and Table 2). As

expected, pSTAT3, which represents the active pool of
STAT3, predominantly showed a nuclear staining pattern.
These results indicate that expression of GIV and activation
of STAT3 are both increased significantly during breast can-

cer progression. Furthermore, Fisher’s exact test demon-
strates a positive association between GIV expression and
the abundance of nuclear pSTAT3 (p = 0.04) (Table 3), indi-
cating that GIV is highly expressed often in those breast

FIGURE 4. Binding of STAT3 to the GIV promoter increases transcription of GIV. A, a schematic diagram of the firefly luciferase reporter constructs
used in this work is shown. +39 to +58 denotes the STAT3-binding site independently predicted by two programs. TSS, transcription start site. B,
depletion of STAT3 reduced luciferase/GIV promoter activity in HeLa (left), MDA-MB 231 (middle), and DLD-1 (right) cells. All three cell lines were treated
with Scr or STAT3 siRNA, subsequently transfected with the GIV promoter-luciferase reporter construct pGL4-GlV, harvested, analyzed for luciferase
activation via the GIV promoter with a luminometer, and normalized to 8-galactosidase activity by a colorimetric assay as described under “Experimen-
tal Procedures.” Results are expressed as mean = S.D. (n = 3). C, STAT3-C, but not STAT3-KR, enhanced luciferase/GIV promoter activity in HelLa (left),
MDA-MB 231 (middle), and DLD-1 (right) cells. All three cell lines were co-transfected with GIV promoter-luciferase reporter construct pGL4-GIV and the
active (STAT3-C) or inactive (STAT3-KR) mutants of STAT3 or control vector and analyzed for luciferase activity via the GIV promoter as in B. Results are
expressed as mean = S.D. (n = 3). D, deletion of the STAT3-binding site (+39/+58) from the GIV promoter-luciferase reporter pGL4-GIV reduced
luciferase/GIV promoter activity in Hela (left), MDA-MB 231 (middle), and DLD-1 (right) cells. All three cell lines were transfected with either the GIV
promoter-luciferase reporter pGL4-GIV or with the GIV promoter-luciferase reporter pGL4-GIV(A+39/+58), in which the STAT3-binding site is deleted,
and analyzed for luciferase activity via the GIV promoter as in B. Results are expressed as mean = S.D. (n = 3). E, depletion of STAT3 reduced luciferase
activity in Hela (left), MDA-MB 231 (middle), and DLD-1 (right) cells expressing pTSKL-GIV(+39/+58), which carries the thymidine kinase minimal
promoter and the STAT3-binding site. All three cell lines were treated with Scr or STAT3 siRNA, subsequently transfected with pTSKL-GIV(+39/+58), and
analyzed for luciferase activity as in B. Results are expressed as mean = S.D. (n = 3). F, STAT3-C, but not STAT3-KR, enhanced luciferase activity in HelLa
(left), MDA-MB 231 (middle), and DLD-1 (right) cells expressing pTSKL-GIV(+39/+58). All three cell lines were co-transfected with pTSKL-GIV(+39/+58)
and the active (STAT3-C) or inactive (STAT3-KR) mutant of STAT3 or control vector and analyzed for luciferase activity as in B. Results are expressed as
mean = S.D. (n = 3). Error bars represent S.D. *, p < 0.05; **, p < 0.01.
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TABLE 2

STAT3 Regulates GIV Transcription

STAT3 activity as determined by the presence of nuclear pSTAT3 (pSTAT3-positive) in tumor epithelium correlates with tumor aggressiveness
Tumors were scored as either negative or positive for pPSTAT3(Tyr-705) staining as described under “Experimental Procedures.” The p value was determined by x* test. LN,

lymph node; pos, positive; neg, negative.

