
INTRODUCTION
KRIT1 was first identified as a binding partner of the GTPase Rap1a
(Serebriiskii et al., 1997), a regulator of cell-cell adhesion in many
cell types (Price et al., 2004; Cullere et al., 2005). KRIT1, also called
CCM1, is a member of a multiprotein complex that contains CCM2
and CCM3 (PDCD10) (Zawistowski et al., 2005; Voss et al., 2007).
There are similar vascular malformations in KRIT1, CCM2 and
PDCD10 heterozygous humans and similar lethal phenotypes in
homozygous null animals (Whitehead et al., 2004; Plummer et al.,
2005; Mably et al., 2006; Gore et al., 2008; Boulday et al., 2009;
Kleaveland et al., 2009; Voss et al., 2009; Whitehead et al., 2009).
These genetic relationships, combined with the physical association
of these proteins, lend credence to their interdependence of
function. Heterozygous loss of CCM1 is associated with the
development of cerebral cavernous malformations (CCM)
(Laberge-le Couteulx et al., 1999; Sahoo et al., 1999), a rare (0.1-
0.5% incidence), autosomal dominant disorder characterized by the
development of multiple vascular dysplasias within the brain. CCM
lesions consist of beds of dilated, leaky capillary vessels. The vessels
are also marked by a lack of accessory cells and altered gene
expression (Kilic et al., 2000; Clatterbuck et al., 2001; Revencu and
Vikkula, 2006). However, little is known about the mechanism(s)
that underlie development of the disease. We previously reported
that KRIT1 is a Rap1 effector that is required for the stabilizing
effect of Rap1 on endothelial cell-cell junctions, where KRIT1
associates with junctional proteins including -catenin and vascular
endothelial (VE)-cadherin (Glading et al., 2007).

Cadherin-based structures (adherens junctions) regulate diverse
cellular behaviors, including proliferation and migration (Ivanov
et al., 2001), and play a dominant role in endothelial barrier function

(Dejana, 2004). -Catenin participates in the formation and
stabilization of cadherin-based adhesions by forming a connection
to the actin cytoskeleton (Aberle et al., 1996). -Catenin is also a
key element of the canonical Wnt (wingless and Int-1) signaling
pathway, which promotes the nuclear localization of -catenin by
disrupting the axin–adenomatous polyposis coli (APC)–glycogen
synthase kinase 3 (GSK3)–-catenin complex that normally
targets cytoplasmic -catenin for degradation (Clevers, 2006). The
Wnt–-catenin signaling pathway is crucial during development;
dysregulation of this pathway has been implicated in the
development of multiple tumors of epithelial origin, including colon
adenocarcinoma and breast cancer. Binding of -catenin to
cadherins can antagonize Wnt signaling by sequestering -catenin
at the membrane (Sanson et al., 1996; Sadot et al., 1998; Orsulic et
al., 1999). Disruption of adherens junctions is accompanied by the
release of -catenin from the cytoplasmic tail of the cadherin (Potter
et al., 2005) and concomitant changes in gene expression owing to
the increased nuclear localization of -catenin and the subsequent
activation of T-cell factor (TCF)/lymphoid enhancer factor (LEF)
transcriptional complexes (Solanas et al., 2008; Taddei et al., 2008).

We hypothesized that, because loss of KRIT1 disrupts adherens
junctions, loss of KRIT1 could induce the nuclear localization of
-catenin, thereby increasing its transcriptional activity. Here, we
show that KRIT1 depletion inhibits the association of VE-cadherin
with -catenin, and causes a concomitant increase in the presence
and function of -catenin in the nucleus. KRIT1 is a Rap1 effector
and we found that Rap1, a tumor suppressor (Kitayama et al., 1989),
inhibits canonical -catenin signaling in confluent cells that have
sufficient levels of KRIT1 (KRIT1-sufficient). However, depletion
of KRIT1 blocked the ability of active Rap1 to inhibit -catenin-
driven transcription. Furthermore, we find that the KRIT1 protein
is expressed in many cell types and that KRIT1 depletion or
hemizygous deletion increases nuclear -catenin signaling in
several cell types. KRIT1 hemizygosity increased intestinal
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SUMMARY

KRIT1, also called CCM1, is a member of a multiprotein complex that contains the products of the CCM2 and PDCD10 (also known as CCM3) loci.
Heterozygous loss of any of the genes that encode these proteins leads to cerebral cavernous malformations (CCM), which are vascular lesions that
are found in around 0.5% of humans. KRIT1 mediates the stabilization of -catenin-containing endothelial cell-cell junctions downstream of the
Rap1 GTPase. Here, we report that Rap1 and KRIT1 are negative regulators of canonical -catenin signaling in mice and that hemizygous Krit1

deficiency exacerbates -catenin-driven pathologies. Depletion of endothelial KRIT1 caused -catenin to dissociate from vascular endothelial (VE)-
cadherin and to accumulate in the nucleus with consequent increases in -catenin-dependent transcription. Activation of Rap1 inhibited -catenin-
dependent transcription in confluent endothelial cells; this effect required the presence of intact cell-cell junctions and KRIT1. These effects of KRIT1
were not limited to endothelial cells; the KRIT1 protein was expressed widely and its depletion increased -catenin signaling in epithelial cells.
Moreover, a reduction in KRIT1 expression also increased -catenin signaling in vivo. Hemizygous deficiency of Krit1 resulted in a ~1.5-fold increase
in intestinal polyps in the ApcMin/+ mouse, which was associated with increased -catenin-driven transcription. Thus, KRIT1 regulates -catenin signaling,
and Krit1+/– mice are more susceptible to -catenin-driven intestinal adenomas.
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adenoma formation and -catenin-dependent gene expression in
the ApcMin/+ model of colon cancer. Thus, we identify Rap1 and
KRIT1 as inhibitors of -catenin signaling in multiple cell lineages
and show that hemizyogus deficiency of Krit1 leads to exacerbation
of a -catenin-driven epithelial tumor. These studies reveal the
function of the CCM signaling complex in maintaining endothelial
junctional integrity, and provide new insight into how mutations
in CCM proteins can affect vascular development and how they
may lead to increased intestinal tumorigenesis.

RESULTS
Loss of KRIT1 regulates -catenin nuclear localization and reduces
its association with cadherins
We previously found that KRIT1 mediates the capacity of Rap1a
to stabilize endothelial cell-cell junctions; notably, loss of KRIT1
led to a loss of -catenin from cell-cell junctions and an overall
decrease in junction integrity (Glading et al., 2007). Endothelial cell-
cell adhesion can be modulated by internalization of the cadherin
complex (Reynolds and Carnahan, 2004; Gavard and Gutkind,
2006); however, depletion of KRIT1 did not reduce surface
expression of VE-cadherin in primary human arterial endothelial
cells (HPAECs) (Fig. 1A). As internalization does not occur to the
same extent in all types of endothelium (Alcaide et al., 2008), we
examined the binding of -catenin to the cadherin cytoplasmic
domain, which also regulates cell-cell adhesion and homophilic
cadherin binding (Carmeliet et al., 1999; Reynolds and Carnahan,

2004). KRIT1 depletion reduced the association of -catenin with
VE-cadherin, while having no effect on total catenin or cadherin
protein levels (Fig. 1B,C).

