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Abstract
Purpose—In head and neck squamous cell carcinoma (HNSCC) cells, Rap1 shuttles between the
nucleus and cytoplasm. Prior findings suggested that Rap1 may modulate the β-catenin-independent
Wnt pathway in some settings, but the role of Rap1 in β-catenin-dependent Wnt signaling remains
undefined.

Experimental Design and Results—We observed that β-catenin bound to active Rap1 in vitro
and Rap1 activated β-catenin-TCF (T cell factor)-dependent transcription. Immunofluorescence
studies showed that ectopic expression of Rap1 increased nuclear translocation of β-catenin.
Overexpression of active Rap1 facilitated an increase in β-catenin-mediated transcription that was
abrogated by dominant negative TCF4. Conversely, siRNA-mediated inhibition of endogenous Rap1
expression inhibited β-catenin/TCF-mediated transcription as well as invasion of HNSCC.
Furthermore, inhibition of Rap1 expression downregulated the expresesion of MMP7, a
transcriptional target of β-catenin/TCF. In HNSCC cells stably transfected with β-catenin or treated
with lithium chloride or Wnt3A to stabilize endogenous β-catenin, inhibition of Rap1 expression led
to decreases in the free pool of β-catenin. Immunohistochemical studies of tissue from HNSCC
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Translational Relevance
In the current study we investigated the role of Rap1 in stabilization of β-catenin, induction of its transcriptional targets and in β-catenin-
mediated invasion of head and neck squamous cell carcinoma. We show that increased β-catenin intensity correlated with higher tumor
stage. Furthermore, the association between active Rap1 and tumor N-stage was dependent on the level of cytosolic β-catenin. High β-
catenin and high active Rap1 are associated with a more advanced N-stage. Taken together, these results from a small group of patients
suggest that pre-treatment screening for active Rap1 and free β-catenin in early stage lesions may identify those patients who are more
likely to show progression to more advanced N-stage lesions.
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patients revealed that increased β-catenin intensity correlated with higher tumor stage. Furthermore,
the prognostic effect of active Rap1 on tumor N-stage was found to depend on cytosolic β-catenin
expression (p<0.013). When β-catenin is high, higher rap1GTP intensity is associated with more
advanced N stage.

Conclusions—The findings suggest that Rap1 enhances β-catenin stability and nuclear
localization. In addition to indicating that Rap1 has a significant role in regulating β-catenin and β-
catenin-dependent progression to more advanced N-stage lesions, these data highlight Rap1 as a
potential therapeutic target in HNSCC.
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Introduction
Rap1 is a Ras-like protein that has two isoforms, Rap1A and Rap1B, which are encoded by
different genes on chromosomes 1 and 12, respectively. The ubiquitously expressed Rap1
protein is closely related to Ras proteins in the GTP-binding region, the effector domain, and
the membrane attachment site. Rap1 switches from an inactive guanine diphosphate (GDP)-
bound form to an active GTP-bound form. This switch is regulated by several guanine
nucleotide exchange factors (GEFs), including C3G, Epac, CalDAG-GEF, smgGDS, PDZ,
Dock-4, phospholipase Cε, and Mr-GEF (1,2). Inactivation of Rap1A and Rap1B is regulated
by GTPase-activating proteins (RapGAPs), which activate endogenous GTPase activity. Two
Rap1GAP families have been identified: RapGAP (I and II) and SPA-1 (3–5). Rap1 is a key
player in cell adhesion and migration. Active Rap1 modulates cellular functions by regulating
the translocation of other proteins or by shuttling between intracellular compartments (6,7).
We previously demonstrated that Rap1 is linked to tumor growth and invasion in malignant
oral keratinocytes (8,9). In another study, we showed that active GTP-bound Rap1 is localized
in the nucleus whereas inactive GDP-bound Rap1 was trapped in the cytoplasm (10).

Aberrant activation of the Wnt/β-catenin signaling cascade has been linked to tumor
development and invasion in various settings (11–13). β-catenin, a central molecule in the Wnt
pathway, translocates from a free cytosolic form to the nucleus where, as a co-factor with T-
cell factor/lymphoid enhancer factor (TCF/LEF), it triggers gene transcription (14–16). The
cytosolic pool of β-catenin is tightly regulated by interaction with a protein complex of
adenomatous polyposis coli (APC), axin, and glycogen synthase kinase 3β (GSK3β) that
facilitates phosphorylation and proteasomal degradation of β-catenin (17,18). In contrast,
activated Wnt signaling, which is initiated by specific ligands binding to their cognate frizzled
receptors, inhibits phosphorylation and stabilizes cytosolic β-catenin (19). Wnt-induced
signaling inhibits phosphorylation of β-catenin by inhibiting GSK3β (16).

In normal keratinocytes, E-cadherin binds β-catenin during the formation of adherens
junctions, thereby sequestering a major fraction of the pool of β-catenin protein and ensuring
low cytosolic concentrations (16,20). Mutations in β-catenin’s N-terminal regulatory domain
or in key components of the APC/Axin/GSK3β destruction complex lead to accumulation of
free β-catenin in the cytosol (16,20). In various types of cancer, mutations in key
phosphorylation sites in the N-terminal region of β-catenin confer resistance to ubiquitination
and subsequent degradation, thereby increasing the amount of free/cytosolic β-catenin
available for nuclear translocation (20). Previous studies have investigated changes in the
adherens junctions relative to Rap1 activation (21–24). However, the role of Rap1 in β-catenin-
mediated transcription and invasion has not been investigated. In the current study we
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investigated the role of Rap1 in stabilization of β-catenin, induction of its transcriptional targets
and in β-catenin-mediated invasion of HNSCC cells.

