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The cortactin oncoprotein is frequently overexpressed in head and neck squamous cell carcinoma (HNSCC),
often due to amplification of the encoding gene (CTTN). While cortactin overexpression enhances invasive
potential, recent research indicates that it also promotes cell proliferation, but how cortactin regulates the cell
cycle machinery is unclear. In this article we report that stable short hairpin RNA-mediated cortactin
knockdown in the 11q13-amplified cell line FaDu led to increased expression of the Cip/Kip cyclin-dependent
kinase inhibitors (CDKIs) p21WVAFVCiPl 527KiPl and p57%iP2 and inhibition of S-phase entry. These effects
were associated with increased binding of p21"VA¥V/CP! apnd p27%®! to cyclin D1- and El-containing complexes
and decreased retinoblastoma protein phosphorylation. Cortactin regulated expression of p21"VAFV/<P! and
p27%iP! at the transcriptional and posttranscriptional levels, respectively. The direct roles of p21"VAFVCirl)
p27%P! and p57%'** downstream of cortactin were confirmed by the transient knockdown of each CDKI by
specific small interfering RNAs, which led to partial rescue of cell cycle progression. Interestingly, FaDu cells
with reduced cortactin levels also exhibited a significant diminution in RhoA expression and activity, together
with decreased expression of Skp2, a critical component of the SCF ubiquitin ligase that targets p27<*' and
p57%®2 for degradation. Transient knockdown of RhoA in FaDu cells decreased expression of Skp2, enhanced
the level of Cip/Kip CDKIs, and attenuated S-phase entry. These findings identify a novel mechanism for
regulation of proliferation in 11q13-amplified HNSCC cells, in which overexpressed cortactin acts via RhoA to
decrease expression of Cip/Kip CDKIs, and highlight Skp2 as a downstream effector for RhoA in this process.

Cortactin is an F-actin binding protein involved in a variety
of cellular processes, including endocytosis, vesicle trafficking,
and the formation of cellular protrusions such as lamellipodia
(14). In order to mediate these functions, cortactin interacts
with a variety of proteins depending on the cell type and
subcellular compartment, and this is achieved via distinct bind-
ing domains located within the cortactin molecule. The N
terminus of cortactin harbors an acidic region that represents
the interaction site for the actin-polymerizing Arp2/Arp3 com-
plex, and this is followed by a repeat region containing the
F-actin binding site. A Src homology 3 (SH3) domain located
at the C terminus of cortactin recruits diverse proteins, includ-
ing components of the endocytosis machinery (e.g., CD2AP
and dynamin) and regulators of Rho family GTPases (e.g.,
BPGAP1 and Fgdl) and actin polymerization (e.g., N-WASP),
while an adjacent proline-rich region contains phosphorylation
sites for Src family kinases (14).

The cortactin gene (CTTN) is located at chromosome band
11q13, a region that is commonly amplified in many human
malignancies, particularly breast, ovarian, and bladder cancers
and head and neck squamous cell carcinoma (HNSCC) (43).
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Several genes lie within this chromosomal region and are over-
expressed upon its amplification. However, of these genes, the
amplification of cyclin D1 (CCNDI) and CTTN is most fre-
quently associated with poor clinical outcomes such as de-
creased patient survival and increased metastasis (34, 43).
Chromosomal mapping of the 11q13 locus has revealed four
distinct regions that can be individually or coordinately ampli-
fied (12, 20, 34). Within this locus, CCNDI and CTTN are
located on different amplicons, and independent amplification
of these genes has been demonstrated (34). In HNSCC, a
tumor type in which 11q13 amplification occurs at the rela-
tively high frequency of ~30% (43), CTTN amplification has
been identified as an independent predictor of reduced dis-
ease-specific survival while CCNDI amplification is not prog-
nostic in this tumor type (16, 18, 38, 39). This strongly suggests
that cortactin overexpression can act independently to pro-
mote tumor progression in cases of HNSCC.

Due to the ability of cortactin to promote actin polymeriza-
tion, many previous studies on cancer cells have focused on the
role of cortactin in promoting cell motility and invasion (35, 40,
54), effects mediated by increased lamellipodial persistence
(5), invadopodia formation (4), and protease secretion (10,
11). In agreement with this, cortactin overexpression has been
correlated with enhanced lymph node metastasis in clinical
studies (28, 30, 40) and increased metastasis in experimental
models (30).

While the ability of cortactin overexpression to increase mi-
gratory capacity is well established, this does not account for
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the presence of CTTN amplification in primary tumors nor for
the positive effect of cortactin on tumor growth in xenograft
models (9, 30), indicating a proliferative or survival advantage
for cortactin-overexpressing cells. The mechanisms behind this
selective advantage have not been completely elucidated al-
though we recently demonstrated that cortactin overexpression
attenuates ligand-induced epidermal growth factor receptor
(EGFR) degradation, leading to increased mitogenic signaling
(48, 49). Additionally, a recent study involving the modulation
of cortactin in HNSCC cell lines suggested that cortactin may
influence proliferation by increasing autocrine growth factor
secretion (9).

Deregulation of cell cycle control mechanisms leading to
unrestrained proliferation is a hallmark of cancer. Progression
through different stages of the mammalian cell cycle is con-
trolled by specific cyclin/cyclin-dependent kinase (Cdk) com-
plexes, which in turn are regulated by a variety of processes
including changes in cyclin abundance, posttranslational mod-
ification including phosphorylation, and association with Cdk
inhibitors (CDKIs) (6). During G, phase the major cyclin/Cdk
complexes are cyclin D1/Cdk4 and cyclin E/Cdk2, and these
phosphorylate the retinoblastoma gene product, Rb, to pro-
mote progression from G, to S phase. Two families of CDKIs
regulate the assembly and/or activity of cyclin D1/Cdk4 and
cyclin E/Cdk2 complexes: the Cip/Kip family (p21WVAFV<ipl
p27%iPl and p57%iP?), which act on both complexes, and the
INK4 family, which exhibits selectivity for Cdk4 over Cdk2.
Cip/Kip CDKIs are potent inhibitors of cyclin E/Cdk2 com-
plexes but have a dual function toward cyclin D1/Cdk4 com-
plexes, acting as assembly factors or inhibitors at low and high
concentrations, respectively (8, 25). The activity of G, cyclin/
Cdk complexes is regulated by a variety of signaling pathways,
including those emanating from activated growth factor recep-
tors and Rho family GTPases. For example, Ras/Erk signaling
positively regulates cyclin D1 transcription, while RhoA acti-
vation increases expression of the F-box protein Skp2 that
functions in combination with the Skpl-Cullin—-F-box protein
(SCF) E3 ubiquitin protein ligase to promote proteasomal
degradation of p27%'P! (56).

