
Nuclear Localization of Integrin Cytoplasmic Domain-
associated Protein-1 (ICAP1) Influences �1 Integrin
Activation and Recruits Krev/Interaction Trapped-1 (KRIT1) to
the Nucleus*

Received for publication, October 6, 2016, and in revised form, December 12, 2016 Published, JBC Papers in Press, December 21, 2017, DOI 10.1074/jbc.M116.762393

Kyle M. Draheim‡, Clotilde Huet-Calderwood‡, Bertrand Simon‡, and X David A. Calderwood‡§1

From the ‡Department of Pharmacology and the §Department of Cell Biology, Yale University School of Medicine,
New Haven, Connecticut 06520

Edited by Thomas Söllner

Binding of ICAP1 (integrin cytoplasmic domain-associated
protein-1) to the cytoplasmic tails of �1 integrins inhibits integ-
rin activation. ICAP1 also binds to KRIT1 (Krev interaction
trapped-1), a protein whose loss of function leads to cerebral
cavernous malformation, a cerebrovascular dysplasia occurring
in up to 0.5% of the population. We previously showed that
KRIT1 functions as a switch for �1 integrin activation by antag-
onizing ICAP1-mediated inhibition of integrin activation. Here
we use overexpression studies, mutagenesis, and flow cytometry
to show that ICAP1 contains a functional nuclear localization
signal and that nuclear localization impairs the ability of ICAP1
to suppress integrin activation. Moreover, we find that ICAP1
drives the nuclear localization of KRIT1 in a manner dependent
upon a direct ICAP1/KRIT1 interaction. Thus, nuclear-cyto-
plasmic shuttling of ICAP1 influences both integrin activation
and KRIT1 localization, presumably impacting nuclear func-
tions of KRIT1.

Integrins are heterodimeric trans-membrane adhesion recep-
tors that transduce signals that control complex cell functions,
such as survival, proliferation, tissue formation, and homeosta-
sis (1). Integrin signaling is mediated via interactions between
their short cytoplasmic tails and cytoplasmic signaling and scaf-
folding proteins (2, 3). In addition, binding of proteins to the
integrin � tails can induce conformational changes in the integ-
rin extracellular domains that alter integrin affinity for extra-
cellular ligands (4). This “inside-out” signaling mechanism
alters the integrin activation state and is a key regulator of cell
adhesion, cell spreading, cytoskeletal rearrangement, and adhe-
sion signaling.

Integrin activation is triggered by the direct binding of the
band four-point-one, ezrin, radixin, moesin (FERM)2 domain-
containing proteins talin and kindlin to two conserved NPXY
motifs in the integrin � cytoplasmic tail (5, 6). Notably, negative
regulators that bind the integrin cytoplasmic domain and pre-
vent talin or kindlin binding can counteract talin and kindlin-
mediated integrin activation (7, 8). Here we report our investi-
gation of one such negative regulator, integrin cytoplasmic
domain-associated protein-1 (ICAP1). ICAP1 is a phosphoty-
rosine binding (PTB) domain-containing protein that interacts
selectively with the �1 integrin cytoplasmic domain through a
canonical PTB domain/NPXY amino acid motif interaction and
inhibits �1 integrin activation by competing with talin and
kindlin for binding to the �1 integrin tail (7, 9).

The other well characterized ICAP1-binding protein is Krev
interaction trapped-1 (KRIT1) (10, 11). KRIT1 is a multido-
main, 736-amino acid protein containing an N-terminal Nudix
domain, three NPX(Y/F) motifs, an ankyrin repeat domain, and
a FERM domain (12). Notably, loss-of-function (typically non-
sense) mutations in KRIT1 are associated with cerebral cavern-
ous malformation (CCM), a common dysplasia of the vascula-
ture (13, 14). CCMs consist of clusters of thin-walled, dilated
blood vessels that form mulberry-shaped lesions in the brain
(15). CCMs have been reported in up to 0.5% of the population
(16) and are strongly associated with hemorrhagic stroke, sei-
zure, epilepsy, and other focal neurological outcomes. CCMs
are also caused by loss of function mutations in CCM2 or
CCM3 genes (17), and the CCM2 protein can form the hub of a
multiprotein KRIT1-CCM2-CCM3 complex: the CCM com-
plex (12, 18, 19). Loss of KRIT1, CCM2, or CCM3 proteins is
therefore directly associated with focal neurological defects,
stroke, and vascular abnormalities.