Materials and methods
Cell culture

UM-SCC (1, 5, 14A, 17B, 22B, 74A, and 81B), OSCC3, DLD-1 colon cancer cells, and human
embryonic kidney (HEK) 293 cells were grown to 60–80% confluence in Dulbecco’s modified
Eagle’s medium (DMEM, Life Technologies, Inc., Grand Island, NY) containing 10% fetal
bovine serum, penicillin 100 μg/ml, streptomycin 100μg/ml, and 50 μg/ml L-glutamine. UM-
SCC-(1, 5, 14A, 17B, 22B, 74A, and 81B) were developed by and obtained from Dr. Thomas
Carey, University of Michigan and were validated by genotyping in his laboratory during use
for these studies. UM-SCC-1/Neo, UM-SCC-1/β-catenin and HEK293 cells were obtained
from Dr. Cun-Yu Wang. UM-SCC-1/Neo and UM-SCC-1/β-catenin were transfected by Dr.
CY Wang (13) and genotyped in Dr. Carey’s laboratory during this study. OSCC3 and DLD-1
colon cancer cells were obtained from Drs. Peter Polverini and Eric Fearon, University of
Michigan and have not been genotyped during use for this study.

Vector constructs
The wild-type (Wt) FLAG-tagged β-catenin construct has been previously described (25).
Hemagglutinin (HA)-tagged Rap1A G12V and Rac1 G12V were purchased from the
University of Missouri-Rolla cDNA Resource Center (Rolla, MO). Dominant negative TCF4
was a generous gift from Dr. Benjamin Alman (Hospital for Sick Children, Toronto, Ontario,
Canada). pTOPflash and pFOPflash were purchased from Upstate Biotechnology (Lake Placid,
NY). TOPflash is a reporter construct that contains three repeats of the wildtype TCF4 binding
site upstream of a thymidine kinase minimal promoter and the luciferase reporter gene.
FOPflash, the negative control plasmid, has a mutated TCF4 binding site.

Immunoblot analysis
Whole-cell lysates were prepared as described previously (10). Proteins were quantified using
the Bio-Rad protein assay (Bio-Rad, Richmond, CA) and electrophoresed and transferred to
nitrocellulose membranes (Schleicher and Schuell, Keene, NH). Primary antibodies and
concentrations were; mouse anti-β-catenin monoclonal antibody (1:1,000; BD Transduction
Laboratories, Lexington, KY), mouse anti-Rap1 monoclonal antibody (1:1,000; BD
Transduction Laboratories), anti-HA monoclonal antibody (1:1,000; Convance Research
Products Inc, Berkeley, CA), anti-FLAG M2 monoclonal antibody (1: 5000; Sigma, St. Louis,
MO), and mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) monoclonal
antibody (1:10,000; Chemicon Inc., Temecula, CA). Membranes were washed in TBS
containing 0.1% Tween-20 (TBS-T). Horseradish peroxidase-conjugated, affinity-purified
goat anti-mouse IgG (1:10,000; Jackson ImmunoResearch Laboratories, West Grove, PA) was
used for immunodetection. Immunoreactive proteins were visualized by SuperSignal West
Pico chemiluminescence system (Pierce, Rockford, IL) and exposed to X-ray film.

Immunoprecipitation with HA was performed using ProFound HA Tag IP/Co-IP Assay system
(Pierce) following the manufacturer’s instructions.

Precipitation of free β-catenin
The free β-catenin pool in cell lysates was quantified as described previously (26). Briefly, cell
lysates were precleared with unbound glutathione-Sepharose 4B beads (Amersham
Biosciences, Piscataway, NJ) followed by incubation with GST-E-cadherin fusion protein,
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which contains the C-terminal region of E-cadherin, bound to glutathionebeads. Free β-catenin
was identified by Western blotanalysis.

Rap1 activation assay
Active Rap1 was retrieved by the Rap1-binding domain of ral-GDS, (gift from Dr. Johannes
L. Bos, University Medical Center Utrecht, The Netherlands), as described previously (8,10,
27). Equivalency of Rap1 protein expression was verified by immunoblot analysis of whole
cell lysates.

RNAi-mediated knockdown of Rap1A
Rap1A was down-regulated by small interfering RNA (siRNA). ON-TARGETplus
SMARTpool was used for endogenous Rap1A knockdown and ON-TARGETplus
siCONTROL Non-targeting POOL (Dharmacon, Lafayette, CO) was used as a negative
control. HNSCC cells were nucleofected with siRNAs using the Nucleofector Device (Amaxa
Inc.) and Cell Line Nucleofector Kit V (Amaxa) according to the manufacturer’s protocol.

Luciferase-based transcription assay
HEK293 cells were seeded at a density of 5×105 cells/well (6-well plates) or 1×105 cells/well
(24-well plates) in triplicate, and cultured in DMEM supplemented with 10% FBS. After 24h,
the cells were transfected using FuGENE 6 Transfection Reagent (Roche Applied Science,
Indianapolis, IN) according to the manufacturer’s instructions. Cells were transfected with test
DNA (total 2.0μg/well for 6-well plates and 0.5μg/well for 24-well plates), together with an
internal control plasmid pRL-CMV (15ng/well for 6-well plates and 3ng/well for 24-well
plates) and either pTOPflash or pFOPflash (0.5μg/well for 6-well plates and 0.1μg/well for 24-
well plates).