Percent P
Histologic type n pSTAT3-pos pSTAT3-neg pSTAT3-pos x° value value
Carcinoma in situ 15 5 10 33.33 8.889 0.028
Invasive ductal carcinoma without LN metastasis 15 9 6 60
Invasive ductal carcinoma with LN metastasis 15 13 2 86.67

TABLE 3

STATS3 activity and GIV expression in breast carcinomas correlate sig-
nificantly

The contingency analysis (Fisher’s exact test) comparing GIV expression and
STATS3 activation (as determined by the presence of nuclear pSTAT3(Tyr-705)) in
45 breast carcinomas representing various clinical stages of the disease is shown.
LN, lymph node; pos, positive; neg, negative.

r

n GIV-pos GIV-neg value value
pSTAT3-neg 18 8 10 .03 0.0446
pSTAT3-pos 27 20 7

carcinomas in which STAT3 activation is also enhanced.
These results suggest that STAT3 activation may trigger up-
regulated expression of GIV during metastatic progression
of cancer and are consistent with our prior results that acti-
vation of STAT3 is required for transcriptional activation of
the GIV gene in invasive cancer cells.

GIV Enhances STAT3 Activation via Its GEF Motif—We pre-
viously reported (2) that the C terminus of GIV directly binds
and modulates EGF receptor signaling at the plasma membrane
and demonstrated that the presence or absence of the C termi-
nus of GIV, more specifically an intact GEF motif within the C
terminus, is a key determinant of the downstream signaling
programs and tumor cell phenotype. When the GEF motif of
GIV is intact, GIV couples RTKs to Gg;, these G proteins are
activated via the GEF function of GIV in the vicinity of ligand-
activated RTKs, and the motogenic PI3K-Akt and PLCy1 sig-
naling pathways are preferentially enhanced. When the GEF
motif of GIV is disrupted by a specific mutagenesis, RTKs are
no longer coupled to activation of Ga;, and mitogenic MAPK
and STATS5 signaling pathways are preferentially propagated.
Of note, in the absence of the entire GIV molecule (i.e. when
depleted by siRNA), RTK signaling is inhibited across all down-
stream pathways examined (2). Given the specificity of the GEF
motif of GIV as a key determinant of G, activity and RTK
signaling programs in cells, we next asked whether and how the
presence or absence of an intact GIV GEF motif alters STAT3
signaling. To this end, we used a previously characterized set of
HelLa cell lines (2) stably expressing siRNA-resistant GIV con-
structs, either GIV-WT (HeLa-GIV-WT) or the GEF-deficient
F1685A mutant (HeLa-GIV-FA); depleted them of endogenous
GIV by siRNA; and analyzed their ability to enhance STAT3
phosphorylation in response to EGF stimulation or scratch
wounding. Consistent with our previous report (2), HeLa-GIV-
WT, but not HeLa-GIV-FA, enhanced Akt phosphorylation,
whereas ERK activation was sustained longer (30 min) in HeLa-
GIV-FA as compared with HeLa-GIV-WT cells. In the case of
STAT3, its phosphorylation at both Tyr-705 and Ser-727
peaked at 5 min and was enhanced ~3-fold more in HeLa-
GIV-WT cells compared with a blunt response in HeLa-GIV-
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FA cells (Fig. 6, A and B). HeLa-GIV-WT, but not HeLa-GIV-
FA, cells also enhanced the phosphorylation of STAT3 at
Tyr-705 and Ser-727 and thereby its activity after scratch
wounding (Fig. 6C). Furthermore, nuclear translocation of
STAT3, which occurs after its activation (35), was seen exclu-
sively in HeLa-GIV-WT, but not in HeLa-GIV-FA, cells (Fig.
6D and supplemental Fig. S7). Collectively these results indicate
that the GEF motif of GIV is required for enhancement of
STAT3 activity.

