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Rap1GAP expression is decreased in human tumors. The significance of its downregulation is unknown.
We show that RaplGAP expression is decreased in primary colorectal carcinomas. To elucidate the
advantages conferred on tumor cells by loss of RaplGAP, Rap1GAP expression was silenced in human
colon carcinoma cells. Suppressing Rap1GAP induced profound alterations in cell adhesion. Rap1GAP-
depleted cells exhibited defects in cell/cell adhesion that included an aberrant distribution of adherens
junction proteins. Depletion of Rap1GAP enhanced adhesion and spreading on collagen. Silencing of Rap
expression normalized spreading and restored E-cadherin, 3-catenin, and p120-catenin to cell/cell con-
tacts, indicating that unrestrained Rap activity underlies the alterations in cell adhesion. The defects in
adherens junction protein distribution required integrin signaling as E-cadherin and p120-catenin were
restored at cell/cell contacts when cells were plated on poly-L-lysine. Unexpectedly, Src activity was
increased in Rapl1GAP-depleted cells. Inhibition of Src impaired spreading and restored E-cadherin at
cell/cell contacts. These findings provide the first evidence that Rap1GAP contributes to cell/cell adhesion
and highlight a role for Rap1GAP in regulating cell/matrix and cell/cell adhesion. The frequent down-
regulation of Rap1GAP in epithelial tumors where alterations in cell/cell and cell/matrix adhesion are

early steps in tumor dissemination supports a role for Rap1GAP depletion in tumor progression.

Mammalian Rap proteins Rapla/b and Rap2a/b/c are
members of the Ras superfamily of small GTPases. Rap
proteins are active when bound to GTP and inactive when
bound to GDP. Cellular Rap activity is regulated by the
concerted action of guanine nucleotide exchange factors
that activate Rap (RapGEFs) and Rap-specific GTPase-
activating proteins (RapGAPs) that inactivate Rap (re-
viewed in reference 10). The Rap1GAP family is composed
of several members, including RaplGAP, Rap1GAPII, Spa-
1/SIPA1, and E6TP1/SIPA1L1. Several lines of evidence
suggest that RapGAPs function as tumor and/or invasion
suppressors. Downregulation of E6TP1 by human papillo-
mavirus protein E6 contributes to cervical cancer (20, 21),
and Spa-1 deficiency in mice induces a spectrum of myelo-
dysplastic disorders similar to chronic myelogenous leuke-
mia (26). The SPAI gene was identified as a candidate for
the metastasis efficiency modifier locus in mice (38). Al-
though the relevance of this observation to humans is not
yet clear, single-nucleotide polymorphisms in the SPA7 gene
in human breast tumors have been associated with lymph
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node involvement and poor survival (15). Intriguingly, Spa-1
interacts with Brd4 (18) and Rrp-1b (13), the protein prod-
ucts of genes associated with patterns of extracellular matrix
protein gene expression characteristic of metastatic tumors
(14).

The RAPIGAP gene maps to 1p35-36, a chromosomal
region subject to copy number alterations in human tumors
(36, 49). Rap1GAP protein levels are decreased in pancre-
atic adenocarcinomas (53), papillary thyroid carcinomas
(37, 47, 57), and melanomas (56). RaplGAP downregula-
tion has been shown to arise as a consequence of proteaso-
mal degradation (46), loss of heterozygosity (37, 53), and
promoter methylation (56, 57). Mutations of unknown sig-
nificance in RAP1GAP have been identified in breast cancer
(42). Although downregulation of RaplGAP is frequent in
human tumors, the functional significance of decreased
RaplGAP expression is unknown. Up to now, studies as-
sessing the role of RaplGAP in tumor cells have relied
exclusively on overexpression experiments. Overexpression
of RaplGAP in oropharyngeal squamous cell (54) and pan-
creatic (53) carcinoma lines impaired tumor formation in
mouse xenograft models. In vitro, overexpression of
Rap1GAP impaired tumor cell proliferation (34, 47, 53, 54,
56) and enhanced apoptosis (34, 53, 56). In some instances,
overexpression of RaplGAP inhibited tumor cell migration
and invasion (3, 47, 53, 56), while in others, it enhanced
invasion (34). While these studies provide insight into cel-
lular processes that can be deregulated by overexpression,
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they do not assess the significance of depletion of endoge-
nous Rap1GAP in human tumors.