For knockdown studies, HNSCC cells cultured in 100 mm dishes were nucleofected using the
Nucleofector Device (Amaxa Inc., Gaithersburg, MD) and Cell Line Nucleofector Kit V
(Amaxa Inc.) according to the manufacturer’s protocol. Briefly, cells were nucleofected with
2.0μg siRNAs, together with 15ng pRL-CMV and either 1.0μg pTOPflash or pFOPflash in
3×106 cells.

Twenty-four hours later, transcription was assayed according to the manufacturer’s protocol
using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI) with a
luminometer, LMax II384 (Molecular Devices, Sunnyvale, CA). Results were expressed as an
average of the firefly luciferase activity normalized to the renilla luciferase activity and
presented as relative luciferase units. The error bars represent the standard deviation of
triplicate samples. The data are representative of three independent experiments.

Immunostaining
UM-SCC cells cultured on Lab-tek slides were fixed in a mixture of methanol and acetone,
and air dried. Slides were incubated with mouse anti-β-catenin monoclonal antibody (1:3,000,
BD Transduction Laboratories). Primary antibody binding was detected using biotinylated goat
anti-mouse IgG (Biocare Medical, Walnut Creek, CA), followed by incubation with biotin-
streptavidin conjugated to peroxidase and the chromogen DAB500 (Biocare).
Immunodetection was followed by hematoxylin counterstaining.

Formalin-fixed, paraffin-embedded human HNSCC tissue microarray sections (5 μm) were
deparaffinized and rehydrated. Antigen retrieval was performed with 10mM sodium citrate
buffer, pH 6.0, at 95°C for 15 minutes. Duplicate sections were stained with mouse anti-β-
catenin and mouse anti-Rap1 monoclonal antibodies (BD Transduction Laboratories).
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Immunodetection was performed as described (10). Detection of active Rap1 was performed
as described (9). Institutional Review Board approval was obtained prior to use of human tissue.

For immunofluorescence studies, HEK293 cells cultured on Lab-tek slides were transfected
with FLAG-tagged β-catenin and/or HA-tagged Rap1A G12V or empty vector. After 24h, cells
were fixed in ice cold methanol followed by blocking with 1% BSA. Immunodetection was
performed with mouse anti-FLAG M2 monoclonal antibody (Sigma) followed by FITC
(fluorescein isothiocyanate)-conjugated goat anti-mouse IgG (Jackson Immunoresearch, West
Grove, PA). Nuclei were identified with 4′,6-diamidino-2-pheryl-indole, dihydrochloride
(DAPI) (Invitrogen, Carlsbad, CA) and the cells were visualized on a laser scanning confocal
microscope (Olympus FV-500 Confocal, Tokyo, Japan). Nuclear and cytoplasmic expression
of exogenous (FLAG tagged) β-catenin was quantified in cells in twenty fields.

Cell invasion assay
Cell invasion was evaluated with the BD BioCoat Invasion Assay system (BD Biosciences,
San Jose, CA) as described (9). Briefly, HNSCC cells stably transfected with HA-tagged β-
catenin or control vector (NeoV) (13) were transfected with HA-tagged Rap1A G12V or
control vector using Lipofectamine 2000 (Invitrogen). Twenty-four hours later, the cells
suspended in DMEM were seeded on Matrigel and Control inserts (5×104 cells/well) and
incubated in DMEM/5% FBS as a chemoattractant in the lower chamber. After 24h, HNSCC
cells that had migrated to the lower surface of the membrane were fixed in methanol and stained
with hematoxylin. To verify protein expression in transfected cells, whole cell lysates were
generated from duplicate plates.

University of Michigan Oral Cavity/Oropharyngeal Cancer OrganPreservation Trial
As described previously (9), after appropriate Institutional Review Board approval, a tissue
microarray (TMA) was constructed from pretreatment tissue specimens of a randomized
clinical trial (28). This was a clinical trial of stage III/IV squamous cell carcinoma of the oral
cavity and oropharynx that compared concurrent chemotherapy/radiation in tumors that shrank
>50% in response to induction chemotherapy with surgery/radiation in those whose tumors
had <50% response to induction chemotherapy (28). Included in this group are squamous cell
carcinomas with T-stage of 1 and 2 with nodal involvement (N1, N2, N3), which are considered
clinical stage III or IV.

Data analysis
Statistical analysis of in vitro assays was performed using a Student’s t-test. For analysis of
TMA data, interpretation and scoring were performed by a board certified pathologist, as
described previously (9). The covariates of interest were T stage and N stage, which were
analyzed as ordinal data. The outcomes of interest were overall survival, disease-specific
survival, time to indication of surgery at primary site, and time to recurrence or second primary.
For time to indication of surgery at primary site, the events were stable disease or disease
progression after induction chemotherapy that required surgery at the primary site, local
recurrence after chemoradiation therapy that required surgery at the primary site, and never
disease free. For the outcome of time to recurrence or second primary, the events included
recurrences, second primaries, and never disease free. The Spearman correlation coefficient
was used to evaluate univariate associations between markers and ordinal variables of interest.

The Cox proportional hazards model was used to relate time-to-event outcomes to marker
levels and other covariates. Proportional odds model was used to assess the association between
N stage and the interaction of Rap1 and β-catenin.
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Statistical analyses of TMA data were done using Statistical Analysis System version 9.0
(SAS). A two-tailed p value of 0.05 was considered to be statistically significant.

Results
Free β-catenin is present in human HNSCC

Due to conflicting reports regarding the levels and subcellular localization of β-catenin in
HNSCC (29,30), we investigated whether increased cytosolic and nuclear β-catenin are found
in HNSCC. Immunohistochemical studies on HNSCC cell lines revealed β-catenin staining in
the cytosol and nucleus of UM-SCC-1, UM-SCC-17B, UM-SCC-74A and UM-SCC-81B lines
(Fig. 1A, arrows), whereas in UM-SCC-22B only membrane-bound β-catenin was observed
(Fig. 1A, arrows). UM-SCC-14A exhibited primarily nuclear staining (arrows).