Increased nuclear localization of -catenin activates -catenin-
dependent transcription in KRIT1-deficient cells
Depletion of KRIT1 displaced -catenin from cell-cell junctions;
however, loss of KRIT1 did not result in a reduction of total -
catenin (Fig. 1B), rather it led to relocalization of -catenin to the
nucleus, as shown by an increase in nuclear immunofluorescent
intensity (Fig. 2A) and by subcellular fractionation (Fig. 2B;
supplementary material Fig. S1A). The co-expression of siRNA-
resistant KRIT1 reversed the increase in -catenin nuclear
localization, which excluded off-target effects of the siRNA (Fig.
2A). These data indicate that the expression of KRIT1 stabilizes
the association of -catenin with VE-cadherin, and suggest a link
between the effect of KRIT1 depletion on cell-cell adhesion and
the nuclear localization of -catenin.

Nuclear -catenin stimulates transcription through its
interaction with TCF and LEF, thereby activating gene expression
(Clevers, 2006). The transcriptional output of -catenin signaling
can be monitored using the TOPFlash reporter, which includes six
TCF binding sites (Korinek et al., 1997). KRIT1 depletion in bovine
aortic endothelial cells (BAECs) increased nuclear -catenin
signaling, as judged by a ~2.5-fold increase in TOPFlash luciferase
activity (Fig. 2C). Specificity of this effect was confirmed by the
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Fig. 1. Loss of KRIT1 reduces -catenin association with
VE-cadherin. (A)Depletion of KRIT1 does not reduce the
surface expression of VE-cadherin. Staining of the
extracellular domain of VE-cadherin was compared with
isotype control staining (red line) by FACS analysis of
negative control small interfering RNA (siRNA)-transfected
cells (black line) or anti-KRIT1 siRNA-transfected cells (blue
line). Histograms are representative, n3. Knockdown of
KRIT1 was confirmed by western blot (right panel) in cells
used for FACS analysis and co-immunoprecipitation.
NC, negative control siRNA; 530, anti-KRIT1 siRNA; IP,
immunoprecipitation; IB, immunoblot; mab, monoclonal
antibody; pab, polyclonal antibody. n3 separate
determinations. (B)-Catenin co-immunoprecipitates with
VE-cadherin in cells expressing negative control siRNA or
untreated cells (not shown); this association is diminished in
cells expressing anti-KRIT1 siRNA. RbIgG, rabbit IgG. Blots are
representative, n3. (C)Densitometric quantification of co-
immunoprecipitation western blots. Data shown are the
relative expression of VE-cadherin and -catenin in both
immunoprecipitation (IP) and input samples, normalized to
negative control siRNA expressing cells ± standard deviation
(S.D.). *P<0.001 by Student’s t-test, n3. The far right panel
shows quantification of KRIT1 expression in these
experiments ±S.D. *P<0.001 by Student’s t-test, n3.

D
ise

as
e 

M
od

el
s &

 M
ec

ha
ni

sm
s  

    
   D

M
M



lack of change in FOPFlash activity, a TCF binding-deficient
reporter (Korinek et al., 1997). Re-expression of KRIT1 in depleted
cells reversed the increase in TOPFlash activity (Fig. 2C;
supplementary material Fig. S1B). For comparison, a similar
magnitude of increase was induced by the overexpression of
FLAG–-catenin (Fig. 2C; supplementary material Fig. S1B). Thus,
depletion of KRIT1 leads to increased nuclear -catenin and -
catenin-dependent transcription in endothelial cells in vitro.

Activation of Rap1 inhibits -catenin transcriptional activity via
KRIT1
Activated Rap1 increases the localization of KRIT1 to cell-cell
junctions and its association with junctional proteins, such as -
catenin; the ability of active Rap1 to stabilize cell-cell junctions
requires KRIT1 (Glading et al., 2007). Having found that KRIT1
regulates -catenin signaling, we suspected that this function
might lie downstream of Rap1 signaling, particularly since Rap1
has been identified as a growth inhibitory tumor suppressor
(Kitayama et al., 1989). Treatment of BAECs with 50 M of
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Fig. 2. Loss of KRIT1 regulates -catenin nuclear localization and activates
-catenin-dependent transcription. (A)-Catenin and KRIT1 staining of
confluent BAECs. Top panels, negative control siRNA; center panels, anti-KRIT1
siRNA; lower panels, anti-KRIT1 siRNA co-transfected with siRNA-resistant
KRIT1. Confocal images are representative, n6. Bar, 50m. (B)Densitometric
quantification of subcellular fractionation. The data shown are the
representative expression of -catenin in cytoplasmic, nuclear and membrane
fractions of siRNA-transfected HPAECs, and are relative to total -catenin ±S.D.
*P<0.05 by Student’s two-tailed t-test, n3. Representative blots for -catenin
and KRIT1 expression, as well as fractionation control blots, can be found in
supplementary material Fig. S1A. (C)TOPFlash reporter activity in KRIT1-
depleted cells. Data are shown relative to negative control siRNA-transfected
cells (NC). -cat, FLAG–-catenin expressing cells; 530, anti-KRIT1 siRNA
expressing cells; 530+HA-KRIT1, anti-KRIT1 siRNA and hemagglutinin-tagged
(HA)-KRIT1 expressing cells. Overall P0.002 by analysis of variance (ANOVA),
*P<0.05 by Bonferroni post-hoc comparison to negative control siRNA-
transfected cells, n5.