Colorectal cancer (CRC) is one of the leading causes of
cancer deaths worldwide. The majority of CRC deaths arise as
a consequence of distant metastases, most frequently to the
liver. While the genetic basis of CRC is well understood (19,
48), less is known about the events that trigger the transition to
metastatic disease. We report that RaplGAP is highly ex-
pressed in normal colonic epithelium and that its expression is
profoundly decreased in primary colorectal carcinomas. As
one strategy to assess the significance of Rap1GAP depletion,
the expression of RaplGAP was silenced in human colon car-
cinoma cells. Silencing of Rap1GAP induced marked increases
in Rapl and Rap?2 activity, the first evidence that Rap1GAP is
an essential negative regulator of Rap GTPases in colon can-
cer. Rapl regulates inside-out signaling through integrins (re-
viewed in references 8, 9, and 11) and is a target of outside-in
signaling via cadherins (reviewed in reference 30). Downregu-
lation of Rap1GAP induced profound alterations in cell/matrix
and cell/cell adhesion. Suppressing RaplGAP expression en-
hanced adhesion and spreading on collagen. Unexpectedly,
based on the role of Rapl in promoting cell/cell adhesion,
silencing of Rap1GAP impaired cell/cell adhesion. These find-
ings demonstrate a requirement for regulated Rap activity in
the maintenance of epithelial cell structure and demonstrate a
heretofore unappreciated role for Rap1GAP in the regulation
of cell/cell adhesion. As the dissemination of tumor cells re-
quires the weakening of cell/cell adhesion and an enhanced
ability to adhere to collagen-rich interstitial matrices, our stud-
ies identify a potential mechanism through which loss of
Rap1GAP contributes to tumor progression.

MATERIALS AND METHODS

Antibodies. FAK (610087), E-cadherin (610404), Rap2 (610215), and p120
(610134) antibodies were purchased from BD Transduction Labs. FAK-pY576
(44652G) and FAK-pY397 (44624G) antibodies were from Invitrogen. Src
(2109) and Src-pY416 (2101) antibodies were from Cell Signaling Technology.
Rapl (sc-65), B-catenin (sc-7199), Rap1GAP (sc-28189), and actin (sc-1615)
antibodies were purchased from Santa Cruz.

Immunohistochemistry. Tissue blocks from patients diagnosed with colon
cancer were provided by Yu Lv, Beijing Chaoyang Hospital, Capital University
of Medical Sciences, Beijing, China. Blocks containing tumor and adjacent nor-
mal tissues in the same sections were selected for analysis. Fresh hematoxylin-
and-eosin-stained sections were made and reviewed by trained pathologists at
the Hospital of the University of Pennsylvania. Freshly cut 5-um sections were
used for immunohistochemical staining. Sections were processed and stained for
Rapl1GAP as previously described (37). Slides were scanned on an Aperio
Scanscope CS (Aperio Inc., Vista, CA) virtual slide scanner using x40 magni-
fication (0.5-pwm/pixel resolution). The virtual slides were managed and manip-
ulated using Imagescope software (Aperio Inc.). Single fields were extracted at
X400 magnification. Rap1GAP staining was quantified by H score as described
in reference 23. In brief, the H score is calculated by adding 1+ events X number
of events expressed as a percentage, 2+ events X number of events expressed as
a percentage, and 3+ events X number of events expressed as a percentage. The
highest possible H score is 300.

Cell lines. HCT 116, LoVo, Caco-2, DLD1, COLO 205, and COLO DM colon
carcinoma cell lines were kindly provided by John Lynch (Department of Med-
icine, University of Pennsylvania). The variant of HT29 cells used in this study
was originally characterized as a thyroid carcinoma cell line (WRO). DNA
profiling using the Identifier kit from Applied Biosystems confirmed that this cell
line is a pure line derived from the same individual as HT29 colon carcinoma
cells profiled by the American Type Culture Collection (data not shown). HT29,
DLD1, and COLO 205 cells were maintained in RPMI medium supplemented
with 10% fetal bovine serum (FBS), HCT 116 and LoVo cells were maintained
in McCoy’s SA medium containing 10% FBS, and Caco-2 cells were maintained
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tumor

FIG. 1. Decreased expression of RaplGAP in primary colorectal
carcinomas. (A) Tissue sections containing adjacent normal colonic
epithelium and tumor tissue were stained for Rap1GAP as previously
described (37, 47). (B) Rap1GAP staining was quantified by H score
(23). The H scores in tumor versus normal tissue were compared using
the nonparametric Wilcoxon signed-rank test and found to be signifi-
cantly different (P = 0.0007).

normal

in Dulbecco’s modified Eagle’s medium containing 20% FBS. SMARTvector
human Rap1GAP and scrambled short hairpin RNA (shRNA) lentiviruses (S-
005000-01) were purchased from Thermo Scientific Dharmacon (Boulder, CO)
and used according to the manufacturer’s recommendations. Viruses expressing
two different Rapl1GAP-directed shRNAs (shRNA2, TTGGTGTGTGAAGAC
GTCA; shRNA3, TCTTCTCACTCAAGTACGA) were used. Briefly, 0.5 x 10°
to 1 X 10° HT29 cells were infected with viruses at multiplicities of infection of
5 to 20. After 48 h, cells were subcultured and selected in puromycin (0.5 to 5.0
mg/ml) and surviving cells were cloned by limiting dilution. The E11 and C10 cell
lines were isolated from cells infected with RaplGAPshRNA3; the C4 and F3
cell lines were isolated from cells infected with Rapl GAPshRNAZ2.

Transient transfection with siRNAs. Small interfering RNAs (siRNAs) were
delivered into HT29 cells by Amaxa-mediated electroporation. In brief, 1.5 X 10°
cells were transfected with 200 nM siRNA. Rap2b (RAP2BHSS143582) and Rap2c
(RAP2CHSS126791) siRNAs were purchased from Invitrogen. RaplGAP
(S101737050 [CAGCGCCATTGGCATCGAGAA]), Raplb (SI00111762), and
scrambled (1027280) siRNAs were obtained from Qiagen.