Although not mutated in CCMs, ICAP1 is linked to the CCM
complex through its interaction with KRIT1 (7, 20). ICAP1
binds KRIT1 in a bidentate mode, recognizing two regions: the
highly conserved RR region and the first of the three KRIT1
NPX(Y/F) motifs (7). Importantly, the same binding site on
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ICAP1 is used to interact with either KRIT1 or integrin �1. By
binding ICAP1, KRIT1 inhibits ICAP1 binding to integrins,
relieving ICAP1-mediated suppression of integrin activation
(7). Consistent with this, increased integrin activation is
observed when increasing amounts of KRIT1 are available to
bind to ICAP1 (7). In endothelial cells, KRIT1 also appears to
stabilize the ICAP1 protein, so KRIT1 loss leads to decreased
ICAP1 levels and consequently increased �1 integrin activation
(20). In addition to its role with ICAP1, KRIT1 has also been
linked to several other important signaling pathways, including
Rho/ROCK (21–23), Notch/PI3K (24), reactive oxygen species/
SOD2/AKT (25), and �-catenin (26).

ICAP1 and KRIT1 shuttle between the nucleus and cyto-
plasm, and putative nuclear localization signals (NLS) have
been identified in both proteins (27–29). However, very little is
understood about shuttling dynamics or its cellular signifi-
cance. One hypothesis is that KRIT1 and ICAP1 regulate each
other by sequestering the partner inside the nucleus, thus pre-
venting interaction with cytoplasmic or membrane proteins,
such as �1 integrin (30), but nuclear roles for KRIT1 and ICAP1
are also possible (27, 31). Here we report that ICAP1 contains a
functional NLS, which is necessary and sufficient for localiza-
tion to the nucleus. Deletion or mutation of the ICAP1 NLS
prevents nuclear localization, and cytoplasmic ICAP1 is more
effective at suppressing the activation of integrin �1. Notably,
in co-expression studies, we also find that, by binding KRIT1,
ICAP1 drives KRIT1 localization to the nucleus. Thus, nuclear-
cytoplasmic shuttling of ICAP1 can influence both integrin
activation and KRIT1 localization, presumably influencing the
nuclear functions of KRIT1.

Results

The Integrin-binding PTB Domain of ICAP1 Is More Effective
Than Full-length ICAP1 at Suppressing �1 Integrin Activation—
Consistent with the role of ICAP1 as a direct inhibitor of �1
integrin activation (32–35), we previously demonstrated that
expression of green fluorescent protein (GFP)-tagged ICAP1
PTB domain (ICAP1 residues 49 –200, ICAP1PTB) suppresses
�1 integrin activation and that this requires the formation of a
typical PTB domain-ligand interaction between integrin �1 and
ICAP1 (7). However, ICAP1 contains an additional 48 residues
N-terminal to the PTB domain (Fig. 1A), and here we investi-
gated whether this region modulates ICAP1-mediated sup-
pression of integrins. We accomplished this by expressing
GFP, GFP-tagged full-length ICAP1 (GFP-ICAPFL), or GFP-
ICAP1PTB constructs in CHO-�5�1 cells and assessing integrin
activation using a well validated flow cytometric assay (36).
CHO-�5�1 cells are Chinese hamster ovary (CHO) cells that
stably express chimeric �IIb�5�3�1 integrins. These integrins
contain the cytoplasmic domains of �5�1 and thus are regu-
lated like normal �1 integrins (37) but have the extracellular
and transmembrane domains of �IIb�3. This allowed us to
assess activation by measuring binding of the ligand-mimetic
anti-�IIb�3 antibody PAC1 (36). PAC1 binding was normal-
ized to surface integrin expression using an anti-�IIb�3 integ-
rin antibody that binds in an activation-independent manner,
and cells were gated to have comparable GFP intensities. As
shown in Fig. 1B, we validated the assay by showing that