The presence of free β-catenin in HNSCC cells was verified with a pull-down assay using a
recombinant protein containing glutathione S-transferase (GST) sequences fused upstream of
the FLAG-tagged cytoplasmic tail of E-cadherin (25,26). The samples were analyzed by
immunoblotting for β-catenin, and a FLAG antibody against the epitope present in the GST-
E-cadherin fusion protein was used as a control for loading. Among the HNSCC cell lines, the
strongest signal for total β-catenin was observed in UM-SCC-17B followed by UM-SCC-81B,
UM-SCC-74A and UM-SCC-1 (Fig. 1B, top panel). Free β-catenin was observed in all HNSCC
cell lines except UM-SCC-22B and OSCC3 (Fig. 1B, lower middle panel). DLD-1, a colon
cancer cell line carrying defects in the APC tumor suppressor gene, was used as a positive
control. Relative to total β-catenin, the free β-catenin represented only a small fraction of the
protein in whole cell lysates.

β-catenin binds to Rap1 in HNSCC cells
Since a previous study suggested that Rap1A may bind proteins with armadillo repeats (31,
32), we investigated whether Rap1 interacts with β-catenin. Proteins recovered from HNSCC
cell lysates by binding to ralGDS, were electrophoresed and blotted first with Rap1 (Fig. 1C,
upper left panel) and then with β-catenin antibodies (Fig. 1C, lower left panel). As shown in
Fig. 1C (left panel), β-catenin bound to active, GTP-bound Rap1 was recovered with the
RalGDS pull-down assay. A strong β-catenin signal was detected in UM-SCC-(17B, 22B, 81B
and 5) (Fig. 1C, left panel). Weaker signals were detected in UM-(SCC-14A and 1). Total β-
catenin and total Rap1 were variably expressed in these cell lines (Fig. 1C, middle panels). No
cross-reactive signals are observed with either GST-beads alone or GST-beads coupled to
ralGDS or GST-beads with whole cell lysates in the absence of ralGDS (Fig. 1C, right panel).
Unlike immunoprecipitation assays, the pull-down assay uses a “bait” protein rather than IgG
to specifically retrieve active Rap1 and its binding partners.

The protein interaction between β-catenin and Rap1 was also investigated by
immunoprecipitation (IP) of Rap1. HEK293 cells were transfected with hemaglutinin (HA)
epitope-tagged Rap1A and β-catenin. Extracts were immunoprecipitated with anti-HA agarose,
and the immunoprecipitates were immunoblotted with anti-β-catenin and anti-HA antibodies.
As shown in Fig. 1D, immunoprecipitated HA-tagged Rap1A interacted with β-catenin (left
panel, lane 4). A faint cross-reactive signal is observed in cells transfected with β-catenin alone
(left panel, lane 3). As shown in the immunoblot of the corresponding whole cell lysates, β-
catenin was equivalently expressed in both samples (Fig 1D, right panel, lanes 3 and 4).

Rap1 enhances β-catenin mediated transcription
To determine if Rap1 induces nuclear translocation of β-catenin, 293 cells were co-transfected
with a constitutively active form of Rap1A (Rap1A G12V) and β-catenin (Fig. 2A). Since these
cells have a functionally intact but unstimulated β-catenin pathway, aberrant expression of
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exogenous β-catenin induces target gene transcription (33). The luciferase-based TOPflash/
FOPflash assay system was used to quantify TCF4/LEF-dependent transcriptional activity.
Rap1AG12V induced a two-fold increase in β-catenin-mediated transcription (Fig. 2A). Rac1,
another small GTP-binding protein that promotes nuclear transport of β-catenin (33), was used
as a positive control (Fig. 2A). The effect of Rap1A on β-catenin-mediated transcription was
dependent on the concentration of β-catenin (Fig. 2B).

To determine if Rap1A induces β-catenin-dependent transcription via TCF4/LEF transcription
factor, transcription was evaluated in the presence or absence of a dominant negative mutant
form of TCF4 (DNTCF) (34). Rap1A-induced, β-catenin-dependent transcription was
completely blocked by a mutant TCF4 protein lacking its β-catenin-binding domain (Fig. 2C).
As expected, the transcriptional activity of ectopically expressed β-catenin was also completely
blocked by the mutant TCF4 protein. Thus, Rap1A-induced, β-catenin-dependent transcription
occurs via a TCF-dependent pathway.

Rap1 enhances nuclear translocation of β-catenin and upregulates β-catenin mediated
invasion of HNSCC

To verify whether Rap1 promotes nuclear translocation of β-catenin, immunofluorescence
studies were performed (Fig. 3A). 293 cells were transfected with FLAG-tagged β-catenin
alone or with Rap1A G12V and β-catenin. As shown in Fig. 3A (right panel), Rap1 increased
the nuclear localization of β-catenin by more than 35% compared to cells transfected with β-
catenin and vector control.

In order to investigate whether Rap1 promotes the functional effects of β-catenin in HNSCC,
we determined whether Rap1 enhanced β-catenin-induced invasion. HNSCC cells stably
expressing HA-tagged β-catenin (UM-SCC-1/β-cat) or empty vector (UM-SCC-1/NeoV) were
transfected with HA tagged Rap1AG12V or pcDNA vector control (Fig. 3B). Overexpression
of exogenously expressed β-catenin and Rap1 were confirmed by blotting with HA antibody
(Fig. 3B, top panel). Total β-catenin and Rap1 expression were confirmed by blotting with the
respective antibodies (Fig. 3B, middle panels). GAPDH confirmed equivalency of loading.