Trypsin sensitivity assays. Cells were treated with 0.01% trypsin in 2 mM
CaCl, or 2 mM EGTA for 30 min and lysed in radioimmunoprecipitation assay
buffer, and cell lysates were analyzed by Western blotting. Control cells were
lysed in the absence of trypsin treatment.

Adhesion assays. Cells were released by trypsinization, resuspended in growth
medium at 37°C for 60 min, and plated into 24-well plates (10° cells/well) coated
with collagen IV (2 pg/ml) or poly-L-lysine (PLL; 0.01%) for 10 min. Nonad-
herent cells were removed by washing, and adherent cells were fixed in 3.7%
formaldehyde and stained with 0.1% violet blue. After washing, stain was eluted
with 1% deoxycholate and the absorbance at 590 nm was read. The number of
total adherent cells was determined at 2 h postplating, and the percentage of
adherent cells was plotted.
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FIG. 2. Rap1GAP is an essential negative regulator of Rap activity in colon carcinoma cells. (A) Rapl1GAP expression was analyzed in a panel
of human colon carcinoma cell lines by Western blotting. With the exception of COLO DM, E-cadherin was expressed in all of the lines. Western
blotting for actin confirmed equal protein loading. (B and C) HT29 cells were transiently transfected with Rap1GAP-directed or scrambled (scr)
siRNAs, and Rapl/2 activity (46) was assessed in growing cells. Total cell lysates were analyzed by Western blotting for Rap and RaplGAP
expression. Rapl and Rap2 activities were increased in HT29 cells transfected with RaplGAP siRNAs. Rap activity is presented as n-fold over
that in control transfected cells (scr), which was set to 1. (D) Rap1GAP expression in cell lines selected to express RaplGAP versus scrambled
shRNAs was analyzed. The two cell lines with the lowest levels of RapIGAP (E11 and C10) and a control cell line (Scr and A2) were selected for
further analysis. Rap1 (E) and Rap2 (F) activities were analyzed in serum-starved cells. The increase in Rap activity in both Rap1GAP-depleted
cell lines was statistically significant (P < 0.05). Basal levels of Rap1 and Rap2 activities were similar in Scr and HT29 cells (data not shown).

Cell dissociation assays. Cells (1 X 10°) were plated in 60-mm dishes for 48 h
and trypsinized in the presence of 2 mM EGTA or 2 mM CaCl, for 10 min at
37°C. After being pipetted 20 times, cells were plated and random images were
acquired using a Nikon Eclipse TE2000 microscope, a 20X objective, and North-
ern Eclipse (v. 6) software (Empix Imaging). Cell dissociation is presented as the
Np/Nt ratio, where Np is the total number of particles and Nt is the total number
of cells.

Immunostaining. Cells were fixed in methanol-acetone (1:1) for 15 min at
room temperature. Cells were stained with primary antibodies diluted in 5 mg/ml
bovine serum albumin—phosphate-buffered saline-0.2% Triton X-100 for 1 h at
37°C, followed by staining with Alexa Fluor-conjugated secondary antibodies for
1 h at 37°C. Images were acquired on a Zeiss Axiophot fluorescence microscope
or a Zeiss Axiovert 100M confocal microscope. All images for a given antibody
were acquired for the same times. Cell area was analyzed using Zeiss Axiovision
software.

Rescue experiments. Rap1GAP-depleted cell lines were infected with adeno-
viruses expressing HA-Rap1GAP or B-galactosidase as a control. At 2 days
postinfection, cells were plated on coverslips, starved overnight, fixed, and
stained for E-cadherin and p120-catenin as indicated above.

Statistical analysis. All experiments were repeated three or more times unless
otherwise noted. The bar graphs shown represent the combined results from at
least three experiments. Statistical significance was determined by Student’s ¢
test.

RESULTS

Expression of Rap1GAP is decreased in primary colon car-
cinomas. Tissue blocks from patients diagnosed with colon
cancer were selected on the basis of containing tumor and
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FIG. 3. Downregulation of Rap1GAP alters the distribution of AJ proteins. (A) RaplGAP-depleted cells were analyzed for E-cadherin,
B-catenin, and pl20-catenin expression by Western blotting. RaplGAP expression is also shown. Actin was used to document equal protein
loading. (B) Cells (E11, C10, and Scr) were serum starved overnight, fixed, stained for E-cadherin, B-catenin, and p120-catenin, and analyzed by
confocal microscopy. Images for each antibody were acquired for the same times. (C) Cells were lysed directly on plastic (total) or trypsinized in
the presence of calcium (T/Ca) or EDTA (T/E). Cell lysates (40 wng) were fractionated by SDS-PAGE and subjected to Western blotting for
E-cadherin and actin as a loading control. (D) Summary of the results obtained from three independent trypsin sensitivity experiments. (E) Soluble
fractions from RaplGAP-depleted and control cells were subjected to Western blotting for p120-catenin. Partitioning of p120-catenin to the
soluble fraction was significantly increased (P < 0.05) in Rap1GAP-depleted cells. Steady-state (total) levels of p120-catenin were not altered by

downregulation of RaplGAP.