Surprisingly, despite several studies demonstrating that high
cortactin levels promote mitogenic signaling and/or cancer cell
proliferation (9, 30, 48, 49), how cortactin overexpression af-
fects the cell cycle machinery has not been characterized. We
have now addressed this question and, in doing so, have iden-
tified a novel mechanism linking cortactin overexpression to
deregulation of Cip/Kip family CDKIs. This mechanism pro-
vides new insights into how cortactin promotes proliferation in
11q13-amplified HNSCC cells.

MATERIALS AND METHODS

Plasmids. The pSIREN-RetroQ-ZsGreen (Clontech) constructs containing
short hairpin RNA (shRNA) targeting cortactin and green fluorescent protein
([GFP] negative control) were constructed by the ligation of synthesized oligo-
nucleotides into the BamHI and EcoRI sites of pSIREN. The DNA sequences
used for construction of the oligonucleotides to create cortactin-targeting
shRNA were based on small interfering RNA (siRNA) previously used to knock
down cortactin expression in HNSCC cell lines (49). The following oligonucle-
otides were used: sShRNA 1, GATCCAAGCTGAGGGAGAATGTCTTTTCA
AGAGAAAGACATTCTCCCTCAGCTTTTTTTTACGCGTG; shRNA 2,
GATCCGACTGGTTTTGGAGGCAAATTTTCAAGAGAAATTTGCCTCCA
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AAACCAGTCTTTTTTACGCGTG; and negative-control sequence targeting
GFP (Ambion 4626).

The wild-type and 3YF mutant myc-tagged murine cortactin genes were PCR
amplified from plasmids kindly donated by X. Zhan (19) using the following
primers: a, AATTCCGCGGATGGAACAAAAGCTTATTTCTGAAGAAGA;
b, TAGGATCCCTACTGCCGCAGCTCCACATAGTT. The resulting PCR
products were purified using the Wizard PCR cleanup system (Promega) and
cloned into the SacIl and BamHI restriction sites of pRetroX-IRES-DsRed
Express vector (Clontech). Site-directed mutagenesis was performed using a
QuikChange site-directed mutagenesis kit (Stratagene), according to the manu-
facturer’s instructions. A stop codon was introduced into the wild-type murine
cortactin gene at residue 496 to produce the ASH3 mutant (19), using the
following primers: a, GCATCACAGCCATCGCCTAGTATGACTACCAGG
CTG; b, CAGCCTGGTAGTCATACTAGGCGATGGCTGTGATGC.

Antibodies and reagents. The cortactin monoclonal 4F11 antibody was pur-
chased from Upstate Biotechnologies, Inc. Antibodies against phosphorylated
Akt (T308 and S473), Erk (T202/Y204), Rb (S780), and myosin light chain 2
(IMLC2] T18/S19), as well as antibodies against total Akt, Erk, RhoA, Skp2, and
MLC2 were from Cell Signaling Technology. p57%iP? (C-20), cyclin E1 mono-
clonal (HE12), and cyclin E1 (C-19) polyclonal antibodies were purchased from
Santa Cruz Biotechnology. The cyclin D1 (AB-3) polyclonal antibody was from
Neomarkers while the cyclin D1 monoclonal antibody (DCS6) was from Nova-
castra. Monoclonal antibodies against p21WAFVCiPL (610233), p275iPt (610241),
and total Rb were from BD Transduction Laboratories. The 3-actin monoclonal
antibody (AC-15) was purchased from Sigma.

Aphidicolin, hydroxyurea, and phleomycin were purchased from Calbiochem.
The Akt inhibitor Akti-1/2 was a gift from Peter Shepherd (Auckland, New
Zealand). ROCK inhibitor Y27632 was purchased from Merck.

Tissue culture and generation of stable cell lines. The FaDu HNSCC line was
maintained as previously described (48, 49). HEK293 cells were maintained in
minimal essential medium (Gibco) supplemented with 10% fetal calf serum
(FCS), penicillin (50 units/ml), and streptomycin (50 wg/ml). For the production
of stable cell lines, Phoenix cells were transfected with pSIREN or pRetroX
constructs using Polyfect (Qiagen Pty., Ltd), according to the manufacturer’s
instructions. Viral supernatants were collected 48 h later and filtered through
20-pm-pore-size filter caps (Millipore), and 8 pg/ml of Polybrene was added.
FaDu cells were transiently transfected with pQCXIN_EcoR, and 48 h later the
medium was removed and replaced with viral supernatants. Positive cells were
selected by cell sorting on a fluorescence-activated cell sorter (FACS) Vantage
instrument (Becton Dickinson), based on the bicistronic expression of ZsGreen
or DsRed.

Cell lysis, immunoprecipitation, and immunoblotting. Cell lysates were pre-
pared using 1% Triton-X lysis buffer containing 10 pg/ml aprotinin, 10 pg/ml
leupeptin, 1 mM sodium orthovanadate, and 1 mM phenylmethylsulfonyl fluo-
ride. Immunoprecipitations were performed by overnight incubation with 25 ul
of protein G-Sepharose, 2 to 5 ug of primary antibody, and 200 to 500 pg of
lysate. For GTPase activity assays, cell lysates were collected in a high-magne-
sium lysis buffer (25 mM HEPES, 150 mM NaCl, 1% NP-40, 0.25% sodium
deoxycholate, 10% glycerol, 25 mM NaF, 10 mM MgCl,, 1 mM EDTA). GTP-
bound RhoA was isolated from 100 to 200 ug of lysate using Rhotekin receptor
binding domain—glutathione S-transferase (RBD-GST) beads (Cytoskeleton,
Denver, CO), according to the manufacturer’s instructions. GTP-bound Rac and
Cdc42 were isolated from 200 pg of lysate using GST—p21-activated kinase
(PAK) Sepharose, as previously described (15).

For immunoblotting, all antibodies were used at a 1:1,000 dilution in Tris-
buffered saline (TBS)-1% bovine serum albumin (BSA)-0.02% sodium azide,
except for the 4F11 cortactin monoclonal antibody (1:3,000) and the AC-15 actin
monoclonal antibody (1:50,000). Relevant anti-mouse and anti-rabbit horserad-
ish peroxidase (HRP)-conjugated secondary antibodies (Amersham) were used
at 1:5,000 in TBS-0.1% Tween 20-5% skim milk powder.

Colony-forming assays. These were undertaken essentially as previously de-
scribed (49). Briefly, 1,000 cells were seeded into the wells of a six-well plate and
allowed to grow for 10 days. Resulting colonies were fixed and stained using
Diff-Quick (Lab Aids), and colony size and number were determined using the
particle analysis function of ImageJ software (version 1.37).