To determine whether Rap1’s effects may be attributable to an increase in free β-catenin, the
latter was evaluated by binding to the C-terminal domain of E-cadherin. As expected, cells
transfected with β-catenin showed significantly more free-β-catenin than control cells in the
presence or absence of Rap1 (Fig. 3C, top and lower panels, p<0.05). However, there was no
difference in free β-catenin in HNSCC cells stably expressing HA-tagged β-catenin (Fig. 3C,
top and lower panels) in the presence or absence of Rap1AG12V. Rap1AG12 alone increased
free β-catenin in HNSCC cells. FLAG was used as a loading control for the pull down protein
(C-terminal domain of E-cadherin).

Transfected cells were subsequently seeded on Matrigel and invasion was assayed.
Overexpression of Rap1A G12V upregulated invasion in UM-SCC-1/β-catenin by roughly
50% compared to UM-SCC-1/β-catenin cells (Fig. 3D, Experiments 1 and 2). As reported
previously (13), UM-SCC-1/β-catenin cells were more invasive than UM-SCC-1/NeoV cells
(Fig. 3D). Of note, the effect of Rap1A G12V on β-catenin-mediated invasion was dependent
on a threshold level of free β-catenin since they were not observed in control cells transfected
with Rap1AG12 alone, even though there was an increase in free β-catenin in these cells (Fig.
3C, lanes 2 versus 4). A similar threshold effect was observed in Fig. 2B which showed that
the effect of Rap1A on β-catenin-mediated transcription was dependent on the concentration
of β-catenin.
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siRNA knockdown of Rap1A inhibits β-catenin-mediated invasion and transcription
To determine whether inhibition of endogenous Rap1 downregulates β-catenin-mediated
invasion, UM-SCC-1/Neo and UM-SCC-1/β-catenin cells were nucleofected with siRNAs. As
verified in whole cell lysates, Rap1 expression was reduced in UM-SCC-1/Neo and UM-
SCC-1/β-catenin cells nucleofected with siRNA Rap1A compared to the corresponding cells
nucleofected with non targeting (control) siRNA (Fig. 4A). Moreover, knockdown of Rap1A
led to markedly reduced levels of free β-catenin in UM-SCC-1/β-catenin cells (Fig. 4A). FLAG
was used as a loading control for the pull down protein (C-terminal domain of E-cadherin),
used to retrieve free β-catenin. Immunoblots with HA antibody confirmed exogenously
expressed β-catenin in stably transfected cells (Fig. 4A). Total β-catenin remained unchanged.
GAPDH was used as a loading control. There was increased expression of MMP7, a
transcriptional target of β-catenin/TCF (35), in cells transfected with β-catenin, and levels of
MMP-7 expression were reduced in the presence of siRNA Rap1 (Fig. 4A). MMP7 expression
was not detected in the absence of HA-β-catenin.

In corresponding luciferase assays, siRNA Rap1A inhibited TCF-dependent luciferase activity
in the presence or absence of overexpressed β-catenin (Fig. 4B, p<0.03). As predicted, and as
shown in Fig. 4C, invasion was upregulated in UM-SCC-1/β-catenin cells compared to
corresponding UM-SCC-1/Neo control cells. Furthermore, siRNA Rap1A inhibited invasion
in UM-SCC-1/β-catenin cells compared to UM-SCC-1/β-catenin cells nucleofected with non
targeting siRNA (Fig. 4C). To confirm whether downregulation of Rap1 reduces free β-catenin,
HNSCC cells nucleofected with siRNA Rap1A were treated with lithium chloride. HNSCC
cells treated with 40 mM lithium chloride (Alexis Biochemicals) for 6h showed an increase in
free β-catenin (Fig. 4D, left panel). This increase was abrogated in the presence of siRNA
Rap1A. Similar results were observed in HNSCC cells treated with Wnt3A (50 ng/ml, R&D
Systems) for 6h (Fig. 4D, right panel). The Wnt3A induced increase in free β-catenin was
reduced in cells transduced with siRNA Rap1A (Fig. 4D, right panel). As determined by
densitometry of lithium chloride treated sample, the total β-catenin normalized to GAPDH, is
decreased by ~21%, in the presence of siRNA Rap1A. In contrast, the free β-catenin is
decreased ~54%, in the presence of siRNA Rap1A. In the presence of Wnt3A, the total β-
catenin normalized to GAPDH, shows a slight increase of ~7%. In contrast, the free β-catenin
is decreased ~42%, in the presence of siRNA Rap1A. Together these studies support a decrease
of at least 30% in free β-catenin in cells transduced with siRNA Rap1A.