adjacent normal tissues and stained with a highly specific
Rap1GAP antibody (37, 47). Prominent staining for Rap1GAP
was detected in areas of normal colonic epithelium (Fig. 1A).
As previously reported (37, 47, 53), stromal cells did not stain
for RaplGAP. Rapl1GAP staining was decreased in the ma-
jority (12/15) of the tumors analyzed (Fig. 1A). Semiquantita-
tive staining according to H score (23) revealed that Rapl GAP
expression was significantly decreased in tumor tissue com-

pared to that in the adjacent normal epithelium (Fig. 1B).
These data demonstrate that RaplGAP is a frequent target for
downregulation in CRCs and add colon cancer to an expanding
list of cancers in which Rapl1GAP expression is suppressed.
Silencing of Rap1GAP expression increases Rap activity. To
elucidate the potential advantages conferred on cells by
Rap1GAP downregulation, we set out to silence RaplGAP
expression in tumor cells. To identify a cell model for these
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FIG. 4. Acute silencing of Rapl GAP impairs the accumulation of E-cadherin at cell/cell contacts. HT29 cells were transiently transfected with
Rapl1GAP-directed or scrambled siRNAs that target sequences distinct from those targeted by the Rapl GAP and scrambled shRNAs. After 48 h,
cells were serum starved overnight, fixed, and stained for E-cadherin and Rap1GAP. DAPI staining was included to label cell nuclei. Examples
of Rap1GAP siRNA-transfected cells that lack E-cadherin at cell/cell junctions are indicated with arrows. Examples of control transfected cells
where E-cadherin accumulates at cell/cell junctions are also indicated with arrows.

studies, RaplGAP expression was analyzed in a panel of hu-
man colon carcinoma cell lines. RaplGAP expression was
highest in HT29 cells, which exhibit an epithelial morphology
and express E-cadherin (Fig. 2A). Hence, these cells were
selected for gene silencing experiments. Proof-of-principle
experiments were conducted to determine whether there are
functional consequences associated with silencing of
Rapl1GAP expression. Both Rapl and Rap2 activities were
increased in HT29 cells transfected with Rapl1 GAP-directed
siRNAs (Fig. 2B and C). Based on this, we proceeded to
isolate cell lines in which Rap1GAP expression was chronically

suppressed, a situation that more closely resembles that in
human tumors. HT29 cells were infected with lentiviruses ex-
pressing Rap1GAP-directed or scrambled shRNAs, and drug-
resistant cells were cloned by limiting dilution. Rapl1GAP ex-
pression was decreased in all of the cell lines exposed to
Rapl1GAP shRNAs and unchanged in cells exposed to scram-
bled shRNAs (six lines of each are shown in Fig. 2D). The two
cell lines with the greatest reduction in RaplGAP protein
levels (E11 and C10) and a control cell line (Scr and A2) were
selected for analysis.

We first investigated whether chronic suppression of
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Rap1GAP results in sustained increases in Rap activity. Basal
levels of Rapl (Fig. 2E) and Rap2 (Fig. 2F) activity were
significantly increased in both Rap1GAP-depleted cell lines.
The Rap1GAP-directed shRNAs target different sequences on
Rapl1GAP than the siRNAs used in the transient-knockdown
experiments, confirming that increased Rap activity is not an
off-target effect. These findings identify Rap1GAP as an es-
sential regulator of Rap activity in human colon carcinoma
cells and suggest that downregulation of RaplGAP in human
tumors is associated with increased Rap activity.

Rap1GAP is required for cell/cell adhesion. Rap1 GAP-de-
pleted cells exhibited dramatic alterations in cell morphology.
Unlike HT29 cells, which form rounded colonies with abun-
dant cell/cell contacts, RaplGAP-depleted cells were more
dispersed. To explore the molecular mechanism underlying the
alterations in cell morphology, we first examined whether si-
lencing of Rap1GAP alters the expression of adherens junction
(AJ) proteins. Steady-state E-cadherin, B-catenin, and p120-
catenin protein levels were largely unchanged in RaplGAP-
depleted cells, although we consistently noted a slight decrease
in E-cadherin protein levels in E11 cells (Fig. 3A). Strikingly,
however, the distribution of all three proteins was altered.
E-cadherin and B-catenin were enriched at sites of cell/cell
contact in control cells (Fig. 3B, Scr). The accumulation of
E-cadherin and B-catenin at cell/cell junctions was reduced in
the Rap1GAP-depleted cell lines. p120-catenin was found at
cell/cell contacts and at lower levels in the cytoplasm of control
cells. The accumulation of p120-catenin at cell/cell contacts
was reduced in RaplGAP-depleted cells, where an increased
proportion of pl20-catenin appeared to be stranded in the
cytoplasm. Similar effects were observed in two additional cells
lines that expressed RaplGAP-directed shRNAs that target
different sequences on RaplGAP (see Fig. S1 in the supple-
mental material). Furthermore, transient silencing of
Rap1GAP expression in HT29 cells using siRNAs that target
regions on Rap1GAP distinct from the shRNAs induced sim-
ilar alterations in the distribution of E-cadherin (Fig. 4). The
distribution of E-cadherin in control siRNA-transfected HT29
cells and that in the Scr cell line were similar (compare Fig. 3B
and 4).