Fig. 3. Rap1 activation inhibits -catenin reporter activity via KRIT1. (A)-
Catenin-dependent reporter activity in cells treated with 50M of OMe-cAMP,
a membrane-permeant activator of Rap1, or that express constitutively active
RapV12. TOPFlash activity is shown relative to the vector-transfected vehicle-
treated (vec/veh) cells, n3, P0.0001 by ANOVA. *P<0.001 by Bonferroni post-
hoc test compared with vector-transfected vehicle-treated cells; **P<0.001
compared with vehicle-treated, -catenin expressing cells. (B)Rap1 inhibits -
catenin-dependent reporter activity induced by thrombin. TOPFlash activity is
shown relative to vehicle-treated cells, n3, P0.001 by ANOVA. *P<0.01 by
Bonferroni post-hoc test compared with vehicle-treated cells; **P<0.01
compared with thrombin-treated cells. (C)Activation of Rap1 does not inhibit
reporter activity in KRIT1-depleted cells, n3, P0.0001 by ANOVA, *P<0.001 by
Bonferroni post-hoc test compared with vector-transfected vehicle-treated
cells. (D)Inhibition of nuclear -catenin reporter activity requires the presence
of cell-cell adhesion. Endothelial cells overexpressing -catenin were plated at
high (confluent) and low (sparse) cell densities on tissue culture-treated
plastic, or sparsely in wells coated with an Fc-VE-cadherin extracellular domain
fusion protein, in the presence or absence of 50M of OMe-cAMP. Control
wells were blocked with excess non-immune mouse IgG and soluble cadherin-
Fc in the presence of calcium to assess background binding. TOPFlash activity
is normalized to vector-transfected vehicle-treated cells, n3, P0.001 by
ANOVA, *P<0.01 by Bonferroni post-hoc test compared with vector-
transfected vehicle-treated cells, **P<0.01 compared with -catenin
overexpressing cells.
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8�pCPT-2OMe-cAMP (OMe-cAMP), a specific activator of the
Rap1 exchange factor Epac1, or expression of a constitutively active
form of Rap1a, RapV12, inhibited -catenin-driven transcription
in -catenin overexpressing cells (Fig. 3A; supplementary material
Fig. S2A). Rap1 activation also reversed -catenin-dependent
transcription induced by thrombin (Fig. 3B), supporting a role for
Rap1 in inhibiting the redistribution of -catenin to the nucleus
(Beckers et al., 2008). Furthermore, activation of Rap1 did not
inhibit -catenin reporter activity in cells depleted of KRIT1 (Fig.
3C). Importantly, KRIT1 depletion had no effect on Rap1 expression
levels (supplementary material Fig. S2C), suggesting that Rap1 acts
via KRIT1 to maintain the association of -catenin with cadherins,
thereby preventing -catenin-driven transcription. We suspected
that Rap1 activation blocked -catenin-driven transcription by
stabilizing cell-cell adhesion, thus promoting -catenin localization
at junctions. To test this hypothesis, we treated cells plated at low
density (sparse) or high density (confluent) with OMe-cAMP to
determine whether the effect of Rap1 activation was dependent on
the presence of cell-cell adhesion. In cells plated sparsely, which
had few or no cell-cell contacts (supplementary material Fig. S2B),
activation of Rap1 did not inhibit -catenin reporter activity.
However, the effect of Rap1 activation was rescued in sparse cells
when the cells were adhered to plates coated with Fc-linked VE-
cadherin (Fig. 3D), although the effect of -catenin overexpression
was muted, probably owing to an increase in cadherin adhesion
complex formation. Thus, we conclude that Rap1 activation can
negatively regulate -catenin signaling by promoting the stability
of cell-cell junctions through a mechanism involving KRIT1.

KRIT1 protein is expressed in multiple cell types
KRIT1 is required for the stabilizing effects of Rap1 on endothelial
cell junctions; however, Rap1 also stabilizes cell-cell junctions in
epithelial cells (Price et al., 2004), suggesting that KRIT1 may also
regulate cell junctions and -catenin signaling in this cell type. The
KRIT1 protein is expressed in aortic and venous endothelial cells,
however, KRIT1 mRNA is expressed in non-endothelial tissues
(Denier et al., 2002); therefore, we examined the expression of
KRIT1 in endothelial cells and other cell types using a sensitive
quantitative tandem ELISA. BAECs expressed approximately 4
nanograms of KRIT1 human protein equivalents per milligram of
total cell protein. We found similar levels of KRIT1 protein in
multiple human and murine cell types including those representing
the T-cell lineage (Jurkat), monocyte/macrophage lineage (RAW),
mammary epithelial cells (MCF10A) and vascular smooth muscle
cells (SMC). Consistent with our previous work (Glading et al.,
2007), we detected endogenous KRIT1 expression in Chinese
hamster ovary (CHO) cells, and increased expression by
transfection with hemagglutinin-tagged (HA) KRIT1 (Fig. 4A).
Western blotting confirmed the presence of KRIT1 protein at the
characteristic molecular weight of ~80 kD in these cell types
(supplementary material Fig. S3A).

The presence of KRIT1 in epithelial cells led us to ask whether
the effects of KRIT1 on the canonical Wnt signaling pathway might
extend to non-endothelial tissues. Transfection of Madin-Darby
canine kidney (MDCK) epithelial cells with anti-KRIT1 siRNA
reduced KRIT1 levels by 50-60% (supplementary material Fig. S3B)
and was associated with an approximate twofold increase in
TOPFlash reporter activity (Fig. 4B). Expression of constitutively

active Rap1 was also able to block -catenin-driven reporter
activity in KRIT1-sufficient cells; hence, the KRIT1-Rap1 pathway
is a regulator of cell junctions and -catenin signaling in multiple
cell types.

KRIT1 deficiency leads to increased intestinal adenoma formation
and decreased survival in ApcMin/+ mice
Dysregulation of the Wnt–-catenin signaling pathway is implicated
in the development of many tumors of epithelial origin; epithelial
cancers of the colon are particularly associated with increased -
catenin-driven transcription (Fuchs et al., 2005). Epithelial cells from
Krit1+/– mice manifested an approximate 50% reduction in Krit1
mRNA (Fig. 5A), similar to that induced in our siRNA-mediated
depletion experiments, indicating a gene dosage effect in KRIT1
expression. Although we have not detected spontaneous
adenoma/adenocarcinoma formation in Krit1+/– mice to date, given
that KRIT1 is widely expressed and regulates -catenin-dependent
transcription in epithelial cells, we hypothesized that the hemizygous
Krit1 null state would exacerbate -catenin-driven disease.

To test the effect of hemizygous KRIT1 deficiency on the
development of -catenin-driven cancers, we bred Krit1
hemizygous null mice onto the ApcMin/+ model of familial APC. At
90 days of age, the small intestines of the Krit1+/– ApcMin/+ mice
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Fig. 4. KRIT1 protein is expressed widely and regulates -catenin
signaling in epithelial cells. (A)KRIT1 protein was quantified based on a
standard curve of recombinant human glutathione S-transferase (GST)-KRIT1
FERM (protein 4.1, ezrin, radixin, moesin) domain protein. Data are expressed
as nanograms of human protein equivalents per milligram of total cell protein,
± two standard errors (S.E.). Cell types: BAEC, bovine endothelial; FLS, mouse
primary synoviocyte; RAW, mouse macrophage cell line; Jurkat, human T-cell
line; SMC, mouse primary aortic smooth muscle cells; MCF10 (MCF10A),
normal human mammary epithelial cell line; CHO, Chinese hamster ovary
epithelial cell line. (B)-Catenin reporter activity in MDCK cells after KRIT1
depletion (black bars) and in the presence of constitutively active Rap1 (white
bars). TOPFlash activity is given as in Fig. 1C, P<0.0001 by ANOVA, *P<0.05 by
Bonferroni post-hoc test compared with negative control siRNA-transfected
cells, **P<0.05 compared with -catenin expressing cells, n4.
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had significantly more polyps than Krit1+/+ ApcMin/+ mice (44±4
versus 29±1.6, respectively) (Fig. 5B), although these polyps were
generally smaller in size than those found in wild-type mice (Fig.
5C). This difference was also observed in older animals (120 days
of age) (supplementary material Fig. S4A). As expected (Yamada
et al., 2002), occasional colonic polyps were observed, but the trend

towards an increased number of colonic polyps in Krit1+/– mice
did not reach statistical significance (Krit1+/– 2.6±0.5 versus Krit1+/+