Immunohistochemical studies using a tissue microarray of pre-treatment tissue specimens from
primary oropharyngeal SCCs showed that increased β-catenin intensity was correlated with
higher tumor stage, as assessed by the Spearman correlation coefficient (Fig. 5B, p<0.05).
Membrane and cytoplasmic staining for β-catenin were observed in tumor cells (Fig. 5A, left
panel). Multivariate analysis (proportional odds model) showed that the association of active
Rap1 on tumor N-stage depended on the expression of cytosolic β-catenin. When β-catenin
expression was high, higher active Rap1 intensity (Fig. 5A,) was associated with more
advanced N-stage; when β-catenin expression is low, lower active Rap1 intensity is associated
with more advanced N-stage (Fig. 5C, p<0.013). These finding are consistent with our in vitro
data showing that HNSCC cells expressing high β-catenin and high active Rap1 were more
invasive (Fig. 3D; Rap1AG12 +, β-catenin + ) than cells expressing high β-catenin and low
Rap1 (Fig. 3D; Rap1AG12 -, β-catenin + ). Also consistent were the in vitro findings showing
that HNSCC cells expressing low β-catenin and low active Rap1 (Fig. 3D; Rap1AG12 -, β-
catenin - ) were more invasive than cells expressing low β-catenin and high active Rap1 (Fig.
3D; Rap1AG12 +,β-catenin - ). There were no significant immunohistochemical correlations
between β-catenin intensity and other survival outcomes such as disease-specific survival, and
time to recurrence or second primary tumor, as assessed by a univariate Cox proportional
hazard model..
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Discussion
In HNSCC, invasion of tumor cells leads to extension into the underlying tissues and metastasis
to regional lymph nodes and distant sites, which impact adversely on patient survival (36).
Various Wnt ligands, increase the levels of the free pool of β-catenin (16). β-catenin, a central
molecule in the Wnt pathway, translocates to the nucleus where it triggers the transcription of
genes that facilitate invasion and migration (20). Many β-catenin-regulated target genes have
been identified and include matrix metalloproteinases (MMP) (35,37–41), cyclin D1 and c-
myc (42,43). We have previously shown that downregulation of active Rap1 by rap1GAP, a
regulatory protein, promoted invasion of HNSCC cells via effects on secretion of MMP9 and
MMP2 (9). Furthermore, Rap1 translocates between the nucleus and cytoplasm in HNSCC
cells. In the present study, we show that upregulation of active, GTP-bound Rap1 promotes
invasion, perhaps via β-catenin-mediated effects on MMP7 secretion.

Using the pull-down assay to retrieve active, GTP-bound Rap1, we observed that β-catenin
was also retrieved. We also demonstrated by immunoprecipitation of exogenously expressed,
HA-tagged Rap1, that β-catenin binds to Rap1. To investigate whether this association might
affect β-catenin function in the nucleus, we performed transcriptional assays with TOPflash
and FOPflash luciferase reporter genes. The TOPflash reporter construct contains three repeats
of the wildtype TCF4 binding site upstream of a thymidine kinase minimal promoter and the
luciferase gene. Together with β-catenin, TCF4 induces transcription of specific genes.
Consistent with a possible role in nuclear translocation of β-catenin, we observed that Rap1
significantly enhanced β-catenin mediated transcription. The findings were supported by
immunofluorescence studies showing nuclear translocation of β-catenin. Furthermore, we
showed that Rap1’s effects on β-catenin/TCF transcription were inhibited by a dominant-
negative mutant of TCF4.

Matrix metalloproteinase 7 (MMP7, matrilysin), which has a TCF binding site in its promoter,
is a transcriptional target of β-catenin (35,44). Consistent with this role, MMP7 was
upregulated in HNSCC cells stably overexpressing β-catenin and was downregulated in the
presence of siRNA Rap1. MMPs are zinc-dependent proteolytic enzymes that remodel the
extracellular matrix. MMPs facilitate invasion and tumor progression by destroying the
basement membrane (45). Using tissue microarrays, MMP7 has been previously shown to be
upregulated in HNSCC (45).

Rap1 was originally identified as a tumor suppressor gene in ras-transformed NIH 3T3
fibroblasts (46). Rap1A was later shown to facilitate cell proliferation by inducing DNA
synthesis (47). In Drosophila and in osteosarcoma cell lines, Rap1 facilitates cell adhesion,
thereby inhibiting cell migration (21–23). In the case of work in Drosophila, adherens junctions
were uniformly distributed around the circumference of cells with wildtype Rap1, but were
clustered on one side of cells with inactivating Rap1 mutations (48). The mutant cell clones
randomly invaded surrounding tissues, suggesting a role for Rap1 in appropriate maintenance
of cell-cell contacts and inhibition of invasion. In a recent study, we showed that overexpression
of Rap1GAP, which inactivates Rap1, promotes invasion in HNSCC cells (9). In the present
study, HNSCC cells with siRNA-mediated downregulation of Rap1A were more invasive than
control cells. Consistent with these findings, osteosarcoma cells with inactive DOCK4 and
reduced levels of active Rap1 do not form adherens junctions and are invasive (49). Similarly,
overexpression of Rap1 in MDCK epithelial cells facilitates cell-cell junction formation (24).

In contrast, in human breast cancer and mouse thyroid cells, disruption of cell contacts with
endocytosis of E-cadherin initiates Rap1 activation (22,23,50) via rap1GEFs (GTP-GDP
exchange factors) (50). These apparently contradictory effects in Rap1 function may be related
to concurrent expression of other significant regulatory proteins. Our findings support this
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notion. Previously (9) and in the current study, downregulation of Rap1 promotes invasion of
HNSCC cells. However, in the presence of free β-catenin, Rap1 promotes invasion in HNSCC
cells and β-catenin-mediated transcription in 293 cells. Furthermore, Rap1 stabilizes free β-
catenin that is increased by lithium chloride or Wnt3A, a secreted factor. Taken together, these
findings are consistent with a dual role for Rap1 in invasion (Fig. 6).

There are conflicting reports regarding nuclear β-catenin in HNSCC (29,30). In one study with
formalin-fixed HNSCC tissue (29), β-catenin was localized in the nucleus and cytoplasm of
cells at the invasive front. In another study on frozen tissue with an antibody from a different
source, nuclear β-catenin staining was not observed (30). In the current study we demonstrated
cytosolic and nuclear localization of β-catenin in HNSCC cell lines and human tissue
specimens. We show that high β-catenin intensity is prognostic of late tumor stage.
Additionally, the association between active Rap1 and tumor progression was dependent on
the level of cytosolic β-catenin. Together, high β-catenin and high active Rap1 are associated
with a more advanced N-stage. Taken together, these results from a small group of patients
suggest that pre-treatment screening for active Rap1 and free β-catenin in early stage lesions
may identify those patients who are more likely to show progression to more advanced N-stage
lesions.