We next explored whether restoring RaplGAP expression
rescues the defects in AJ protein distribution. RaplGAP was
overexpressed in the E11 and C10 RaplGAP-deficient cell
lines using an adenovirus. Cells expressing RaplGAP were
more rounded and compact than control infected cells. Impor-
tantly, the accumulation of E-cadherin and p120-catenin at
cell/cell contacts was increased in RaplGAP-expressing cells
(see Fig. S2 to S4 in the supplemental material). Taken to-
gether, these data demonstrate that the effects of RaplGAP
depletion on AJ proteins are not due to clonal heterogeneity or
off-target effects.

Cell fractionation experiments failed to reveal consistent
differences in the partitioning of E-cadherin and B-catenin
between soluble and insoluble fractions in Rapl GAP-depleted
versus control cells (data not shown). To assess whether cell
surface E-cadherin was reduced in Rap1GAP-depleted cells,
trypsin sensitivity experiments were conducted. These studies
revealed that the proportion of E-cadherin on the cell surface
was not reduced in RaplGAP-depleted cells (Fig. 3C and D).
These data suggest that loss of RaplGAP alters the distribu-
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FIG. 5. Silencing of RaplGAP weakens cell/cell adhesion.
(A) Cells were trypsinized in the presence of calcium or EGTA, and
images were acquired immediately after plating. The graph shows the
dissociation index as the Np/Nt ratio, where Np is the number of
particles (aggregates and single cells) and Nt is the total number of
cells in the presence of calcium (T/Ca) or EGTA (T/E). The dissoci-
ation index in the presence of calcium was significantly decreased in
control cells but not in the RaplGAP-depleted cell lines. (B) Disso-
ciation assays were performed with cells plated on PLL for 24 h.
Calcium significantly decreased the dissociation index in control cells
but not in Rap1GAP-depleted cells.

tion of membrane E-cadherin and B-catenin, rather than their
association with membranes. On the other hand, p120-cate-
nin was significantly increased in the soluble fraction of
Rapl1GAP-silenced cells (Fig. 3E), consistent with the en-
hanced cytoplasmic staining for p120-catenin observed in
these cells.

To explore if silencing of Rap1GAP has functional effects on
cell/cell adhesion, cell dissociation assays were performed.
Cells were trypsinized in calcium to maintain cell/cell adhesion
or in EGTA to disrupt adhesion, and the proportions of par-
ticles (aggregates and single cells) were determined. As ex-
pected, calcium decreased the dissociation index in control
cells (Fig. 5A). In contrast, E11 and C10 cells were dissociated
in the presence of calcium. Collectively, these results demon-
strate that RaplGAP contributes to the maintenance of cell/
cell adhesion in human colon cancer cells.

We surmised that the aberrant distribution of E-cadherin,
B-catenin, and pl120-catenin in RaplGAP-depleted cells was
due to unrestrained Rap activity. To test this, we investigated
whether acute depletion of Rap can reverse these effects. Si-
lencing of Rapl and Rap2 expression (Fig. 6A and B) in
Rapl1GAP-depleted cells elicited dramatic effects on cell mor-
phology. Cells depleted of Rap were rounder and more com-
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FIG. 6. The effects of silencing of RaplGAP on AJ proteins are Rap dependent. RaplGAP-depleted (E11) and control (Scr) cells were
transiently transfected with Rapl- and Rap2-directed (+) versus scrambled (—) siRNAs. After 48 h, cells were fixed and stained for E-cadherin
(A) or pl20-catenin (B). Note the accumulation of p120-catenin at cell/cell contacts in Rapl/2-depleted cells (indicated by arrows). Total cell
lysates prepared from replicate plates were analyzed for Rap expression.

pact and exhibited an increase in cell/cell contacts compared to
control siRNA-transfected cells. Moreover, silencing of Rap
expression restored the accumulation of E-cadherin (Fig. 6A)
and p120-catenin (Fig. 6B) at cell/cell contacts. Similar results
were obtained with C10 cells and with both Rapl1GAP-defi-
cient cell lines using independent sets of Rapl- and Rap2-
directed siRNAs (data not shown). These results confirm that
unrestrained Rap activity underlies the defects in cell/cell ad-

hesion and that, remarkably, silencing of Rap expression is
sufficient to restore cell/cell adhesion in cells chronically de-
pleted of Rap1GAP.