Cell cycle analysis. For synchronization of cells in G, phase, FaDu pSIREN
cells were seeded into six-well plates at 2 X 10° cells/well and incubated for 24 h.
The cells were then serum starved for 48 h, followed by the addition of hydroxy-
urea (2 mM) in serum-free medium for a further 24 h. The cells were released
from this block by washing with phosphate-buffered saline (PBS) and the addi-
tion of complete medium containing 10% FCS for the time periods indicated in
the relevant figures. Cell cycle distribution analysis was undertaken by flow
cytometry on a FACS Canto I instrument (Becton Dickinson), using either
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propidium iodide or bromodeoxyuridine (BrdU)-propidium iodide (PI) staining,
as previously described (32, 46). Data analysis was performed using WinMDI
(version 2.9).

siRNA treatment. Small interfering RNA (siRNA) targeting p21WAFV/cipt
(siRNA s415; Ambion Silencer Select), p27¥P! (siRNA s2838; Ambion Silencer
Select), pS7%iP2 (siRNA 5230039; Ambion Silencer Select,), and RhoA (siRNA
1 511099 and siRNA 2 s11100; Ambion Silencer Select) were used at the com-
mencement of the serum starvation step of the synchronization procedure. Neg-
ative control for Ambion Silencer Select siRNAs was negative-control 2 siRNA
(4390846). Briefly, 2.5 pl of Lipofectamine 2000 was added to 250 ul of Opti-
Mem and incubated at room temperature for 5 min. A separate tube was
prepared containing 250 wl OptiMem and the necessary amount of siRNA for a
final concentration of 10 nM, and this was also incubated at room temperature
for 5 min. The two solutions were then combined and incubated at room tem-
perature for a further 20 min. Following this, the 500-p] siRNA-Lipofectamine
2000 mixture was added, in a dropwise fashion, to cells undergoing serum
starvation in 1.5 ml of serum-free medium.

qPCR analysis. Quantitative PCR (qPCR) analysis was performed on mRNA
extracted from synchronized and released FaDu pSIREN cells to determine the
mRNA levels of p21WAFVCiPL 5o7KiPL - or RhoA genes (CDKN1A4, CDKNIB,
and RHOA, respectively). mRNA was extracted using an AnalytikJena
innuPREP RNA Mini Kit according to the manufacturer’s instructions. Reverse
transcription was performed with a Reverse Transcription System (Promega)
according to the manufacturer’s instructions, and the resulting cDNA was diluted
1:8. Quantitative reverse transcription-PCR (qRT-PCR) was performed on an
Applied Biosystems ABI 7900 qPCR machine (absolute quantification setting)
using TagMan Gene Expression Assays, also from Applied Biosystems. Each
reaction mixture contained 4.5 pl of cDNA, 5 pl of TagMan Universal PCR
Master Mix, and 0.5 pl of the Gene Expression Assay (for p21WAFVCipl
Hs00355782_m1; p27%iP!, Hs00153277_m1; RhoA, Hs00236938_m1; ribosomal
large protein [RPLPO], 4326314E; glyceraldehyde-3-phosphate dehydrogenase
[GAPDH], 4326317E). Reaction mixtures were prepared in triplicate using an
EpMotion 5070 system (Eppendorf). Standard curves were constructed for each
TagMan probe using a serial dilution of 1 in 10, and data were analyzed through
the 272427 (where C is threshold cycle) method, corrected for the efficiency of
each TagMan probe and normalized to the RPLPO or GAPDH housekeeping
gene.

Cortactin overexpression in HEK293 cells. The pRetroX vector containing
human cortactin cDNA was transfected into HEK293 cells using Polyfect
(Qiagen Pty Ltd), according to the manufacturer’s instructions. After 48 h, four
populations of increasing cortactin expression were selected by cell sorting on a
FACS Vantage instrument (Becton Dickinson), based on the bicistronic expres-
sion of DsRed. A control population was obtained by transfection with the empty
pRetroX vector and collection across all four sorting gates. Following sorting, the
cells were replated at a density of 5 X 10° cells/6-cm dish for a further 48 h before
harvesting.

RESULTS

Cortactin promotes G,-to-S-phase cell cycle progression in
11q13-amplified HNSCC cells. We have previously demon-
strated that the transient knockdown of cortactin in HNSCC
cell lines overexpressing this protein results in a decreased
S-phase population and a reduction in cell proliferation (49).
In order to interrogate the mechanism underpinning this ef-
fect, we established a model system in which cortactin was
stably knocked down in the 11q13-amplified cell line FaDu by
retrovirus-mediated expression of shRNA targeted to human
cortactin. This resulted in an ~80% reduction in cortactin
expression (Fig. 1a), producing expression levels comparable
to the expression level of the HNSCC cell line Scc9, which
lacks 11q13 amplification (49). Additionally, we reexpressed
murine cortactin, which is resistant to the human-specific
cortactin shRNA, in this knockdown cell line to provide a
robust control (Fig. 1a). In accordance with our previous find-
ings, cortactin knockdown induced a significant decrease in the
S-phase population of asynchronous cells, which was rescued
upon the reexpression of murine cortactin (Fig. 1b).
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To facilitate characterization of the mechanism whereby
cortactin regulates cell cycle progression, we synchronized cells
in G, phase. In FaDu cells serum starvation alone led to only
partial synchrony, and therefore cells were synchronized in G,
phase by a combination of serum starvation and hydroxyurea
treatment (Fig. 1c) (53). Upon release from this G, block into
medium containing serum but lacking hydroxyurea, bromode-
oxyuridine (BrdU) incorporation was used to quantify the per-
centage of cells that had entered S phase after 6 h (Fig. 1c).
Under these conditions, a ~50% reduction in S-phase popu-
lation was observed for the cortactin knockdown cells, which
was completely rescued by the reexpression of murine cortac-
tin (Fig. 1c and d).

Cortactin knockdown modulates expression of key regula-
tors of G,-to-S-phase progression. Using this synchronization
model, we sought to analyze the levels of regulatory proteins
known to be involved in the G,/S-phase progression, namely,
cyclins D1 and E1 and the CDKIs p21WAFVCP! and p27%ip!
(Fig. 2). Also, to further reinforce the specificity of our
cortactin-targeting shRNA, we utilized an additional FaDu cell
line expressing a second shRNA which displayed a similar level
of cortactin knockdown (Fig. 2a). Western blotting of lysates
revealed that p21WVAF/CiP! expression was low in synchronized
control cells and increased ~5-fold at both 2 and 6 h following
release. However, while p21WVAFYCP! Jevels in synchronized
cortactin knockdown cells were slightly higher than those in
the control line, the fold induction of p21WAFY<PL ypon re-
lease was approximately two times higher than that of the
control at the 2-h time point and ~3-fold higher at 6 h (Fig. 2a
and b). The levels of p27%P! were elevated ~3.5-fold in syn-
chronized cortactin knockdown cells over control cells and
decreased slightly upon release (Fig. 2a and b). Cyclin D1
expression was ~3- to 4-fold higher in cortactin knockdown
cells at each time point, which was statistically significant at the
2- and 6-h time points, while the levels of cyclin E1 were not
significantly different at any time point (Fig. 2a and b).