Because the GEF motif of GIV enhances STAT3 activation
and GIV is a direct transcriptional target of STAT3, we asked
whether GIV can regulate its own expression via its GEF
motif by modulating STATS3 activity. We found that scratch
wound-induced up-regulation of GIV mRNA (Fig. 6E) and
protein (Fig. 6F; by ~2.2-fold) was abolished in HeLa-
GIV-FA cells as compared with HeLa-GIV-WT cells and
vector-transfected control cells, indicating that the GEF
motif enhances the induction of GIV expression during
wound healing. We hypothesized that, besides GIV, expres-
sion of other STATS3 target genes that are known to regulate
tumor invasion/metastasis may also be affected in HeLa cell
lines. That is indeed the case because we found that the levels
of expression of Bcl-2, MMP-2, and MMP-9, three metasta-
sis-related genes (40-42), were higher in HeLa-GIV-WT
compared with HeLa-GIV-FA cells after scratch wounding
(Fig. 6, G-I). Based on these findings, we propose a working
model wherein GIV may autoregulate its own expression and
the expression of a variety of other metastasis-related genes
targeted by STAT3 via modulation of STAT3 activation by
its GEF motif (Fig. 7, A and B).

DISCUSSION

Here we demonstrate that transcription of GIV is up-reg-
ulated during epithelial wound healing and metastatic pro-
gression of cancer, and the key finding in this work is the
identification of STAT3 as one of the major and specific
transcription factors that up-regulates GIV expression dur-
ing both processes. Using three different models of epithelial
wounding, scratch wounding on a monolayer of HeLa epi-
thelial cells, surgical skin graft wounding in human, and burn
injury in murine skin, we showed here that GIV mRNA and
protein expression is up-regulated during wound healing.
We also demonstrated a similar increase in GIV expression
during cancer progression using two different approaches in
two different types of cancers, isolated tumor cell lines (21T
series of breast cancer, MDA-MB 231 breast cancer, and
DLD-1 colorectal cancer cells) and breast tumors in situ. By
analysis of microarray databases, we extended our initial
observation of GIV induction in breast (current work) and
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FIGURE 6. GIV enhances STAT3 activation via its GEF motif. A-C, HeLa-GIV-WT, but not HeLa-GIV-FA, cells enhance STAT3 activation in response to
EGF and scratch wounding. A, serum-starved HeLa WT and FA cell lines were stimulated with 50 nm EGF for the indicated time periods, and whole cell
lysates were analyzed for total (t) and phospho (p)-Tyr-705 and -Ser-727 STAT3, Akt, ERK1/2, and tubulin by immunoblotting (/B). B, kinetics of
EGF-initiated STAT3 signalingin HeLa WT and FA cell lines in A was determined by phospho-Tyr-705 STAT3:total STAT3 ratios at each time point after EGF
stimulation and expressed as absolute values. The p value was calculated by comparing STAT3 activity in HeLa-GIV-WT and HelLa-GIV-FA cells at 6 h
postwounding. C, monolayers of HeLa-GIV-WT and HeLa-GIV-FA cells were scratch-wounded and subsequently harvested at 6 h. Whole cell lysates were
prepared and analyzed for Tyr(P)-705 and Ser(P)-727 STAT3 and tubulin by immunoblotting. D, upon activation, STAT3 localizes to the nucleus in
HelLa-GIV-WT, but not in HeLa-GIV-FA, cells after ligand stimulation. HelLa cell lines were stimulated with 50 nm EGF for 5 min and costained for STAT3
(red) and the nucleus (DAPI; blue). Bar, 10 um. E and F, HeLa-GIV-WT, but not HeLa-GIV-FA cells up-regulate GIV mRNA (E) and protein (F) levels after
scratch wounding. Confluent monolayers of HeLa WT and FA cell lines were scratch-wounded, harvested at the indicated time points, and analyzed for
GIV mRNA and protein by qPCR and immunoblotting, respectively. The p value in E was calculated by comparing GIV mRNA in HeLa-GIV-WT and
HelLa-GIV-FA cells at 6 h postwounding. G-/, the GEF function of GIV is required for induction of STAT3 target genes Bcl-2, MMP2, and MMP9 after scratch
wounding. Monolayers of HeLa-GIV-WT and HelLa-GIV-FA cells were scratch-wounded and subsequently harvested at 6 h. mRNA levels of Bcl-2 (G),
MMP2 (H), and MMP9 (/) were analyzed by gPCR. Error bars represent S.D. *, p < 0.05; **, p < 0.01.

colorectal cancer (2, 12) progression to other solid tumor
types. We conclude that GIV is up-regulated during two bio-
logical processes, epithelial wound healing and cancer
progression.