Downregulation of RaplGAP enhances cell/substrate adhe-
sion. In addition to being more dispersed, Rap1GAP-depleted
cells appeared flatter and more spread than control cells. Mea-
surements of cell size revealed that acute (Fig. 7A) or chronic
(Fig. 7B) silencing of Rap1GAP increased cell area. The in-
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FIG. 7. Downregulation of RaplGAP increases cell spreading.
(A) The areas of HT29 cells transiently transfected with Rap1GAP-
directed or scrambled siRNAs were compared. Downregulation of
Rap1GAP significantly (P < 0.05) increased cell area. (B) The area of
cells in which Rapl1GAP expression was chronically suppressed (E11,
C10) was significantly increased (P < 0.0005) compared to that of
control (Scr) cells. Silencing of Rapl and Rap2 expression significantly
reduced the area of Rap1GAP-depleted cells (P < 0.05 for E11; P <
0.005 for C10).

crease in area was reversed by silencing of Rapl and Rap2
expression, documenting that enhanced spreading was a con-
sequence of increased Rap activity. Given the widespread role
of Rapl in regulating integrin activation (reviewed in refer-
ences 9 and 11), we explored whether silencing of RaplGAP
enhances integrin-mediated adhesion. Downregulation of
Rap1GAP increased adhesion (Fig. 8A) and spreading (Fig.
8B and C) on collagen I'V. In contrast, there was no difference
in the ability of RaplGAP-depleted versus control cells to
adhere or spread on PLL. The localization of active FAK to
adhesive structures, a marker of integrin activation, was mark-
edly increased in RaplGAP-depleted cells plated on collagen
IV (Fig. 8C).

We next explored whether the aberrant distribution of AJ
proteins in Rap1GAP-depleted cells required matrix adhesion.
When Rapl1GAP-depleted cells were plated on PLL, the ac-
cumulation of E-cadherin and p120-catenin at cell/cell contacts
was restored (Fig. 8D). To assess whether impaired integrin
signaling restores the functional defects in cell/cell adhesion,
the dissociation indices of cells in the absence (Fig. 5A) and
presence (Fig. 5B) of PLL were compared. Calcium decreased
the dissociation index in control cells but not in RaplGAP-
depleted cells under both conditions. Therefore, although im-
pairing integrin-mediated adhesion restored the accumulation
of AJ proteins at cell/cell contacts, it was not sufficient to
restore the functional defect in cell/cell adhesion in Rap1 GAP-
depleted cells.

Downregulation of Rapl1GAP increases Src activity. The
profound alterations in cell morphology observed in RaplGAP-
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depleted cells were reminiscent of those of Src activation in colon
cancer cells. Overexpression of activated Src or activation of en-
dogenous Sre disrupted cell/cell adhesion through enhanced cell/
matrix adhesion (2, 40). We reasoned that the increase in
matrix adhesion conferred by silencing of RaplGAP could
be associated with increased Src activity. To test this,
Rapl1GAP-depleted and control cells were plated on colla-
gen IV for various times and Src autophosphorylation at
Y416 was analyzed as one indicator of Src kinase activity.
These experiments were conducted in the absence of serum to
selectively monitor adhesion-induced signaling. Autophosphor-
ylation of Src was consistently increased in RaplGAP-depleted
compared to control cells (Fig. 9A and B). Src-mediated
phosphorylation of FAK at Y576 was also enhanced in
Rap1GAP-depleted cells (Fig. 9A and C). Both phosphory-
lation events were dependent upon matrix adhesion, as nei-
ther protein was phosphorylated in suspended cells (data
not shown).

The similarity between the effects of Src activation and si-
lencing of Rap1GAP on cell adhesion suggested that some of
the effects of RaplGAP depletion could be mediated through
Src. We confirmed that Src activity was increased in
Rapl1GAP-depleted cells in the absence of replating (Fig. 10A
and B). To assess whether Src activity contributed to the ab-
errant distribution of AJ proteins, RaplGAP-depleted cells
were treated with the selective Src inhibitor SU6656. Inhibition
of Src activity restored the accumulation of E-cadherin at cell/
cell contacts in RaplGAP-depleted cells (Fig. 10C). This was
accompanied by an increase in the proportion of E-cadherin in
the insoluble fraction, further evidence of increased cell/cell
adhesion (data not shown). In contrast, inhibiting Src activity
did not fully restore p120-catenin at cell/cell junctions, suggest-
ing that depletion of Rap1GAP elicits Src-independent effects
on the distribution of p120-catenin. Inhibition of Src activity
decreased the area of RaplGAP-depleted cells (Fig. 10D).
Taken together, these data indicate that chronic suppression of
Rapl1GAP induces Src-dependent effects on cell/matrix adhe-
sion and the accumulation of E-cadherin at cell/cell contacts.

DISCUSSION

Our findings provide the first insight into the significance of
downregulation of RaplGAP in human tumor cells. We pre-
viously reported that the expression of Rap1GAP is decreased
in thyroid adenomas and papillary thyroid carcinomas (37, 47).
We now show that Rap1GAP is highly expressed in colonic
epithelium and that its expression is markedly decreased in
primary colorectal carcinomas. The widespread downregu-
lation of Rap1GAP in human tumors prompted us to ex-
plore the cellular consequences associated with the deple-
tion of Rapl1GAP. Silencing of Rap1GAP in human colon
cancer cells enhanced adhesion to collagen, an important
component of tumor stroma, and weakened cell/cell adhe-
sion. These findings provide a rationale for the frequent
downregulation of RaplGAP in epithelial tumors where al-
terations in cell/matrix adhesion and the weakening of cell/cell
contacts are important contributing factors in tumor dissemi-
nation.