1.6±0.3) (supplementary material Fig. S4B).
APC serves as an essential component of a complex that targets

cytoplasmic -catenin for degradation. The oncogenic effect of the
ApcMin/+ mutation can be ascribed to increased levels of nuclear
-catenin (Oyama et al., 2008). As the loss of KRIT1 results in
increased nuclear -catenin accumulation in vitro (Fig. 2A), we
analyzed -catenin localization in the tumors of Krit1+/– ApcMin/+

and Krit1+/+ ApcMin/+ mice. Although adenomas from both
genotypes exhibited cytoplasmic and nuclear -catenin staining in
a range of intensities, Krit1+/– ApcMin/+ adenomas contained a larger
number of nuclei with intense nuclear -catenin staining compared
with histologically matched Krit1+/+ ApcMin/+ adenomas (Fig. 5D,F),
as well as some low-level staining of nuclei in adjacent non-involved
tissue (Fig. 5F, white arrowheads). Krit1+/– ApcMin/+ mice also
exhibited reduced survival (134 days median survival), compared
with Krit1+/+ ApcMin/+ mice (164 days median survival) (Fig. 5E).
No significant difference in the number of adenocarcinomas was
observed by histopathological analysis of moribund animals (data
not shown). The earlier death of the Krit1+/– ApcMin/+ mice may,
therefore, simply reflect greater numbers of adenomas thereby
increasing the likelihood of intestinal obstruction or bleeding, both
of which are common causes of morbidity in this model (Moser et
al., 1995). These effects may be enhanced by underlying defects in
endothelial permeability, such as those reported by Whitehead et
al. in Ccm2 heterozygous mice (Whitehead et al., 2009). Thus, loss
of one allele of Krit1 exacerbates -catenin signaling, resulting in
the formation of small intestinal adenomas and reduced survival
in a mouse model of human colon cancer.

KRIT1 depletion increases -catenin-dependent gene expression
-Catenin regulates a number of genes involved in transformation,
proliferation and tumor progression, and it is these changes that
are thought to drive tumor formation in the ApcMin/+ mouse model.
Thus, altered gene expression downstream of increased nuclear -
catenin could contribute to the differences observed between wild-
type and hemizygous animals. Indeed, Krit1+/– ApcMin/+ mice
exhibited increased expression of -catenin-driven mRNAs relative
to their Krit1+/+ ApcMin/+ littermates. Quantitative real-time (RT)-
PCR revealed increased expression of Mmp3, Axin2, Fn1, Ccnd1
and Myc, known targets of the -catenin–TCF–LEF complex, in
the normal small intestine of Krit1+/– ApcMin/+ mice compared with
their Krit1+/+ ApcMin/+ littermates. We observed around a fourfold
increase in the expression of all five genes in adenomas versus the
normal small intestine. However, Krit1+/– ApcMin/+ adenomas
showed significant increases in expression relative to adenomas
from Krit1+/+ ApcMin/+ littermates (Fig. 6A).

Deficiency of KRIT1 is associated with the development of
CCMs, which are vascular dysplasias that exhibit increased
expression of multiple growth factors, including vascular
endothelial growth factor (VEGF), and altered expression of matrix
components (Rothbart et al., 1996; Kilic et al., 2000). Furthermore,
embryonic aortic endothelial cells from Krit1 null mice are highly
proliferative (Whitehead et al., 2004). As -catenin transcriptional
activity is implicated in the expression of VEGF (Skurk et al., 2005)
and endothelial cell proliferation (Goodwin et al., 2006), we asked
whether the expression of VEGFA (Vegfa) or cyclinD1 (Ccnd1) is
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Fig. 5. Hemizygous Krit1 deficiency exacerbates -catenin-driven tumors.
(A)Krit1 mRNA expression in primary intestinal epithelium. Data are shown as
the average amount of target mRNA +/–S.E.M., n4 for each tissue type.
*P0.0095 by Student’s two-tailed t-test compared with wild type.
(B)Quantification of intestinal adenomas in 90-day-old Krit1+/– ApcMin/+ and
Krit1+/+ ApcMin/+ mice. Data shown are the mean±S.E.M., n9, *P0.0153 by
Student’s two-tailed t-test compared with wild type. (C)Size distribution of
intestinal polyps in 90-day-old Krit1+/– ApcMin/+ and Krit1+/+ ApcMin/+ mice. Data
shown are the mean±S.E.M., n9, P0.034 by two-way ANOVA, *P<0.001 by
Bonferroni post-hoc test compared with wild type. Right panels,
representative images of Methylene Blue-stained sections of the ileum; upper
panel, Krit1+/+ ApcMin/+; lower panel, Krit1+/– ApcMin/+. Bar, 1.5 mm.
(D)Quantification of intense nuclear -catenin staining in intestinal adenomas.
Data are shown as the mean±S.E.M., n9/group, *P0.009 by Student’s t-test.
(E)Kaplan-Meier survival analysis of Krit1+/– ApcMin/+ and Krit1+/+ ApcMin/+ mice,
n8/group, P0.0237 by log-rank test. (F)Representative images of -catenin
staining in intestinal adenomas. Black arrowheads indicate densely stained -
catenin-positive nuclei; white arrowheads show -catenin staining in non-
involved intestinal epithelium.
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enhanced in KRIT1-depleted endothelial cells. Anti-KRIT1 siRNA-
expressing BAECs exhibited greater than a 50% reduction in
KRIT1 (Krit1) mRNA by quantitative RT-PCR and around a
twofold increase in Vegfa and Ccnd1 mRNA expression (Fig. 6B).
The increase in Vegfa and Ccnd1 gene expression in KRIT1-
depleted cells was reversed by co-expression of dominant-negative
TCF (Leung et al., 2002), demonstrating that KRIT1 regulates the
expression of these genes by inhibiting nuclear -catenin signaling.
-Catenin (Ctnnb1) mRNA levels were unchanged by KRIT1
siRNA treatment, confirming that loss of KRIT1 does not affect
the expression of -catenin (Fig. 6B).