Confirmation of the role of cortactin in modulating the lev-
els of these regulatory proteins was provided by their complete
reversion to control levels upon the reexpression of murine
cortactin within cortactin knockdown cells (Fig. 2¢). Further-
more, the same pattern of increased p21WVATYCP! p27XiP! and
cyclin D1 expression and of an inhibition of S-phase entry from
G, synchronization was observed in FaDu cells treated with
cortactin siRNA in a transient fashion (see Fig. S1 in the
supplemental material), confirming that this effect was not an
artifact arising from the construction of a stable cortactin
knockdown cell line.

A potential caveat to the approach of cell synchronization
using agents such as hydroxyurea is the induction of double-
stranded DNA breaks (52) and the associated activation of
DNA repair mechanisms, which can result in the upregulation
of p21WAFVCiP! yia p53 transactivation (37). Within this model
system, an increase in ATM/ATR substrate phosphorylation
and p53 phosphorylation was observed upon hydroxyurea
treatment; however, this did not result in an increase in
p21WAFVCiPT expression (see Fig. S2 in the supplemental ma-
terial), presumably due to the inactive version of p53 expressed
by FaDu cells (23). In agreement with this, treatment with the
DNA damage-inducing agent phleomycin induced p53 phos-
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FIG. 1. Stable cortactin knockdown in 11ql13-amplified HNSCC cells decreases S-phase population. (a) Western blot analysis of cortactin
expression in cortactin knockdown cells and in cells reconstituted with shRNA-resistant myc-tagged murine cortactin (mCortactin). (b) The effect
of cortactin knockdown on the S-phase population in asynchronous cells. Following a 2-h pulse with BrdU, cell cycle analysis was performed using
anti-BrdU and propidium iodide staining and flow cytometry. Data represent mean * standard error from three independent experiments. *, P <
0.05. (c) The effect of cortactin knockdown on cell cycle progression following a G,/G1 phase block. FaDu cells were synchronized into G, phase
by serum starvation and hydroxyurea treatment and then released into complete medium for 6 h, with the addition of BrdU for the final 2 h.
Representative data for BrdU uptake and PI staining are shown. (d) Effect of cortactin knockdown on S-phase entry for synchronized cells. The
histogram indicates the S-phase population from experiments outlined in panel C. Data represent the mean * standard error from three

independent experiments. *, P < 0.05.

phorylation, also without any subsequent increase in p21WAFV<ip!
expression (see Fig. S2).

To confirm that the effects of cortactin knockdown were not
restricted to this model system, we synchronized cells using the
DNA polymerase inhibitor, aphidicolin. Again, cortactin
knockdown resulted in a significant reduction in S-phase entry
following release (data not shown). Furthermore, asynchro-
nous cells also displayed significantly increased levels of
p21IWAFVCIPT 52 7KiP "and cyclin D1 expression upon cortactin
knockdown (Fig. 3a and b), confirming that these are re-
sponses to cortactin knockdown rather than an artifact of cell

synchronization using hydroxyurea. Of note, cortactin knock-
down with either shRNA construct resulted in decreased pro-
liferation in colony-forming assays, with both lines displaying a
30 to 40% reduction in colony size (Fig. 3C), while no variation
in colony number was observed (data not shown).
Determination of the functional roles of p21WA¥/Cir1 and
p27%"*! in cortactin-regulated cell cycle progression. To estab-
lish a direct link between the increased levels of p21WVAFY<ipl
p27%""! and the inhibition of S-phase progression in cortactin
knockdown cells, we first sought to confirm that the enhanced
expression of these CDKIs resulted in an increased interaction
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FIG. 2. The effect of cortactin knockdown on key cell cycle regulators.
(A) Western blot analysis of specific cyclins and CDKIs. FaDu control and
cortactin knockdown cells were synchronized into G, phase by serum
starvation and hydroxyurea treatment and then released into complete
medium for the time periods indicated. The expression of the indicated
proteins was then analyzed by Western blotting. (B) Quantification of
Western blotting results. Data were normalized using actin as a loading
control and then expressed relative to the value for control cells, which
was arbitrarily set at 100%. Data represent the mean * standard error
from three independent experiments. *, P < 0.05. (C) Expression of
murine cortactin reverses the effect of human cortactin knockdown. Cells
were treated and analyzed as in panel A. Data shown are representative
of at least three independent experiments. HU, hydroxyurea.
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chronous cells, and cell proliferation. (A) Western blot analysis of the
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cortactin knockdown cells. (B) Quantification of Western blotting re-
sults. Data were analyzed as described in the legend to Fig. 2 and are
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effect of cortactin knockdown on colony formation. Stained colonies
were scanned and analyzed for colony number and size. Data shown
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cells.x, P < 0.05.

with particular cyclin/Cdk complexes. Coimmunoprecipitation
of p21WAFVCIPL and p27%P! with both cyclin D1 and cyclin E1
confirmed that the observed elevation in expression of these
CDKIs resulted in a significant increase in their complex for-
mation with these cyclins (Fig. 4a and b). This was observed
even when the interaction with cyclin D1 was normalized for its
increased expression in cortactin knockdown cells (Fig. 4b). As
a further measure of G, cyclin/Cdk activity, we measured the
phosphorylation state of the retinoblastoma protein (Rb), a
critical regulator of G,/S-phase progression. Accordingly, in
cortactin knockdown cells there was an increase in the hypo-
phosphorylated form of Rb, evident as a higher mobility band
in Western blots of total Rb protein, and decreased phosphor-
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ylation at a Rb residue (Ser780) targeted by specific Cdk com- cific siRNA pools from a separate manufacturer (data not

plexes.

To determine whether the increased expression of p21WAF!/Cip!
and p27%"P! in cortactin knockdown cells contributed to the
observed decrease in S-phase progression, transient knock-
down of p21WAFVCiPL and p27%iP! alone and in combination,
was undertaken. This reduced expression of these CDKIs to
levels similar to those in control cells (Fig. 4d) and partially
rescued S-phase entry (Fig. 4d and e), demonstrating that
increased expression of these CDKIs contributes to the in-
hibition of G,/S-phase progression. These results obtained
for the transient knockdown of p21WAFVCiPL and p27%ip!
were also replicated with a separate set of control and spe-

shown).