We also demonstrate that GIV expression is up-regulated
due to increased transcription mediated directly by STAT3. We
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demonstrate that STAT3 is recruited to an identical region of
the GIV promoter in three different cell lines, HeLa epithelial
cells responding to scratch wounds and the breast and colorec-
tal cancer cells MDA-MB 231 and DLD-1, respectively. Using
all three cell lines, we showed that levels of STAT3 had a direct
bearing on the levels of GIV mRNA and protein; i.e. overexpres-
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direct targets of STAT3.

sion of STAT3 increased GIV expression, whereas depletion of
STATS3 decreased GIV expression. We also demonstrated that
activation of STAT3 is essential for up-regulation of GIV
expression upon scratch wounding and in invasive cancer cells.
That a mutant STAT3 deficient in phosphorylation at Tyr-705
also enhanced GIV expression is consistent with others’ find-
ings that STAT3 can activate gene transcription independently
of phosphorylation at Tyr-705 (43, 44). We conclude that
STAT3 up-regulates GIV expression in epithelial cells respond-
ing to wounding as well as in highly invasive breast and colo-
rectal cancer cells.

Considerable evidence has independently implicated STAT3
(20) and GIV (1) as major players during wound healing and
cancer invasion/metastasis, two processes with common
pathophysiology (29). Although STAT3 exerts its effects via its
wide range of transcriptional targets (see Fig. 7B legend), the
multidomain signal transducer GIV affects an overlapping set
of cellular processes by modulating signals triggered by multi-
ple members of two diverse classes of receptors, G protein-
coupled and growth factor receptors (1). Thus, by demonstrat-
ing here that STAT3 directly regulates GIV transcription, we
have discovered another novel molecular link between healing
wounds and invading cancers.
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The clinical significance of our discovery is 2-fold both in
the realm of diagnostics and therapeutics. The diagnostic
significance stems from the fact that both STAT3 (36-38)
and GIV (2, 12, 15, 16) play significant roles in metastatic
progression of breast and colorectal cancers and have been
shown to serve as valuable independent prognosticators of
survival among cancer patients. It is possible that a diagnos-
tic platform that combines both may perform even better.
Because STAT3 can be activated by cytokines released dur-
ing inflammation and injury (45), tumors that are strongly
positive for active STAT3 and GIV could represent those
that are driven by inflammation and bear the worst progno-
sis (46). The therapeutic significance lies in the fact that
STAT3 has long been recognized as a powerful therapeutic
target in multiple cancers (18, 47-50), and small molecule
inhibitors of STAT3 have already been tested in several clin-
ical trials (51). Our discovery that GIV is a direct transcrip-
tional target of STAT3 implies that STAT3 inhibitors at least
in part work via repression of GIV expression and suppres-
sion of GIV-dependent signaling.