Rap activation promotes cell/cell adhesion and junctional
integrity (reviewed in reference 30). Moreover, activated Rap
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FIG. 8. Silencing of RaplGAP enhances integrin-dependent adhesion and spreading. (A) Rap1GAP-depleted and control cells were plated on
collagen IV (open bars) or PLL (filled bars) for 10 min. Silencing of Rap1GAP significantly increased adhesion to collagen (P < 0.0005 for E11,
P < 0.005 for C10). (B) The area of RaplGAP-depleted versus control cells was measured following plating on collagen IV (open bars) or PLL
(filled bars) for the times (minutes) indicated. Depletion of Rapl1GAP significantly increased cell spreading on collagen IV (P < 0.001 for E11;
P < 0.01 for C10 at 60 min). (C) Cells plated on collagen IV or PLL for 60 min were fixed and stained for autophosphorylated FAK (FAKY397).
Images were acquired for the same times. (D) Plating of Rap1GAP-depleted cells on PLL (for 16 h) restored the accumulation of E-cadherin and
p120-catenin at cell/cell contacts (for examples, see arrowed cells).

and RapGEFs have been shown to associate with components cell/cell contacts than control cells. Although steady-state lev-
of cell/cell junctions (1, 7, 17, 24, 29, 41). Thus, we were initially els of E-cadherin, B-catenin, and p120-catenin were unchanged
surprised to find that RaplGAP-depleted cells, which exhibit in Rap1GAP-depleted cells, the intracellular distribution of all
durable increases in Rapl and Rap2 activity, formed fewer three proteins was altered. Most notably, the accumulation of
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FIG. 9. Src activity is increased in RaplGAP-depleted cells.
(A) Rap1GAP-depleted and control cells were plated on collagen IV
for the times (minutes) indicated, and total cell lysates were prepared
and subjected to Western blotting for autophosphorylated Src
(SrcY416 and pSrc), Src, phosphorylated FAK (FAKY576 and pFAK),
and FAK. (B and C) The results from multiple experiments are sum-
marized. Phosphorylated Src was normalized to total Src, and phos-
phorylated FAK was normalized to total FAK. Phosphorylation of Src
(P < 0.0005 for E11; P < 0.05 for C10 at 60 min) and FAK (P < 0.0001
for E11; P < 0.05 for C10 at 60 min) was significantly increased in
Rap1GAP-depleted cells.

E-cadherin, B-catenin, and p120-catenin at cell/cell contacts
was reduced. This occurred in the absence of demonstrable
changes in the partitioning of E-cadherin and B-catenin be-
tween soluble and insoluble fractions or in cell surface pools of
E-cadherin, although p120-catenin was increased in the soluble
fraction of RaplGAP-depleted cells. p120-catenin plays an
important role in retaining E-cadherin at the cell surface (re-
viewed in references 31 and 51). Its increased localization in
the cytoplasm prompted us to explore if silencing of Rap1GAP
elicited functional effects on cell/cell adhesion. Cell dissocia-
tion assays revealed that cell/cell adhesion was weakened in
Rapl1GAP-depleted cells. These findings are in agreement with
reports that cadherin-mediated adhesion can be reduced in the
absence of demonstrable changes in steady-state levels or cell
surface localization of E-cadherin (52).

The defects in cell/cell adhesion in Rapl GAP-depleted cells
were due to unrestrained Rap activity, as silencing of Rap
expression increased the number of cell/cell contacts and the
accumulation of E-cadherin, B-catenin, and p120-catenin at
cell/cell junctions. Although Rap activation promotes cell/cell
adhesion, similar to our findings, overexpression of activated
Rap has been reported to disrupt cell/cell contacts (7, 24). Rap
is activated when cell/cell junctions form (24, 39) and when
cell/cell contacts are disrupted (1, 4). In the latter instance,
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trans ligation of E-cadherin was required to inactivate Rap,
highlighting a requirement for Rap inactivation in the forma-
tion and/or maturation of cell/cell contacts. Collectively, these
findings suggest that cell/cell adhesion requires the cycling of
Rap between active and inactive states. The observation that
sustained activation of endogenous Rap disrupts cell/cell ad-
hesion in human colon cancer cells demonstrates a heretofore
unappreciated role for RaplGAP in the regulation of cell/cell
adhesion. We surmise that Rap1GAP is required for the inac-
tivation of Rap that precedes the formation of cell/cell junc-
tions (1, 4). Interestingly, overexpression of RaplGAP has
been shown to impair the formation (24, 39) or maintenance
(16, 41, 50) of cell/cell contacts. The similar effects of
Rapl1GAP overexpression and downregulation may indicate
that Rapl1GAP functions as part of a macromolecular complex,
where alterations in Rapl1GAP expression impact stoichiome-
try. Besides interacting with Rap, RaplGAP binds to hetero-
trimeric G protein a subunits (27, 33, 35) and AF6 (43, 55), a
protein that associates with activated Rap and localizes to
cell/cell junctions (7).