The combined knockdown of both p21WAFVCP! and p27%iP!
was more effective than knockdown of either alone but did not
completely rescue the defect induced by cortactin knockdown
(Fig. 4d and e), and therefore the role of p57%iP? was also
investigated. p57%'*? is a relative of p27<"®', and their expres-
sion levels are often regulated in the same manner (21, 36).
Accordingly, p57¥P? was also upregulated in cortactin knock-
down cells (Fig. 5a). Furthermore, transient knockdown of
p57%iP? partially rescued S-phase entry (Fig. 5).

Interestingly, the knockdown of each individual CDKI also
reduced the expression of cyclin D1 back to levels approaching
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those observed in control cells (Fig. 4d and 5a), suggesting that
the increase in cyclin D1 levels is secondary to the increase in
CDKI expression. Taken together, these findings indicate that
the elevated CDKI expression induced by cortactin knockdown
in HNSCC cells is responsible for the decrease in S-phase
entry, due to their increased inhibition of the cell cycle ma-
chinery.

p21WAFVCiPL and p27%P! protein levels can be regulated by
both transcriptional and posttranscriptional mechanisms (1).
In order to determine which mechanism was responsible for
the elevated levels of these proteins following cortactin knock-
down, we assayed levels of their encoding mRNA transcripts
via quantitative RT-PCR (Fig. 6). Analysis of p21WAF/<ipl
mRNA levels during release from G,-phase synchronization
revealed a progressive increase in p21WAFYCPL mRNA, which
was further elevated in the cortactin knockdown cells and
became significantly different from the control at the 6-h time
point (Fig. 6a). This enhancement was comparable in magni-
tude to the increase in p21WAFYCP! protein levels, suggesting
that the modulation of p21WAFYCiP! expression by cortactin
was occurring at a transcriptional level. Conversely, the levels
of p27%P1 mRNA remained relatively constant following re-
lease and were not significantly different between cortactin
knockdown and control cells at any of the time points analyzed
(Fig. 6b), suggesting that regulation of p27%P! by cortactin was
at the posttranscriptional level.

Cortactin regulates CDKI expression via modulation of
RhoA signaling. In order to determine the signaling path-
way(s) responsible for mediating the effects of cortactin knock-
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FIG. 6. Effect of cortactin knockdown on p21WVAFVCPL gnd p27Kie!
mRNA levels. FaDu control and cortactin knockdown cells were syn-
chronized into G, phase by serum starvation and hydroxyurea (HU)
treatment and then released into complete medium for the time peri-
ods indicated. Following this, mRNA was extracted from the cells, and
qRT-PCR was performed to determine the relative amounts of
p21WAFICiPL (A) and p27%iP! (B) mRNA in each sample, as described
in Materials and Methods. Normalized data are expressed relative to
the value for control cells at 0 h, which is arbitrarily set at 100%. Data
represent the mean * standard error of three independent experi-
ments. *, P < 0.05.

down on expression of the Cip/Kip family of inhibitors, we
analyzed pathways known to be important in either the tran-
scriptional or posttranscriptional control of these CDKIs. Pre-
viously, we reported that transient knockdown of cortactin in
serum-supplemented FaDu cells led to decreased activation of
Erk and Akt (49). However, in our synchronization model,
stable cortactin knockdown affected only Akt activity, as evi-
dent by lower levels of phosphorylation on S473 and T308 (Fig.
7a). In order to determine the contribution of Akt signaling to
regulation of p21WAFYCiPl and p27%P! we treated control
cells with a selective pharmacological inhibitor of Akt, Akti-1/2
(3). Administration of the inhibitor markedly decreased Akt
activation but did not alter expression of p21WAFVCiPL of
p27¥iP! (Fig. 7b). Consequently, the observed modulation of
Akt activity by cortactin cannot, by itself, explain the effects on
p21WAFVCRT and p27%iP! Jevels.

Several studies have implicated RhoA in regulation of G,/S
progression via modulation of p21WAFVCIPL o p27KiPL expres-
sion (56). Interestingly, in our model, the stable knockdown of
cortactin in FaDu cells resulted in a 40 to 60% reduction in
RhoA expression while there was no alteration in the expres-
sion of the other Rho family members Cdc42 or Rac (Fig. 8a).
This decrease in RhoA protein level in cortactin knockdown
cells was not accompanied by changes in the levels of the



5064 CROUCHER ET AL.

MoL. CELL. BIOL.

a Control Cortactin ShRNA#1 b Control
HU Release (h) - 0 4 8 12 16 20 - 0 4 12 16 20 HU Release (h) 02 6 0 2 6
-+ o+ o+
- o Akti (1 uM)
Cortactin - L L L T T - (1u
: > Cortactin LA L L A L J
pAkt (T308) - ORI . e —
: — . pAKt(S473) - e
pAkt (S473) _”éﬁc---~qp---
- - -
Akt - —————————————— Akt oo
- —— - o — - p27Kipt e weaa
PERK T T T T T T I T
$
p21WAF1/Cipt
ERK geE=EEEEgsseeeee

FIG. 7. Determination of the role of Erk and Akt signaling in regulation of p21WAF/CiPl and p275iP! expression. (A) Western blot analysis of
pathway activation. FaDu control and cortactin knockdown cells were synchronized into G, phase by serum starvation and hydroxyurea (HU)
treatment and then released into complete medium for the time periods indicated. Cell lysates were subjected to Western blotting with the
indicated antibodies. Data shown are representative of at least three independent experiments. (B) Inhibition of Akt does not affect p21WAF/Cip1
and p27%"P! levels. The Akt inhibitor Akti-1/2 (1 wM) was administered during synchronization and release of FaDu control cells. Western blotting
was undertaken as indicated. Data shown are representative of at least three independent experiments.

RhoA mRNA transcript, which did not differ significantly be-
tween control or cortactin knockdown cells at any of the time
points measured (Fig. 8b). The activity of RhoA, when nor-
malized to its total levels, was also decreased by ~40% in
synchronized cortactin knockdown cells while there was no
alteration in the activity of Cdc42 or Rac (Fig. 8c). Both the
expression levels of RhoA and its specific activity were restored
to control levels upon the reexpression of shRNA-resistant
murine cortactin (Fig. 8c).