DISCUSSION
We previously demonstrated that loss of KRIT1 decreased
endothelial junction stability resulting in increased permeability and
stress fiber formation. Here, we show that loss of KRIT1 decreased
the interaction of -catenin with VE-cadherin (Fig. 1B,C), an
interaction thought to be required for stabilization of VE-cadherin
at the cell surface (Lilien and Balsamo, 2005). However, the
decreased -catenin–VE-cadherin interaction we observed was not
sufficient to cause a reduction in cell surface expression of VE-
cadherin (Fig. 1A). -Catenin supports cadherin adhesive function
by acting as an adaptor protein connecting cadherins with the actin
cytoskeleton. -Catenin is also a component of the canonical Wnt
signaling pathway; this commonality has suggested a relationship
between cadherin and Wnt signaling that is not completely

understood (for a review, see Jeanes et al., 2008). Overexpression
of cadherins antagonizes Wnt–-catenin signaling (Sadot et al.,
1998; Orsulic et al., 1999); conversely, a reduction in cadherin levels
or a disruption of cell-cell adhesion enhances -catenin signaling
events (Gottardi et al., 2001; Kuphal and Behrens, 2006; Taddei et
al., 2008). This suggests that cadherins may serve as a sink for -
catenin signals, such that the level of cadherin expression or
stabilized cadherin adhesion in a cell sets a threshold over which
-catenin protein levels must rise in order to gain access to the
nucleus. In cell culture, KRIT1 depletion inhibited the association
of VE-cadherin with -catenin, and promoted the nuclear
localization of -catenin, without affecting the total cellular level
of -catenin (Fig. 2A,B). Furthermore, loss of junctional stability
in KRIT1-depleted cells is sufficient to activate -catenin-
dependent transcription (Fig. 2C) in the absence of exogenous Wnt
addition or GSK3 inhibition. This effect is similar to that seen in
endothelial cells expressing a form of VE-cadherin that cannot bind
to -catenin (Taddei et al., 2008). Thus, our data suggest that loss
of KRIT1 deregulates -catenin nuclear signaling by destabilizing
cadherin-mediated adhesion.

KRIT1 is a Rap1 effector and we found that Rap1, a tumor
suppressor (Kitayama et al., 1989), inhibits -catenin signaling in
confluent cells that are KRIT1-sufficient (Fig. 3). Whereas activation
of Rap1, either through activation of Epac or by expression of
constitutively active RapV12, did not significantly affect basal -
catenin-dependent transcription, it strongly inhibited -catenin-
driven transcription in -catenin overexpressing cells. Activation
of Rap1 increases -catenin localization to cell-cell junctions and
its association with cadherins (Sato et al., 2006), thus we
hypothesized that Rap1 inhibits nuclear -catenin signaling by
promoting the association of -catenin with cadherins and reducing
the availability of -catenin for nuclear signaling. Supporting this
hypothesis, activation of Rap1 was unable to inhibit -catenin
signaling in cells that did not have intact cell-cell junctions, but
was able to inhibit the nuclear -catenin signaling induced by
thrombin, which disrupts endothelial cell junctions and causes a
redistribution of -catenin to the nucleus (Beckers et al., 2008).
Moreover, KRIT1 is required for Rap1 to stabilize cell-cell adhesion
in endothelial cells and our data show that it is also required for
Rap1 to suppress -catenin signaling, as activation of Rap1 had no
effect in KRIT1-depleted cells. Thus, Rap1 requires the presence
of cell-cell contact and KRIT1 to inhibit nuclear -catenin signaling.
Taken together, these data indicate that Rap1 inhibits -catenin
signaling by promoting stable cell-cell adhesion, thus limiting the
amount of -catenin that is available to translocate into the nucleus.
Because Rap1 has many cellular effectors, it is possible that it could
use alternative mechanisms to regulate -catenin signaling.
Nevertheless, our data point directly to the ability of Rap1 to interact
with KRIT1 in order to stabilize cell-cell junctions as an important
component of its ability to antagonize -catenin signaling.

Rap1 regulates the formation and stability of cell-cell adhesion
in epithelial cells (Price et al., 2004). Our documentation of KRIT1
protein expression in non-endothelial cells suggests that KRIT1
could mediate some of the functions of Rap1 in this cell type.
Depletion of KRIT1 in kidney epithelial cells increased -catenin-
dependent transcription and blocked the ability of active Rap
(RapV12) to block -catenin-dependent transcription (Fig. 4B).
Thus, we propose that the signaling pathway described here
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Fig. 6. Loss of KRIT1 increases -catenin-mediated gene expression.
(A)Expression of -catenin-regulated genes in normal non-involved small
intestine (SI) and intestinal adenomas of Krit1+/– ApcMin/+ and Krit1+/+ ApcMin/+

mice. Data shown are the average expression from six mice per group ±S.E.M.
Overall P<0.03 by ANOVA, *P<0.05 by Bonferroni post-hoc test compared with
Krit1+/+ ApcMin/+ normal SI, #P<0.05 by Bonferroni post-hoc test compared with
Krit1+/+ ApcMin/+ adenomas. (B)-Catenin-regulated gene expression in KRIT1-
depleted BAECs. dnTCF, dominant-negative TCF. Data shown are the average
expression from five experiments ±S.E.M., P<0.0001 by ANOVA, *P<0.01 by
Bonferroni post-hoc testing when compared with negative control siRNA-
transfected cells. 
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functions in both epithelial and endothelial cells. Our discovery of
a role for KRIT1 in epithelial cells bears similarities to the C. elegans
KRIT1 ortholog, kri-1. C. elegans lacks a vasculature; however, kri-
1 is expressed in intestinal cells and regulates organism life span
by altering transcription (Berman and Kenyon, 2006).

The potential consequence of KRIT1 depletion in epithelial cells
is underscored by our findings using the ApcMin/+ mouse model.
Although Krit1+/– Apc+/+ mice do not have a higher incidence of
spontaneous tumors, Krit1+/– ApcMin/+ mice developed more
intestinal adenomas than their wild-type littermates and exhibited
higher levels of nuclear -catenin staining (Fig. 5). The relevance
of our results to human colonic adenomas is uncertain since
mutations or deletions of the region of chromosome 7 (7q21.2) that
contains the KRIT1 gene have not been reported in human colon
cancer patients, and unpublished data suggest that KRIT1/CCM1
has a wide range of expression in benign and malignant colon
tumors compared with normal colon (S. F. Giardina, D. Notterman,
P. Paty and F. Barany, pers. commun.). Nevertheless, this region is
a hotspot for translocations and deletions in other cancers,
including leukemias, lymphomas and thyroid tumors (Fischer et
al., 1997; Basirico et al., 2003; Trovato et al., 2004); loss of
heterozygosity has been observed on 7q21 in breast cancer and
this region also has putative tumor suppressor function in prostate
cancer (Kristjansson et al., 1997; Ichikawa et al., 2000). Thus,
analysis of a potential role of KRIT1 as a tumor suppressor seems
warranted.