Rap1GAP-depleted cells were more spread than control
cells. Acute plating experiments revealed that silencing of
Rapl1GAP enhanced adhesion and spreading on collagen 1V,
as well as the formation or stabilization of structures contain-
ing activated FAK. The concomitant effects of Rapl1GAP de-
pletion on cell/cell and cell/matrix adhesion prompted us to
assess whether these effects are related. Impairing integrin-
dependent cell spreading restored the accumulation of E-cad-
herin, B-catenin, and pl20-catenin at cell/cell contacts in
Rapl1GAP-depleted cells, suggesting that defects in AJ protein
localization are due to enhanced interaction of cells with the
extracellular matrix. However, cell/cell adhesion remained
weakened in RaplGAP-depleted cells plated on PLL. This
suggests that downregulation of Rap1GAP elicits integrin-de-
pendent and -independent effects on cell/cell adhesion. Balzac
et al. reported that the disassembly of cadherin-mediated cell/
cell junctions activates Rap and that Rap activation was re-
quired for the subsequent formation of integrin-dependent
focal contacts (4). These findings position Rap as an important
site of integration between cadherin- and integrin-mediated
signals. Our findings further support this notion by showing
that the presence or absence of RaplGAP is an important
determinant of the balance of cell/cell and cell/substrate adhe-
sion.

The expression and activity of Src are increased in CRC with
a trend toward increasing activity with disease progression (6,
12, 25, 44). Overexpression of activated Src in KM12C colon
cancer cells stimulated the formation of integrin-mediated fo-
cal contacts and delayed the recruitment of E-cadherin to
cell/cell contacts (2). Inhibitory antibodies to «, or B, integrins
restored the accumulation of E-cadherin at cell/cell contacts,
linking the defects in cell/cell adhesion to enhanced integrin
signaling. Similarly, increasing endogenous Src activity in
HT?29 cells enhanced integrin activation and disrupted cell/cell
contacts (40). Because silencing of RaplGAP exhibited effects
similar to those of Src activation, we examined whether Src
activity is altered by Rapl GAP depletion. Rap1GAP-depleted
cells exhibited increased Src activity, as monitored by activat-
ing phosphorylation of Src or Src-dependent phosphorylation
of FAK. These results are consistent with a report that over-
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FIG. 10. Loss of Rapl1GAP induces Src-dependent effects on E-cadherin. (A) RaplGAP-depleted and control cells were starved overnight, and
total cell lysates were prepared and subjected to Western blotting for autophosphorylated and total Src. (B) Summary of multiple experiments
showing that Src autophosphorylation was significantly (P < 0.005 for E11; P < 0.05 for C10) increased in Rapl GAP-depleted cells. (C) Rapl1 GAP-
depleted and control cells were exposed to SU6656 (10 uM), fixed, and stained for E-cadherin and p120-catenin. Exposure to SU6656 for 30 min
was sufficient to restore membrane E-cadherin. SU6656 failed to fully restore membrane p120-catenin, even after 120 min (shown here). Images
for each antibody were acquired for the same times. (D) Measurements of cell size revealed that SU6656 significantly reduced the area of

Rap1GAP-depleted cells (P < 0.05 for E11; P < 0.0005 for C10).

expression of RaplGAP inhibited Src phosphorylation in mel-
anoma cell lines (56). Intriguingly, inhibition of Src kinase
activity restored cell/cell contact localization of E-cadherin but
not of p120-catenin. Src inhibition also impaired cell spread-
ing, suggesting that at least some of the effects of Rap1GAP
depletion on cell adhesion are mediated through Src. Although
Rap is typically activated downstream from Src, our findings
suggest that downregulation of Rap1GAP acts upstream from
Src in deregulating cell adhesion.

The significance of the effects of Rapl GAP depletion in vitro
to those in human tumors remains to be established. E-cad-
herin and pl120-catenin are membranous in normal colonic

epithelium, and there is a trend toward the increased cytoplas-
mic localization of both proteins in colorectal tumors (5, 22,
32). We observed cytoplasmic staining for E-cadherin and
p120-catenin in primary colon tumors where RaplGAP ex-
pression was decreased (unpublished data). Because down-
regulation of RaplGAP and alterations in the localization of
E-cadherin and p120-catenin are frequent events, the analysis
of a large number of tumors is required to determine if these
effects are correlated. Remarkably, silencing of Rap expression
restored cell/cell adhesion in cells where Rap1GAP expression
was chronically suppressed. This implies that the defects in
Rapl1GAP-depleted cells are potentially reversible and that
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strategies to restore RaplGAP expression or to inhibit Rap
activity should be evaluated for their effects on cell/cell adhe-
sion in human tumors.

The signals that trigger the downregulation of Rap1GAP in
human tumors remain to be identified. Acute expression of
activated Ras decreased RaplGAP expression in thyroid epi-
thelial cells (47). Ras mutations are prevalent in tumors of the
pancreas, thyroid, and colon, all of which exhibit downregula-
tion of Rap1GAP (37, 53). However, RaplGAP expression
was decreased in papillary thyroid carcinomas, which rarely
exhibit Ras mutations. Wnt signaling has been shown to target
SIPAL1 for proteasomal turnover (45). Whether the same is
true for RaplGAP remains to be determined. Other signals
regulate Rap1GAP protein stability (28), suggesting that mul-
tiple signals impinge upon RapGAPs. Investigation of the reg-
ulation of Rap1GAP expression and activity, together with the
identification of its protein partners, promises to provide fur-
ther insight into the roles of Rap signaling in the control of cell
architecture.
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