Cortactin gene knockout fibroblasts do not exhibit altered
RhoA activation (26), indicating that, at normal expression
levels, cortactin does not regulate RhoA. To determine
whether cortactin overexpression affects RhoA activation, we
generated pools of HEK293 cells expressing increasing
amounts of cortactin. Strikingly, a 10- to 50-fold overexpres-
sion of cortactin led to a progressive increase in RhoA activa-
tion, up to a maximum of approximately 2.5-fold (Fig. 8d).
However, this response of RhoA was biphasic, such that in-
creasing cortactin overexpression further led to a gradual de-
crease in RhoA activation back to control levels. Importantly,
direct comparison of the cortactin expression levels in this
experiment with those in control and cortactin knockdown
FaDu cells revealed that the range of expression in the latter
largely corresponds to the region of the dose-response curve
where cortactin overexpression enhances RhoA activation and
is consistent with the decrease in RhoA activation observed in
the cortactin knockdown cells. These data represent the first
demonstration that cortactin overexpression modulates RhoA
activation. However, we note that in the HEK293 system,
RhoA expression levels were not significantly affected upon
cortactin overexpression (Fig. 8d and data not shown). Conse-
quently, this effect of cortactin (Fig. 8a) appears to be more
specific to HNSCC cells.

In order to interrogate the functional role of RhoA in the
FaDu system, we used two different siRNAs (RhoA siRNA 1
and siRNA 2) to transiently reduce expression of RhoA in
synchronized control FaDu cells. Strikingly, transfection of
either siRNA resulted in increased expression of p21WVAFV/Cip1
p27%iPt p57%iP2 and cyclin D1 (Fig. 9a) and inhibited the

ability of the cells to enter S phase (Fig. 9b), mirroring the
effects of cortactin knockdown. Furthermore, a reduction in
either RhoA or cortactin levels resulted in decreased expres-
sion of the F-box protein Skp2 (Fig. 9a), which is known to
function as a vital component of the SCF complex that pro-
motes proteasomal degradation of p27%P! and p57%¥= (7, 21,
45, 50). Consequently, decreased SCF-Skp2-mediated degra-
dation of p27%iP! and p57%iP? likely contributes to the in-
creased expression of these CDKIs in cortactin knockdown
cells, consistent with our observation that cortactin regulates
p27%iP! at the posttranscriptional level (Fig. 6). However, ef-
fects of cortactin/RhoA knockdown on Skp2 expression did not
accurately correlate with changes in p27°iP! or p57%'? levels.
For example, RhoA siRNA 1 exerted a greater effect on these
CDKIs than siRNA 2, despite a similar suppression of Skp2,
and the enhancement of p27%P! and p57%iP? expression re-
flected the degree of RhoA knockdown. Consequently, RhoA
must utilize additional mechanisms for regulating p27<** and
p57%P2 levels in addition to regulating Skp2 expression. In
combination, these data indicate that cortactin overexpression
leads to an enhancement of RhoA signaling that suppresses
expression of Cip/Kip CDKIs and suggest that a cortactin/
RhoA/Skp2 pathway contributes to the effect of cortactin on
p27%iP! and p57¥iP2,

In certain cellular contexts, RhoA can signal through its
effector ROCK to decrease expression of p21WAFVCPL and
p27%iP! (13, 27). We therefore sought to determine the role of
ROCK in our system by treating synchronized control cells
with Y27632, a pharmacological inhibitor of this enzyme. Ad-
ministration of Y27632 decreased the phosphorylation of the
ROCK target MLC2, indicating effective inhibition of ROCK
signaling. However, it did not affect the expression of either
p21WAFVCIPL o n27KIPT (Fig, 9¢), nor did it decrease S-phase
entry (Fig. 9d), indicating that the effects of RhoA on cell cycle
progression in HNSCC do not require ROCK activation and
must involve an alternative RhoA effector pathway.

To further refine the functional link between cortactin and
RhoA activation, we undertook complementation analysis us-
ing two key cortactin mutants (Fig. 10a). In the first mutant
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FIG. 8. RhoA expression and activity are decreased upon cortactin knockdown. (A) Effect of cortactin knockdown on expression of Rho family
GTPases. FaDu control and cortactin knockdown cells were synchronized into G, phase by serum starvation and hydroxyurea (HU) treatment and
then released into complete medium for the time periods indicated. The expression of RhoA, Cdc42, and Rac was determined by Western blotting.
Protein levels were normalized using actin as a loading control and then expressed relative to the level for control cells at 0 h, which was arbitrarily
set at 100%. Data shown represent the mean * standard error of three independent experiments. *, P < 0.05. (B) Effect of cortactin knockdown
on RhoA mRNA levels. mRNA was extracted from FaDu cells treated as described for panel A, and qRT-PCR was performed to determine the
relative amounts of RhoA mRNA in each sample, as described in Materials and Methods. Normalized data are expressed relative to the value for
control cells at 0 h, which is arbitrarily set at 100%. (C) Effect of cortactin knockdown on Rho family GTPase activation. Synchronized FaDu
control, cortactin knockdown, and murine cortactin-reexpressing cells were lysed, and active GTPases were isolated as described in Materials and
Methods. The active and total levels of each GTPase were determined by Western blotting. Activity was normalized relative to the level of total
protein in each cell type and is expressed relative to the level of activity in control cells, which was arbitrarily set at 100%. Data shown represent
the mean = standard error of at least three independent experiments. *, P < 0.05. (D) Effect of increasing cortactin expression on RhoA activation.
GTP-bound RhoA was isolated from cortactin-overexpressing HEK293 cells. Cell lysates were also subjected to Western blotting with the indicated
antibodies. RhoA activation and cortactin expression are expressed relative to empty vector-transfected cells, which are assigned an arbitrary value
of 1.0. Western blotting is representative of three independent experiments, while the graph contains the individual data points from three
experiments due to variations in the cortactin expression obtained between repeat experiments. The comparative levels of cortactin expression in
control (#) and cortactin knockdown (¢ ) FaDu cells are indicated on the x axis.