It is well accepted that the classic mechanism by which
STATS3 regulates gene transcription is by direct interaction
with the promoter region of target genes (52). Consistently,
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we found that STAT3 regulates GIV transcription by directly
binding a single site on the GIV promoter in three different
cell types, HeLa, MDA-MB 231, and DLD-1. Sequence com-
parisons indicate that this binding site for STAT3 on the GIV
promoter is non-canonical: it deviates from the consensus,
but key resemblances to the core of the consensus are pre-
served, which allowed it to be picked up by prediction pro-
grams. This is not unexpected because STAT3 is commonly
found to activate the transcription of target genes via such
non-canonical binding sites on the promoters of other genes,
e.g. CCAAT/enhancer-binding protein & (53) and proopi-
omelanocortin (54), where inducible STAT3 binding has
been detected in vivo by chromatin immunoprecipitation
assays. We also demonstrate that STAT3 binding is both
necessary and sufficient for transcription activity via the GIV
promoter in luciferase assays: targeted deletion or mutagen-
esis of the binding site reduced transcription activity, and
selective expression of the binding site enhanced transcrip-
tion activity. Validation of the exact binding site for STAT3
on the GIV promoter creates an opportunity for targeted
therapy using custom-designed triplex-forming oligos as
tools to selectively interfere with the binding of a given tran-
scription factor to one target gene of interest (55). Such a
selective approach will allow STATS3 to regulate other target
genes while annihilating its ability to up-regulate GIV. Thus,
our discovery not only represents a major advance in our
understanding of how GIV, a metastasis-related protein, is
regulated but also offers a powerful therapeutic target for
down-regulating GIV-dependent prometastatic signaling
during cancer progression. Of note, depletion of STAT3 did
not completely abolish GIV transcription, suggesting that
STAT3 may work cooperatively with other transcription fac-
tors and cofactor complex to effectively and efficiently fine
tune GIV expression in response to a variety of external
stimuli. Such cooperation has been well documented in the
case of several genes that STAT3 co-regulates with other
transcription factors either via binding at distinct sites (56,
57) or on overlapping sites (54). Because GIV is expressed
ubiquitously and is implicated in multiple biological pro-
cesses, Le. autophagy, development, neuronal migration,
vascular repair, etc. (1), it is possible that transcription fac-
tors other than STAT3 may regulate GIV expression in dif-
ferent cell types under different circumstances.

We also demonstrate that GIV enhances STAT3 activation
via its C-terminal GEF motif. In cells expressing GIV-WT,
growth factor signals were modulated via an intact GEF motif,
and a persistent high level of STAT3 activation was induced,
which is in sharp contrast to the transient and blunted nature of
STAT3 activation induced in those cells expressing GIV-FA in
which the critical GEF motif is disabled. The effect of the GEF
motif of GIV on the STAT3 pathway is in striking contrast to
the effect it exerts on another member of the STAT family,
STATS5D; the latter was found to be suppressed in the presence
of an intact GEF motif and enhanced in its absence (2). This
differential STAT signaling we observed in GIV-WT and
GIV-FA cells is in keeping with their respective cellular pheno-
types (2, 21) and the contrasting transcriptional profiles of
STAT3 versus STAT5 (58): cells that express GIV-WT or
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exhibit enhanced STAT3 signaling migrate/invade rapidly but
proliferate slowly, whereas those that express GIV-FA or
exhibit enhanced STATS5 signaling proliferate rapidly but
migrate/invade slowly. We conclude that GIV, more specifi-
cally the presence or absence of the GEF motif of GIV, has a
profound effect on the STAT signaling pathway, and it is pos-
sible that the phenomenon of migration-proliferation dichot-
omy we observed previously in GIV-WT and GIV-FA cells (2) is
in part contributed by their preferential activation of STAT3
and STATS5, respectively.