Tumor formation is a complex process and it is possible that
disrupting KRIT1/Rap1 signaling could have effects on many
pathways; however, our data point strongly to increased -catenin
signaling as a major factor. The mechanisms of tumor formation
in the ApcMin/+ mouse model are well characterized and are driven
primarily by increased nuclear -catenin signaling (Kongkanuntn
et al., 1999; Ray et al., 2003; Oyama et al., 2008). Although the exact
mechanism(s) underlying increased adenoma formation in Krit1+/–

ApcMin/+ mice remain undefined, we observed changes in the
expression of a number of -catenin-driven genes in non-involved
intestine ex vivo, including Myc, which is known to be essential for
tumor formation in this model (Ignatenko et al., 2006; Yekkala and
Baudino, 2007). We also observed a proportionally larger number
of small adenomas in Krit1+/– ApcMin/+ mice (Fig. 5C), but not an
increase in progression to adenocarcinoma. As Rap1 was originally
identified as Krev (Kirsten ras revertant 1), a GTPase whose
activity reversed Ras-induced transformation (Sakoda et al., 1992)
and inhibited the development of multiple forms of
adenocarcinoma (Burney et al., 1994; Damak et al., 1996; Leach et
al., 1998), and because KRIT1 is upregulated during cAMP-
stimulated reversal of Ras-mediated cell transformation (Bachrati
et al., 1999), it will be of interest in future studies to examine
whether the increase in adenoma number is the result of an effect
on tumor initiation/transformation downstream of nuclear -
catenin signaling.

Our study has specifically investigated the role of KRIT1 in -
catenin-driven epithelial cancer. However, it also provides proof of
principle that heterozygous loss of KRIT1 can influence -catenin
signaling in vivo. It is also conceivable that increased -catenin
signaling contributes to the formation of CCM. Although relatively
little is known about the natural history of CCMs, ultrastructural
analysis of mature lesions has shown a decrease in endothelial cell-

cell junctions (Clatterbuck et al., 2001). Our findings therefore
suggest that enhanced -catenin signaling could occur within CCM
lesions, where increased -catenin-driven gene expression could
contribute to the development of CCM lesions by altering the
developmental program of the affected blood vessels. For example,
increased expression of VEGF has been observed in human CCM
lesions (Kilic et al., 2000); we now show that depletion of KRIT1
increases Vegfa mRNA in a -catenin-dependent manner (Fig. 6).
VEGF signaling contributes to endothelial proliferation, stimulates
angiogenesis (Ferrara and Gerber, 2001), and regulates cadherin-
based adhesion (Gavard and Gutkind, 2006). However, it remains
to be seen whether VEGF signaling significantly contributes to the
development of CCM lesions. In addition, CCM lesions express
less laminin and more fibronectin, thus altering the composition
of the basal lamina (Rothbart et al., 1996), and we observed
increased fibronectin expression in the intestinal epithelium of
Krit1+/– mice (Fig. 6). Fibronectin promotes endothelial cell survival
and increased expression of fibronectin is common in the basal
lamina of immature growing vessels (Hynes, 2007). These points
illustrate that loss of KRIT1 could contribute to the formation of
CCM lesions in humans by altering -catenin-driven gene
expression. In addition, it is important to note that a specific second
hit at the KRIT1 locus in CCM lesions was reported recently (Akers
et al., 2008). As our findings suggest that the basal heterozygous
state exhibits increased -catenin-driven transcription, this implies
that complete loss of KRIT1 could cause an even greater increase
in -catenin signaling, thereby contributing to the development of
CCM lesions.

In conclusion, we have identified a novel pathway that regulates
cell-cell adhesion and -catenin signaling. Depletion of KRIT1
increased the localization of -catenin in the nucleus, increased -
catenin transcriptional activity, and increased -catenin-dependent
gene expression in many cell types. Conversely, activation of Rap1
inhibited -catenin signaling, an effect that required the presence
of cell-cell contact and KRIT1. Furthermore, hemizygous loss of
Krit1 in mice exacerbates -catenin-dependent intestinal adenoma
formation. Thus, these studies reveal the function of Krit1 in
endothelial cell biology, provide new insight into how Rap1 signaling
can influence gene transcription, and suggest that KRIT1 may also
function to regulate -catenin signaling in non-endothelial tissues.

METHODS
Cell culture and transfection
HPAECs and BAECs were obtained from Lonza (Walkerville, PA),
maintained in endothelial growth medium-2 (Lonza), and used
prior to passage 7. MDCK epithelial cells were purchased from
ATCC (Manassas, VA) and maintained in Eagle’s minimum
essential medium with 10% FBS and 1% penicillin-streptomycin.
Cells were transfected using an Amaxa nucleofection device
(Amaxa GmbH, Germany) according to manufacturer’s
instructions. Briefly, 0.5�106 cells/transfection were suspended in
Amaxa basic endothelial cell solution (BAECs and HPAECs) or
Solution L (MDCK) together with 25 nM of siRNA, with or without
2 g of DNA. The cells were then nucleoporated using program
M-003 (BAECs and HPAECs) or A-024 (MDCK). This method
garnered transfection efficiencies ranging from 50% to 80%,
dependent on cell type and the total amount of DNA transfected.
KRIT1 knockdown in transfected cells was approximately 90% (Fig.

Disease Models & Mechanisms 79

Regulation of -catenin signaling by KRIT1 RESEARCH ARTICLE
D

ise
as

e 
M

od
el

s &
 M

ec
ha

ni
sm

s  
    

   D
M

M



2A). Representative blots for KRIT1 expression in each set of
experiments are shown in the supplementary material Figs S1-S3.

siRNA and plasmids
Non-targeting negative control siRNA and anti-KRIT1 siRNA
(Ambion/Invitrogen) were used as reported previously (Glading et
al., 2007). The anti-KRIT1 siRNA was found to have activity against
bovine, murine and canine protein, as would be predicted by the
100% identity in the target sequence, and was used in all
experiments. Cloning details for the HA-tagged full-length KRIT
and HA-RapV12 were reported previously (Glading et al., 2007).
Wobble mutations in the siRNA targeting sequence (four silent
mutations) were introduced using the Quikchange II site-directed
mutagenesis kit (Stratagene, La Jolla, CA). FLAG-tagged -catenin
and dominant-negative TCF constructs were obtained from Dr Eric
Fearon (University of Michigan). The TOPFlash and FOPFlash
reporter constructs were obtained from Dr Barry Gumbiner
(University of Virginia).

Immunofluorescence and immunohistochemistry
Immunofluorescent detection of -catenin and KRIT1 was
performed as reported (Glading et al., 2007). Goat anti-mouse IgG
Alexa 488 and goat anti-mouse IgG Alexa 568 were used as
secondary antibodies (1:500, Invitrogen/Molecular Probes). Images
were obtained using a Leica TCS SP2 AOBS confocal microscopy
system (Leica DMRE microscope and HCX PL APO 63�/1.32 oil
objective, Leica) and processed using Adobe PhotoShop software.