(3YF), the three major sites of tyrosine phosphorylation are cortactin SH3 domain in promotion of RhoA activation and
mutated to phenylalanine, which blocks phosphotyrosine-de- cell cycle progression and indicate that recruitment of N-ter-
pendent interactions with Src family kinases and Nck (14, 47). minal binding partners is not sufficient for these effects. In
The second mutant (ASH3) lacks the SH3 domain so that it addition, they demonstrate that tyrosine phosphorylation of
does not bind a subset of cortactin interactors (e.g., BPGAP1 cortactin is not required. While not formally defining the exact
and Fgdl) but retains binding of F-actin, Arp2/3, and p120 mechanism for cortactin’s effects on RhoA, these data rule out
catenin (14). Murine cDNAs encoding these mutants but re- certain candidates (e.g., p120 catenin) and implicate one or
sistant to the human cortactin-selective SiRNA were reintro- more targets of the cortactin SH3 domain.

duced into cortactin knockdown cells. Expression of 3YF re-
stored CDKI expression (Fig. 10a), S-phase entry (Fig. 10b),
and RhoA activity (Fig. 10c) to levels similar to those of con-
trol FaDu cells. However, cortactin ASH3 did not affect these Recent evidence indicates that cortactin overexpression pro-
parameters. These data demonstrate a critical role for the motes the proliferation of HNSCC cells (9, 30, 49) although

DISCUSSION



5066 CROUCHER ET AL.

MoL. CELL. BIOL.

o
a 3 b
z
4
ﬁ *
< 1000 M —1
3 5 3 B *
£ E 2 = | —
(&) o (&) (&) 80
siRNA Control  RhoA#1 RhoA#2 Control
HURelease(h) 0 2 6 0 2 6 0 2 6 0 2 £ 60 1
[
7]
Cortactin ——— ———— — 2
o
RhoA - - ———— - » 40
Skp2 - WS o - - - 5
p57Kip2 - !..é-----
p27Kip1 ——— e G D e
0 -
: - an - -
p21 ATt - ' Stable shRNA:  Control Control Control  #2
Cyclin D1 - - — - -
: Transient siRNA: Control RhoA RhoA Control
B-actin —_—— e — e —— —— #1 #2
C B ey
d 80
Cortactin
Control ShRNA#2
HU Release (h) 0 26 026 0260 26 60
Rock Inhibitor (uM) - - - 1 1 1 10 10 10 - - q r
Cortactin —-———m e — — 2 40
& . o
p27et - G - - 3,
21 WAF1/Cip1
p - - - - . - 20
pMLC2 -
MLC2 T G . . —— v — = -
0 T \

Actin — ———————————

Stable shRNA: Control Control Control ~ #2

Rock Inhibitor: - 1uM 10 uM -

FIG. 9. Determination of the role of RhoA/ROCK signaling in regulation of Cip/Kip CDKIs. (A) Effect of RhoA knockdown on expression
of cell cycle regulators. siRNA against RhoA (10 nM) was applied to control cells during the serum starvation step of the synchronization
procedure. Following synchronization, cells were released for the time periods indicated. Western blotting was undertaken as indicated. Data
shown are representative of at least three independent experiments. (B) Effect of RhoA knockdown on cell cycle progression. Entry into S phase
after a 6-h release was determined by uptake of BrdU during a 2-h pulse. The incorporation of BrdU was measured by flow cytometry. Data shown
represent the mean = standard error of three independent experiments. *, P < 0.05. (C) Effect of ROCK inhibition on expression of p21WAF/Cipt
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the underlying mechanisms require further clarification. In
particular, how cortactin overexpression impacts upon cell cy-
cle regulation has not been addressed. In the manuscript we
demonstrate that in 11ql13-amplified HNSCC cells, cortactin
promotes cell cycle progression by downregulating expression
of p2IWAFVCIPL 57KIP and p57%iP2, In addition, we report
that in these cells, enhancement of RhoA signaling represents
a key mechanism whereby cortactin modulates the levels of
Cip/Kip CDKIs. These findings provide important insights into
the oncogenic role of cortactin and lend further support to our
hypothesis that the selective pressure for CTTN amplification

in primary tumors is its ability to enhance cancer cell prolifer-
ation.

FaDu cells with stable cortactin knockdown exhibited
marked increases in the expression of p21WVAFV/CiPl po7Kipl
and p57%P2 This represents the first demonstration that
cortactin can modulate the expression of Cip/Kip CDKIs. Con-
sistent with a functional role for these CDKIs in mediating the
effects of cortactin knockdown, enhanced CDKI expression
was associated with increased coimmunoprecipitation of
p21WAFVCIPT and p27%iP! with cyclin D1 and cyclin E1 and Rb
hypophosphorylation. Direct evidence that these CDKIs atten-
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FIG. 10. The cortactin SH3 domain is required for cortactin to promote S-phase entry and RhoA activation. (A) FaDu control and cortactin
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versions, were synchronized into G, phase by serum starvation and hydroxyurea (HU) treatment and then released into complete medium for the
time periods indicated. Expression of the indicated proteins was then analyzed by Western blotting. Data shown are representative of three
independent experiments. (B) Effect of cortactin mutants on cell cycle progression. Entry into S phase after a 6-h release was determined by uptake
of BrdU during a 2-h pulse. The incorporation of BrdU was measured by flow cytometry. Data shown represent the mean * standard error of three
independent experiments. **, P < 0.01. (C) Cortactin lacking the SH3 domain does not rescue RhoA activity. Active RhoA was isolated from
synchronized cells using Rhotekin RBD-GST beads. Active and total levels of RhoA were then determined by Western blotting. Activity was
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uate cell cycle progression in cortactin knockdown cells was
obtained by manipulating their expression. Individual knock-
down of p21WAFVCEP!  5o7KiPl and p57%iP? resulted in a par-
tial rescue of cell cycle progression in cortactin knockdown
cells, and although we were unable to achieve effective knock-
down of all three CDKIs simultaneously, reducing the expres-
sion of p21WAFVCIPL 4nd p275%P! in combination resulted in a
further enhancement of S-phase entry. While the degree of cell
cycle progression obtained with this dual knockdown was still
less than that of control cells, the residual defect in S-phase
entry was comparable to that reversible by p57%P? knockdown.
These data indicate that p21WVAFY<iPL and p27%P! do not play
redundant roles and strongly suggest that the effect of cortactin
knockdown on cell cycle progression requires upregulation of
all three CDKIs.

In contrast to our data regarding CDKI expression, the

increase in cyclin D1 expression observed upon cortactin
knockdown initially seems counter-intuitive as the role of cy-
clin D1 in promoting the G,/S transition is well characterized
(6). Additionally, the possibility of Cip/Kip CDKIs acting as
assembly factors for cyclin D1/Cdk4 complexes at low concen-
trations (25) further complicates the interpretation of this
data. However, both total Rb phosphorylation and specific
phosphorylation at Ser780, a residue targeted by cyclin D1-
dependent CDKs (24), were reduced by cortactin knockdown,
arguing that the increased levels of cyclin D1 did not result in
an increase in associated Cdk activity. This suggests that within
our model of cortactin knockdown, the levels of p21WVAFVCip1
p27%P! and p57%P? are high enough to act as inhibitors of
cyclin D1/Cdk activity. It is therefore likely that this increase
in cyclin D1 levels reflects a nuclear accumulation of inactive
cyclin D1/Cdk/CDKI complexes that have escaped proteaso-
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mal degradation. This theory is supported by previous studies
demonstrating the ability of p21WAFVCiPL p7KiPL and p57¥Kie2
to direct cyclin D1 accumulation in the nucleus (25); the in-
creased stability of cyclin D1 in the presence of p21WAFY<ipt
and p27%"P! (8); and the refractory nature of nuclear cyclin
D1/p21WAFVCiPL complexes toward proteasomal degradation
(2). Furthermore, the reversion of cyclin D1 expression toward
control levels upon transient p21WAFVCPL po7KiPl | op p57KiP2
knockdown in cells with reduced cortactin expression (Fig. 6)
highlights their ability to stabilize cyclin D1 in our model.