The exact mechanism of Rap1-mediated effects on β-catenin is unknown but may in part be
due to an increase in free-β-catenin to a threshold level. In the luciferase assay, when
overexpression of β-catenin is constant (0.6 ug of cDNA), an increase in Rap1 facilitated a
significant increase in luciferase activity (Fig. 2B, lanes 5 and 8). However, overexpression of
Rap1 did not enhance β-catenin mediated transcription in cells transfected with 0.2 or 0.4 ug
of β-catenin cDNA. In β-catenin overexpressing cells, transfection with Rap1 did not further
increase free β-catenin (Fig. 3C), but it did enhance the invasion (Fig. 3D). Together the results
presented in Figs. 3C, 3D and 2B, suggest a threshold ratio for the interaction between Rap1
and β-catenin.

Since free β-catenin translocates to the nucleus to induce target genes that regulate invasion,
proliferation and metastasis (16,20), elucidation of the mechanism of nuclear transport would
identify an important therapeutic target. Rac1, another Ras-like protein, binds armadillo
proteins, such as smgGDS, in the cytosol transporting them to the nucleus (32). Rac1 has a C-
terminal polybasic region, a series of adjacent lysines and arginines that act as a canonical
nuclear localization signal (Lys-Arg/Lys-x-Arg/Lys where x is Pro, Lys, Arg, Val, Ala) (32,
51). Our previous studies showing localization of active Rap1GTP primarily in the nucleus
and inactive Rap1GDP primarily in the cytoplasm of HNSCC suggest that Rap1 shuttles
between these two compartments (10). Given Rap1’s prominent nuclear localization in
HNSCC, and its putative nuclear localization sequence (Lys-Lys-Pro-Lys), it is reasonable to
speculate that Rap1 regulates nuclear transport of β-catenin in addition to upregulating free β-
catenin. Consistent with this hypothesis, a recent study has shown that Rac1 regulates the
nuclear translocation of β-catenin and upregulates β-catenin mediated transcription via the
polybasic region (33). Future studies will explore whether Rap1 mediates nuclear transport of
β-catenin.
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Figure 1.
Cytoplasmic and nuclear pools of free β-catenin are detectable in human SCC. A. UM-SCC-
(1, 14A, 17B, 22B, 74A, and 81B) cells grown on Lab-tek slides were incubated with β-catenin
monoclonal antibody (1:3000) followed by secondary antibody, DAB detection, and
counterstaining with hematoxylin. IgG control was negative (not shown). Cytosolic and nuclear
staining (1, 74A; arrows), cytosolic, membrane and nuclear (17B, 81B; arrows) or membrane
staining (22B; arrows) were observed. (14A, 74A and 81B, bar = 60 μm; 17B and 22B, bar =
40 μm; 1, bar = 20 μm). B. Whole-cell lysates prepared from DLD-1, UM-SCC-(1, 14A, 17B,
22B, 74A, 81B) and OSCC3 were immunoblotted with anti-β-catenin (upper panel) and
GAPDH (upper middle panel), as a loading control. Free β-catenin was retrieved with the
FLAG-tagged cytoplasmic tail of E-cadherin and immunoblotted with anti-β-catenin (lower
middle panel) and anti-Flag (lower panel), as a loading control. C.β-catenin binds to
Rap1GTP. Cell lysates of human SCC cell lines UM-SCC-(14A, 17B, 22B, 81B, 1, 5) were
evaluated for active Rap1 by the ralGDS pull down assay (upper left panel). The same filter
was blotted with anti-β-catenin (lower left panel). Whole cell lysates were blotted to show total
Rap1, β-catenin, and actin (middle panel). Control for ralGDS pull-down assay (right panel).
For the ralGDS pull-down assay, beads were incubated alone or with whole cell lysates of 17B
and 22B in the presence or absence of ralGDS as indicated (right panel, lanes 3–8). Total Rap1
in whole cell lysates from 17B and 22B was also immunoblotted (right panel, lanes 1 and 2).
D. HEK293 cells were co-transfected with HA-tagged Rap1AG12 or pcDNA control vector
and β-catenin as indicated. HA-Rap1G12 was immunoprecipitated (IP) and the
immunoprecipitates were blotted with antiβ-catenin (upper left panel) and anti-HA (lower left
panel) antibodies. Whole cell lysates were immunoblotted to show total β-catenin (upper right
panel), HA (middle right panel), and GAPDH (lower right panel).
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Figure 2.
Rap1 enhances β-catenin/TCF mediated transcription. A. HEK293 cells were co-transfected
with pTOPflash or pFOPflash β-catenin mediated reporter genes, Renilla luciferase, wild type
β-catenin (Wt β-cat; +: 0.1 μg), the active form of Rap1A (Rap1AG12V, +: 0.1 μg), and active
form of Rac1 (Rac1G12V, +: 0.1μg) in a 24-well plate. β-catenin mediated transcription was
assayed 24 h later. B. HEK293 cells were co-transfected with pTOPflash or pFOPflash reporter
genes, Renilla luciferase, wild-type β-catenin (Wt β-cat, +: 0.2μg, ++: 0.4μg, +++: 0.6μg), and
Rap1A G12V (+: 0.9μg), as indicated, in a 6-well plate. Luciferase was assayed 24 h later (*,
p<0.05). C, HEK 293 cells were co-transfected with a dominant negative mutant form of TCF4
(Mut TCF4, +: 0.1μg) and pTOPflash, pFOPflash, Renilla luciferase, wild type β-catenin (Wt
β-cat, +: 0.1 μg), and Rap1A G12V (+: 0.1 μg), as indicated. The data are the average of at
least three independent experiments (*, p<0.05).