Immunohistochemical staining of -catenin was performed on
cross-sections of paraffin-embedded intestinal tissue. Antigen
retrieval was performed by incubation in citrate buffer at 100°C
for 20 minutes. Slides were treated with 3% H2O2 for 5 minutes to
remove endogenous peroxidases, then blocked for 1 hour in a
solution of 2% normal goat serum, 1% BSA and 0.01% Triton X-
100. Rabbit anti-human -catenin was added at a 1:100 dilution in
blocking buffer and slides were incubated overnight at 4°C in a
humidified chamber. Control serial sections were incubated with
an equivalent concentration of normal rabbit IgG (Santa Cruz
Biotechnology, Santa Cruz, CA). Donkey anti-rabbit IgG-HRP
(1:250, Jackson Immunoresearch, West Grove, PA) was used as a
secondary antibody. Staining was developed using the
diaminobenzidine (DAB)+ liquid stain reagent (Dako, Denmark);
slides were counterstained for 30 seconds with Mayer’s hematoxylin
(Sigma, St Louis, MO). -Catenin nuclear staining of adenomas
was quantified using bright-field microscopy by investigators who
were blinded to the identity of each section. Intensely stained nuclei
were counted in 8-12 representative fields per mouse under high
magnification (40�). The number of positive nuclei per high-power
field was averaged by genotype.

Immunoprecipitation and western blotting
KRIT1 and -catenin expression was monitored, and VE-cadherin
immunoprecipitation was performed, as reported previously
(Glading et al., 2007). Mouse anti-FLAG was used for
immunoblotting at a dilution of 1:10,000 (Sigma). Mouse anti-HA
(Covance, Princeton, NJ) was used at a dilution of 1:1000. Rabbit
anti-VE cadherin (Cayman Chemical, Ann Arbor, MI) was used
for immunoprecipitation at a dilution of 1:100 and for western
blotting at a dilution of 1:1000. Rabbit anti--catenin (Santa Cruz),

rabbit anti-RhoGDI (cytosolic fraction marker) (Santa Cruz), rabbit
anti-lamin A/C (nuclear fraction marker) (Cell Signaling
Technology, Boston, MA) and mouse anti-1 integrin (membrane
marker) (Santa Cruz) were used for western blotting at a dilution
of 1:1000. The secondary antibodies used were: goat anti-rabbit
Alexa 680 (Invitrogen) and goat anti-mouse IRDye 800 (Rockland
Immunochemicals, Gilbertsville, PA). Blots were imaged and
densitometry was performed using a Li-Cor Odyssey infrared
imaging system, and the processing for figures was performed using
Adobe Photoshop; all lanes were adjusted equally.

FACS analysis
Cell surface expression of VE-cadherin was measured by antibody
labeling of the extracellular domain of VE-cadherin, followed by
FACS analysis. Briefly, at 24 hours post-transfection, cells
transfected with negative control siRNA or anti-KRIT1 siRNA were
dissociated from the tissue culture plate using dissociation buffer
(137 mM NaCl, 4.2 mM NaHCO3, 5.4 mM KCl, 5.6 mM glucose,
0.5 mM EDTA, pH 7.2) at 37°C for 10 minutes. The cells were then
aliquoted into tubes in triplicate and spun down in buffer containing
1.2 mM CaCl2, 135 mM NaCl, 1.2 mM MgCl2, 10 mM HEPES, 10
mM glucose and 0.05% BSA (pH 7.4), and then labeled with rabbit
anti-VE-cadherin (Cayman) or a non-immune isotype control
(Santa Cruz) for 1 hour on ice. The cells were washed, and
incubated with secondary antibody (goat anti-rabbit FITC, Jackson
Immunoresearch) for 30 minutes on ice. The cells were washed
again, and fluorescent labeling was then detected using a FACScan
flow cytometer and analyzed using CellQuest software (BD
Biosciences, San Jose, CA).

Subcellular fractionation
Subcellular fractionation was performed as reported in Chou et al.
(Chou et al., 2003). Briefly, HPAECs were transfected, as described
above, with negative control siRNA or anti-KRIT1 siRNA. At 24
hours post-transfection, cells were harvested in 0.5 ml of lysis buffer
(20 mM HEPES-KOH, pH 7.5, 1.5 mM MgCl2, 5 mM KCl, 0.2 mM
Na3VO4, 10 g/ml leupeptin, 10 g/ml aprotinin, 1 mM phenylmethyl-
sulfonyl fluoride). After a 10-minute incubation on ice, cells were
disrupted using 35 strokes in a Dounce homogenizer. A fraction
of the total cell lysate was saved prior to centrifugation at 450 g for
10 minutes to pellet the nuclei. The supernatant was subjected to
additional centrifugation at 18,900 g for 30 minutes to pellet the
membrane fraction. The resultant supernatant was the cytosolic
fraction. The nuclear and membrane pellets were extracted at 4°C
with lysis buffer containing 1% Nonidet P-40. The total lysate, and
nuclear, membrane, and cytosolic fractions were analyzed for
protein expression by immunoblot.

TOPFlash reporter assays
Reporter assays were performed using the Dual-Glo luciferase assay
system (Promega, Madison, WI) according to the manufacturer’s
instructions. Firefly luciferase activities produced by the TCF-
dependent firefly luciferase reporter plasmid TOPFlash were
measured using a Wallac Victor2 1420 multilabel counter. All
transfections received the same number and total amount of
plasmids, and included the constitutive Renilla luciferase plasmid
pRL-TK. Cells were plated in at least triplicate per condition, and
each experiment was performed independently (i.e. separate
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transfections) at least three times (n≥3). Firefly luciferase activities
were standardized to constitutive Renilla luciferase activities and
statistical analyses were performed using one-way ANOVA. When
appropriate, cells were treated with 50 M of 8�pCPT-2OMe-cAMP
(Biolog, Bremen, Germany) or an equivalent volume of dH2O
overnight prior to luciferase detection. Cells pre-treated ±OMe-
cAMP were stimulated with 2 U/ml of thrombin (Sigma) or an
equivalent volume of dH2O for 6 hours prior to luciferase detection.
To assess the contribution of cadherin-based adhesion, VE-
cadherin-Fc protein was isolated from stably transfected CHO cells
(obtained from Dr Dietmar Vestweber, Max-Planck-Institute for
Molecular Biomedicine, Germany) as reported previously (Gotsch
et al., 1997). Experimental wells were coated with 30 g/ml of VE-
cadherin-Fc fusion protein, as reported previously (Winter et al.,
2004), and blocked with 0.05% BSA. Control wells were pre-treated
with non-immune mouse IgG (Sigma) followed by an excess of
soluble cadherin-Fc in the presence of calcium to assess background
binding. Transfected cells were plated in seven replicate wells and
treated as required.