Several lines of evidence support a role for RhoA in medi-
ating the effect of cortactin on cell cycle progression. First,
both RhoA activity and expression were reduced upon cortac-
tin knockdown, and lowering the expression of either RhoA or
cortactin led to decreased Skp2 levels and enhanced expression
of Cip/Kip CDKIs and cyclin D1. Second, cortactin overex-
pression reduced p21WVAFVCIPL and p27%iP! expression at the
transcriptional and posttranscriptional levels, respectively,
consistent with previous studies demonstrating that RhoA sig-
naling can repress p21WAFVCP! transcription (33) and pro-
mote p27<P! degradation (55). Third, the ability of cortactin
and RhoA to enhance Skp2 expression provides one mecha-
nism for posttranscriptional regulation of p27%iP! and, presum-
ably, p57%iP? as Skp2 plays a critical role in the proteasomal
degradation of Kip family CDKISs (7, 21, 36, 45, 50). However,
we note that for a given change in RhoA levels, cortactin
knockdown exerted a more potent effect on CDKI and cyclin
D1 expression and on cell cycle progression than siRNA-me-
diated manipulation of RhoA alone. A potential explanation is
provided by our observation that cortactin knockdown affects
RhoA activity as well as expression since reducing RhoA using
siRNA may not achieve comparable effects on downstream
signaling. Alternatively, cortactin may use additional pathways
to signal to these cell cycle regulators. With regard to the latter
hypothesis, Akt signaling is unlikely to make a major contri-
bution since pharmacological inhibition of this kinase did not
affect p21WAFVCIPL or p27%P!  expression. Furthermore,
cortactin cannot signal to p21WVAFYCPL via p53 since the latter
protein is mutated and inactive in FaDu cells (23).

An additional insight provided by the effects of RhoA
knockdown on cell cycle regulators (Fig. 9) is that RhoA must
utilize additional mechanisms for regulating p27%P! and
p57%iP? levels in addition to enhancing Skp2 expression. A
potential mechanism is via regulation of protein synthesis since
RhoA negatively regulates p27¥?! mRNA translation via a
Rho-responsive element in the 3" untranslated region of the
p27%"P! transcript (51). In addition, p27%'P! is degraded in G,
by the Kip ubiquitin-promoting complex (22) although effects
of RhoA signaling on this process have not been reported.

Depending on the cellular context, RhoA can suppress
p21WAFVCIPL trangcription and p27%P! expression by ROCK-
dependent and -independent mechanisms (13, 27, 31, 41, 42,
57). In control FaDu cells, RhoA knockdown inhibited cell
cycle progression and enhanced p21WAFVCiPL and p27%iP! Jey-
els, whereas these parameters were unaffected by the ROCK
inhibitor Y27632, indicating that RhoA-mediated regulation of
these CDKIs must utilize one or more alternative effector
pathways. A strong candidate involves the formin mammalian
Diaphanous (mDia), since mDia activity is required for RhoA
to enhance Skp2 expression and promote p27%P! degradation

MoL. CELL. BIOL.

during cell spreading (31). In addition, a recent paper on
gastric cancer cells reported that RhoA required mDia to sup-
press p21WAFVCIPL and p27%iP! while RhoA/ROCK signaling
downregulated INK4 family tumor suppressors (57). This
raises the interesting possibility that two proteins intimately
involved in regulation of actin polymerization, cortactin and
mDia, function in a signaling pathway that promotes cell cycle
progression in HNSCC. Since both proteins also promote cell
migration (14, 17), targeting these proteins therapeutically
could impact both cancer growth and metastasis.

Regulation of RhoA signaling does not appear to be a nor-
mal physiological function of cortactin (26). However, our data
indicate that marked elevation of cortactin modulates RhoA
activation in a biphasic manner, explaining why cortactin
knockdown in 11q13-amplified FaDu cells results in a decrease
in RhoA-GTP loading. There are several possible explanations
for this effect, which are not mutually exclusive. Previously, we
reported that cortactin overexpression in HNSCC was associ-
ated with impaired ligand-induced downregulation of the
EGFR and MET and more sustained mitogenic signaling (48,
49). In addition, high cortactin expression promotes recycling
of the G protein-coupled receptor CXCR4 (29). Consequently,
the increased RhoA activation observed upon cortactin over-
expression may reflect altered endocytic trafficking by partic-
ular growth factor receptors. However, it should be noted that
while certain G protein-coupled receptors can stimulate RhoA
directly, activation of RhoA by receptor tyrosine kinases often
occurs secondary to effects on Rac, and we did not detect
changes in Rac-GTP levels in our model system. Also, since
the effect on RhoA was observed in synchronized cells in the
absence of serum, stimulation of such receptors must result
from autocrine production of growth factors by the cancer
cells.

In addition, cortactin may modulate RhoA activation inde-
pendently of receptor activation, for example, via interaction
with one or more regulators of this GTPase. Since the effect on
RhoA requires marked overexpression of cortactin, it might
reflect a weak interaction that becomes functionally significant
only at high cortactin levels and/or sequestration of a negative
regulator. Importantly, our structure-function analysis rules
out certain candidates (e.g., p120 catenin) and highlights bind-
ing partners of the cortactin SH3 domain for further investi-
gation. One such protein is BPGAP1, which exhibits GTPase-
activating protein (GAP) activity toward RhoA both in vitro
and in vivo (44, 54). Whether the regulation of RhoA expres-
sion observed in FaDu cells reflects posttranslational modifi-
cation of RhoA, for example, by ubiquitylation, is currently
under investigation.

In conclusion, we have identified a novel RhoA-mediated
mechanism contributing to cortactin-stimulated cell prolifera-
tion in HNSCC, which is of particular relevance in this cancer
type due to the relatively high frequency of cortactin overex-
pression, and the association of this clinicopathological param-
eter with decreased patient survival. This finding is a significant
step forward in understanding the biological role of the
cortactin oncoprotein and may assist in the development of
therapeutic strategies aimed at inhibiting cortactin signaling in
HNSCC.
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