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Figure 3.
Effects of Rap1 on β-catenin and cell invasion in vitro. A. Rap1 enhances nuclear translocation
of β-catenin. HEK 293 cells were transfected with FLAG-tagged wild-type β-catenin (left
upper three panels) or co-transfected with wild type β-catenin and Rap1AG12V (left lower
three panels). Cells were fixed with methanol and incubated with anti-FLAG antibody (FITC)
to detect FLAG-tagged β-catenin (green fluorescence). The slides were counterstained with
DAPI nuclear stain (x40 magnification). Quantification of FITC-labeled β-catenin in the
nucleus or cytoplasm of 293 cells co-transfected with β-catenin and pcDNA or β-catenin and
Rap1A G12 (*, p<0.05) (right panel). Data are representative of two independent experiments.
B. SCC cells stably transfected wth HA-tagged β-catenin or empty vector were transfected
with HA-tagged Rap1A G12V or pcDNA. Expression of Rap1A G12V and β-catenin were
verified by immunoblot analysis with anti-HA antibody as well as β-catenin and Rap1
antibodies. GAPDH was used as a loading control. C. Free β-catenin was retrieved with the
cytoplasmic domain of E-cadherin and evaluated by immunoblot analysis (upper panel). Free
β-catenin, quantified by densitometry, was normalized to FLAG and expressed as percent of
control (lower panel). D. Rap1 promotes β-catenin-mediated invasion in SCC cells. UM-SCC-1
cells stably transfected with HA-tagged β-catenin or empty vector were transfected with HA-
tagged Rap1A G12V or pcDNA. Transfected cells suspended in DMEM were added to the
upper chamber of a matrigel insert and DMEM/FBS was introduced in the lower chamber.
After overnight incubation, the invasive cells were stained and quantified. Data from two
independent experiments are shown.
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Figure 4.
Rap1A-β-catenin mediated transcription and invasion of SCC. A. UM-SCC-1 cells stably
transfected with HA-tagged β-catenin or empty vector were nucleofected with siRNA Rap1A
or Non-target siRNA. Cell lysates were immunoblotted with Rap1, HA, FLAG, GAPDH, β-
catenin and MMP7 antibodies. Free β-catenin was retrieved with the cytoplasmic domain of
E-cadherin. B. UM-SCC-1 cells stably transfected with HA-tagged β-catenin or empty vector
were nucleofected with siRNA Rap1A or Non-target siRNA concurrently with pTOPflash,
pFOPflash, and Renilla luciferase. Luciferase activity was assayed 24h later. Data are
representative of three independent experiments, each in triplicate. C. UM-SCC-1 cells stably
transfected with HA-tagged β-catenin or empty vector were nucleofected with siRNA Rap1A
or Non-target siRNA. Transfected cells suspended in DMEM were added to the upper chamber
of a matrigel insert and DMEM/FBS was introduced in the lower chamber. After overnight
incubation, the invasive cells were stained and quantified. Data are representative of three
independent experiments. D. UM-SCC-1 cells nucleofected with siRNA Rap1A or non target
siRNA were treated with lithium chloride (40 mM, 6h; two independent experiments, each in
duplicate) or Wnt3A (50 ng/ml, 6h; one experiment in duplicate) as indicated. Free β-catenin
and whole cell lysates were immunoblotted with Flag, Rap1, β-catenin and GAPDH antibodies.
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Figure 5.
The prognostic effect of active Rap1 on tumor N-stage depends on the expression of cytosolic
β-catenin. A. A 5μm tissue section of a human HNSCC tissue microarray was incubated with
β-catenin antibody (left panel) or IgG control (not shown) or Rap1 antibody (right panel) as
described in the Methods section. After DAB reaction, the slides were counterstained with
hematoxylin (bars = 50 μm). High cytosolic β-catenin and rap1GTP staining are shown for the
same tumor specimen. B. High β-catenin intensity is associated with more advanced T-stage
as assessed by the Spearman Correlation Coefficient and represented in box and whisker plots.
Patient groups: T1, tumor size <2 cm (n = 4); T2, tumor size 2–4 cm (n = 10); T3, tumor size
>4cm (n = 16), T4, tumor invades through cortical bone, inferior alveolar nerve, floor of mouth
or skin of face (n = 13). C. The proportional odds model was used to assess the association
between N stage and the interaction of Rap1 and β-catenin. When cytosolic β-catenin was high,
higher active Rap1 intensity was prognostic of more advanced N-stage; when β-catenin
intensity is low, lower active Rap1 is associated with more advanced N-stage. Early N-stage
is N0 (red triangles, n=6) and N1 (green triangles, n=6); advanced N-stage is N2 (blue triangles,
n=15) and N3 (purple triangles, n=3).
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Figure 6.
Proposed Model for interaction between Rap1, β-catenin and MMP7 in SCC progression. Rap1
promotes invasion via β-catenin mediated MMP7 secretion and inhibits invasion via inhibition
of MMP9 and MMP2 secretion. Tumors with high β-catenin expression are associated with
more advanced tumor stage. Rap1 promotes invasion via β-catenin mediated effects and
inhibits invasion via inhibition of MMP9 and MMP2.
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