increasing expression of the GFP-tagged integrin activator talin
head (5) increased �1 integrin activation, whereas GFP-
ICAP1PTB produced a dose-dependent suppression of activa-
tion, as reported previously (7). Notably, although GFP-
ICAP1FL also triggered dose-dependent inhibition of activation, it
was less effective at repressing integrin �1 activation than GFP-
ICAP1PTB (Fig. 1B). As expected, the ability of ICAP1FL to influ-
ence integrin activation depended on an intact �1-binding site
because the integrin-binding defective ICAP1 mutant (ICAP1
L135A/I138A/I139A, ICAP1FL/�1) (7) had no impact on integ-
rin activation (Fig. 1A).

We have previously shown that the ICAP1 PTB domain reg-
ulates chimeric �IIb�5�3�1 integrins in the same way as
endogenous �5�1 integrins (7). However, to validate the results

FIGURE 1. ICAP1FL is less efficient than ICAP1PTB at repressing �1 integrin
activation in CHO cells. A, schematic of ICAP1 noting the NLS sequence and
PTB-domain boundaries. B and C, CHO-�5�1 cells (B) or CHO cells (C) were
transfected with GFP, GFP-ICAP1FL, GFP-ICAP1PTB, the integrin binding-defec-
tive mutant GFP-ICAP1FL/�1, or GFP-talin head, and the activation of stably
expressed chimeric �IIb�5�3�1 (B) or endogenous �5�1 (C) integrins was
assessed by flow cytometry. Gating on cell populations with different GFP
intensities permits analysis of dose-dependent effects. The activation index
of each gated population was expressed as the percentage of that in the
GFP-negative population. Results are presented as mean percentage � S.E.
(error bars) of the activation index in the untransfected (GFP�) population
from 4 – 8 independent experiments. *, p � 0.01 as determined by a two-way
ANOVA with Tukey’s correction for multiple tests.
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in Fig. 1B, we also assessed the effect of ICAP1 and ICAP1
mutants on the activation of endogenous CHO cell �5�1 using
a recombinant fragment of fibronectin as a reporter (36). With
endogenous integrin (Fig. 1C), we obtained results very similar
to those with chimeric integrins (Fig. 1B), and notably again
full-length ICAP1 produced significantly less inhibition of
integrin activation than did the ICAP1 PTB domain.

The preceding data indicate that the N-terminal portion of
ICAP1 reduces the ability of the ICAP1 PTB domain to sup-
press integrin activation. It has been suggested that ICAP1 can
adopt a closed conformation where the N-terminal and C-ter-
minal portions of the protein associate, masking the integrin-
binding site in the ICAP1 PTB domain (38). Deletion of the
ICAP1 N-terminal region might disrupt the inhibitory closed
conformation, resulting in increased integrin binding, and this
could explain why the ICAP1PTB is a more potent inhibitor of
�1 integrin activation than ICAP1FL. To test this hypothesis, we
compared ICAP1FL and ICAP1PTB binding to integrin �1.
However, pull-down binding assays using cell lysates express-
ing GFP-ICAP1 constructs and recombinant His-tagged integ-
rin cytoplasmic tails immobilized on beads (39) indicated that
there are no major differences between the relative binding of
ICAP1FL and ICAP1PTB to integrin �1 tails (Fig. 2, A and B).
The �IIb beads served to control for background binding. As
expected, ICAP1FL/�1 did not bind to �1 tails. Our data there-
fore suggest that deletion of the N terminus of ICAP1 does not
alter integrin binding, but to further explore this question,
binding curves were determined by incubating increasing
amounts of purified recombinant ICAP1 (either FL or PTB)

with constant levels of immobilized integrin tails. Beads were
washed, and the amount of ICAP1 bound was determined by
immunoblot analysis (Fig. 2C). The bands were quantified, and
curve-fitting analysis demonstrated no significant increase in
ICAP1PTB affinity for integrin �1 tail compared with ICAP1FL
(Fig. 2D). The 95% confidence interval of KD for ICAP1PTB-�1
was 0.17– 0.44 �M compared with 0.12– 0.31 �M for ICAP1FL-
�1. These data establish that ICAP1FL retains integrin-binding
activity that can be disrupted by mutations in the PTB domain.
They further suggest that the N-terminal portion of ICAP1
influences ICAP1-mediated suppression of integrin activation
in ways other than directly altering integrin binding affinity.