RNA isolation and semi-quantitative RT-PCR
RNA was isolated by Trizol extraction according to the
manufacturer’s instructions (Invitrogen). Complementary DNA
was obtained with Superscript III reverse transcriptase using
random hexamers (Invitrogen). The primer sets for quantitative
PCR are given in supplementary material Table S1. Amplifications
were run in a 7500 Fast real-time PCR system (Applied
Biosystems/Invitrogen). Each value was calculated using the
comparative Ct method (Livak and Schmittgen, 2001) and
normalized to Gapdh or Actb (-actin) internal controls. All
samples were run in at least triplicate, and each experiment was
performed from five separate cell/RNA preparations (n5). For
RNA isolation from mouse intestinal tissue, areas of normal non-
involved tissue and adenoma were identified using a dissecting
microscope and removed. Tissue samples of 3-5 mm2 were
incubated in 10� volume of RNAlater solution (Ambion) at 4°C
prior to Trizol extraction. All samples were run in at least
quadruplicate. For accuracy of comparison, all primer sets were
designed to amplify across exon boundaries, confirmed to produce
a single product, and to have amplification efficiencies roughly
equal to that of the reference set (data not shown).

KRIT1 ELISA
ELISA high binding plates (Fisher, Pittsburgh, PA) were coated with
5.0 g/ml of mouse anti-KRIT1 15B2 in 0.05 M NaHCO3, pH 9.5,
for 1 hour at 37°C. Plates were then blocked with 150 l of blocking
buffer (1% BSA in PBS, heat-inactivated). After washing with wash
buffer (PBS with 0.2% Tween-20), the diluted sample (in 1% BSA
in PBS with 0.2% Tween-20) was added to the appropriate wells
and incubated at 37°C for 1 hour. Plates were washed again, and
primary antibody (rabbit anti-KRIT1 6832, 1:1000 in 1% BSA in
PBS with 0.2% Tween-20) was then added. After 1 hour at 37°C,
the secondary antibody (goat anti-rabbit HRP conjugate, Invitrogen,
1:1000) was added and incubated for a further 30 minutes. The
signal was developed using enhanced chemiluminescence (ECL)
solution (Amersham Biosciences, UK), and measured using a
Wallac Victor2 multilabel plate reader. Non-coated and secondary-
only wells were used to assess background binding. All samples

and controls were run in triplicate. The amount of KRIT1 in the
cell lysate was estimated by comparison to a standard curve of
recombinant GST-KRIT1 F123, which also served as a positive
control.

Mouse models
KRIT1 hemizygous (Krit1+/–) mice were obtained from Dr Dean
Li (University of Utah) and maintained on a clean C57BL/6
background; PCR-based genotyping was performed as described
in the initial characterization of this model (Whitehead et al., 2004).
ApcMin/+ mice were obtained from The Jackson Laboratory (Bar
Harbor, ME) and genotyped using the recommended primer
sequences and protocol. Mice were bred and maintained under
standard conditions in the University of California, San Diego
animal facility that is accredited by the American Association for
Accreditation of Laboratory Animal Care. All animal protocols
received prior approval by the institutional review board.
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TRANSLATIONAL IMPACT

Clinical issue
Cerebral cavernous malformations (CCM) are vascular malformations that are
characterized by abnormally enlarged capillary vessels and are mainly found in
the central nervous system. Sporadic and familial CCM occurs in 0.1-0.5% of
the population. Although the average age of diagnosis is 30, CCMs are a major
cause of childhood stroke and patients present with a variety of debilitating
clinical symptoms, including focal seizures, cerebral hemorrhage, focal
neurological deficits and headache. 

Three gene loci are linked to familial CCM: KRIT1, CCM2 and PDCD10. Similar
vascular phenotypes and embryonic lethality are seen in KRIT1-, CCM2- and
PDCD10-deficient animal models, which strongly suggests that these proteins
are involved in a conserved signaling pathway regulating blood vessel
development and integrity. Previous studies have demonstrated that KRIT1
stabilizes cell-cell contacts in the endothelium, the layer of cells that line the
interior surface of blood vessels. Endothelial cell-cell contacts are defective in
CCM lesions, but the molecular function of KRIT1 and its effect on CCM lesions
is incompletely understood, thus hampering the development of therapeutics
for this disease.

Results
The authors define a new function for KRIT1 as a negative regulator of -
catenin-driven transcription. Cytoplasmic -catenin serves as an anchor for the
cytoskeleton and participates in Wnt signaling, regulating growth and
adhesion. In the nucleus, -catenin influences gene expression. Loss of KRIT1
disrupts endothelial cell-cell (adherens) junctions, which causes the
mislocalization of -catenin away from intercellular adherens junctions and
into the nucleus. -Catenin-dependent target genes are activated, many of
which, such as Vegfa, are important in vascular development. The KRIT1
protein is widely expressed and its depletion increases -catenin signaling in
multiple cell types, including epithelial cells. With this in mind, the effect of
loss of KRIT1 expression on -catenin-driven cancers was investigated in the
ApcMin/+ mouse model of colon cancer, showing that KRIT1 depletion causes
enhanced -catenin-driven adenoma formation.

Implications and future directions
These studies show that loss of KRIT1 alters gene expression in endothelial
cells, providing mechanistic insight into how the CCM signaling complex can
affect vascular development. The data also suggest that the CCM signaling
complex can regulate junctional integrity and -catenin signaling in epithelial
cells and may, therefore, modulate -catenin-driven pathologies such as
intestinal adenomatous polyps.

doi:10.1242/dmm.004853
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Krit1+/– and Krit1+/+ littermates on an ApcMin/+ background were
maintained on normal mice chow until sacrifice at 90 or 120 days
of age (adenoma study) or until moribund (survival study). Krit1+/–

mice were born at the expected Mendelian ratio on the ApcMin/+

background (data not shown). For analysis of adenoma formation,
age- and sex-matched littermate mice were euthanized, and the
intestinal tract from the duodenum to the rectum was removed.
Intestinal segments were rinsed with saline and fixed in 10%
formalin solution at 4°C overnight. Segments were then stained
with Methylene Blue (0.13% in 75% ethanol) for 30 minutes and
then rinsed with 75% ethanol for 15 minutes. Adenoma formation
was quantified using a dissecting microscope (2� magnification)
by an investigator who was blind to the mouse genotype. Imaging
was performed using an eyepiece-mounted digital camera (Canon
Powershot A520) and processed using Adobe Photoshop. Following
analysis of whole mounts, representative sections of each segment,
including adenomatous and adjacent normal tissue, were taken for
paraffin embedding and sectioning.

Statistical analysis
Statistical analysis was performed using PRISM software (version
4.0, GraphPad Software, La Jolla, CA). Statistical testing included
one-way ANOVA or Student’s t-test, where appropriate; the test
used is indicated in each figure legend. Pairwise comparison of
conditions was performed following ANOVA using the Bonferroni
post-hoc test as indicated.
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