The implications of STAT3 activation by the C-terminal
GEF motif of GIV are far reaching. First, we demonstrate
that activation of STAT3 by GIV in turn affects the expres-
sion of GIV, which we show here is a direct transcriptional
target of STAT3. We conclude that GIV autoregulates its
expression by enhancing STAT3 activity via its GEF motif.
Second, we demonstrate that STAT3 activation and GIV
expression show statistically significant correlation at every
stage of breast cancer progression. In non-invasive tumors
during early growth in which the C terminus of GIV is alter-
natively spliced such that it lacks the GEF motif (2), the levels
of STAT3 activation are low. By contrast, in highly invasive
tumors later during metastatic progression in which full-
length GIV with an intact GEF motif is overexpressed, the
levels of STAT3 activation are high. We conclude that spec-
ificity and intensity of the GIV-dependent STAT3 axis of
signaling, which has diverse biological consequences, are in
part determined by the abundance of full-length GIV mole-
cules with intact GEF motifs in the C terminus (1). Third, the
ability of GIV to enhance STAT3 activation, which in turn
enhances GIV transcription, sets up a platform for mutual
regulation: by virtue of its ability to enhance the activation of
STATS3, GIV, which exists in varying abundance and as mul-
tiple isoforms (some with and some without the C-terminal
GEF motif), can affect which cells activate STAT3 and when
they activate it. Similarly, by virtue of its ability to directly
up-regulate the expression of full-length GIV, STATS3,
whose activation is modulated by a variety of cytokines and
growth factors, can affect which cells express GIV and when
to up-regulate it. Fourth, although expressed ubiquitously at
low levels (22), we show here that the abundance of full-
length GIV increases under circumstances such as scratch
wound injury and during cancer progression. It is likely that
increasing copies of the GEF motif of GIV under those cir-
cumstances proportionately enhance STAT3 activation,
which leads to a further increase in GIV transcription and
further persistent activation of STAT3 and so on and so forth
within a positive feedback loop. We also demonstrated that
another consequence of such a positive feedback loop is the
ability of GIV to affect the expression of key STAT3 target
genes. GIV may similarly affect other direct and indirect
transcriptional targets of STAT3 (see Fig. 7B and legend) and
thereby cast a broader influence on signaling networks that
drive metastasis via regulation of STAT3, a central regulator
of tumor metastasis (19). Of note, some of these transcrip-
tional targets of STAT3, e.g RTKs (EGF receptor), G pro-
tein-coupled receptors (sphingosine 1-phosphate receptor-
1), and growth factors (VEGF), are proteins that could
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further enhance STAT3 signaling via the receptor-GIV-G
protein axis. It is noteworthy that the feedback loop between
GIV and STAT3 that we report here is not unusual and is
showcased by multiple proteins that are direct or indirect
targets of STATS3, e.g. sphingosine 1-phosphate receptor-1
(59), p53 (60), B-catenin (61), c-Met/hepatocyte growth fac-
tor (62), and Rho kinase ROCK (63).

Clues as to how the GEF motif of GIV may affect STAT3
activation are provided by our previous work in which we
explored the mechanisms by which the GEF motif of GIV
modulates growth factor signaling via activation of Ge; (2).
Based on these, we propose (see Fig. 7A and legend) that the
recruitment of a Ga;-GIV complex to RTKs enhances tyro-
sine phosphorylation and subsequent activation of STAT3
by regulating signaling complexes assembled at the cytoplas-
mic tail of ligand-activated receptors at the plasma mem-
brane. Because a small pool of GIV is also seen inside the
nucleus (3), it is possible that GIV could interact with STAT3
inside the nucleus. Whether such STAT3-GIV interaction
occurs and whether such interaction directly enhances
STAT3 dimerization and/or DNA binding and transcrip-
tional activity of STAT3 remain to be tested. Regardless, our
study has identified a positive feedback mechanism that
facilitates persistent STAT3 activation frequently observed
in healing wounds and invading cancers (64, 65) at least in
the setting where GIV-dependent growth factor signaling,
which is crucial for cancer progression as well as during
wound healing, is the driving force.

In conclusion, our discovery that STAT3 up-regulates GIV
transcription and that GIV in turn enhances STAT3 activation
via its GEF function provides evidence for and mechanistic
insights into how STAT3 activation is directly integrated with
the RTK-GIV-G protein signaling axis. The forward feedback
regulation we describe here between GIV and STAT3 may have
profound biological and therapeutic implications for cancer
and epithelial regeneration/repair.
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