GFP-ICAP1FL and GFP-ICAP1PTB Show Differential Local-
ization to the Nucleus—To investigate potential mechanisms by
which the N-terminal region of ICAP1 might regulate ICAP1
function, we compared the subcellular localization of GFP-
ICAP1FL and GFP-ICAP1PTB. CHO cells were transfected with
either GFP or GFP-tagged ICAP1, plated on fibronectin-coated
coverslips, fixed, stained with DAPI (to identify the nucleus),
and examined by fluorescence microscopy. It was immediately
apparent that GFP-ICAP1FL and GFP-ICAP1PTB differ in their
localization to the nucleus (Fig. 3A). Whereas GFP exhibited a
fairly even distribution between the nucleus and the cytoplasm,
and GFP-ICAP1PTB had a similar or perhaps more cytoplasmic
distribution, GFP-ICAPFL was strongly enriched in the nucleus,
leaving very little GFP-ICAP1FL in the cytosol. Analysis of mul-
tiple images from replicate experiments using CellProfiler ver-
sion 2.0 (40) allowed us to calculate the relative intensity of the
GFP signal co-localizing with the nucleus (identified using the

FIGURE 2. ICAP1FL and ICAP1PTB bind integrin �1 tails equally well. A, pull-down of GFP-tagged ICAP1 constructs from CHO cell lysates with purified
recombinant �IIb or �1 integrin tails. Tail loading was assessed by Coomassie Blue staining. The input lane indicates 5% of input lysate. B, ICAP1 binding to
purified recombinant �IIb and �1 tails was quantified and expressed as a percentage of input (mean � S.E. (error bars); n � 4). C, increasing amounts of purified
ICAP1FL or ICAP1PTB were pulled down with His-tagged integrin tails (either �IIb or �1a) immobilized on beads. Protein was detected by immunoblot analysis.
D, a binding curve was generated by quantifying the bands, normalizing to the input control, and plotting the relative signal versus the input of purified protein
(mean � S.D. (error bars), n � 3).
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DAPI stain) versus the whole cell. When quantified, �56% of
the GFP-ICAP1FL signal was nuclear, whereas GFP-ICAP1PTB
was statistically significantly lower with �32% of the signal
nuclear (Fig. 3B). To validate our image-based findings using a
biochemical assay, CHO cells infected by lentivirus to stably
express GFP or GFP-tagged ICAP1 constructs were fraction-
ated into nuclear and cytoplasmic fractions and analyzed by
immunoblotting (28% of the cytoplasmic fractions and 80.0% of
the nuclear fractions were loaded on the gel). Markers of
nucleus (HDAC-1) and cytosol (carbonyl reductase) were used
to verify the purity of nuclear and cytoplasmic fractions. Con-
sistent with our microscopy data, a greater percentage of
ICAP1FL than ICAP1PTB was found in the nuclear fraction (Fig.
3C). When quantified across multiple independent replicates,
these differences were statistically significant (Fig. 3D). We do
note that, as observed by other investigators (27, 41, 42), per-
centages of nuclear ICAP1 measured by fractionation were
lower than those obtained by quantitative fluorescence micros-
copy. Nonetheless, both fluorescence microscopy and cell frac-
tionation indicated that ICAP1FL is more nuclear than the
ICAP1PTB domain.

Preferential localization of GFP-ICAP1FL in the nucleus,
away from �1 integrins, provides a potential mechanism for the
reduced ability of ICAP1FL to suppress �1 activation. Loss of �1
binding had little effect on ICAP1 localization (Fig. 3, B and D).
Collectively, our data indicate that enhanced suppression of
�1 activation correlates with decreased nuclear targeting of
ICAP1.

ICAP1 Contains a Functional N-terminal Nuclear Localiza-
tion Signal—ICAP1 is a relatively small protein (200 amino
acids) with a known C-terminal PTB domain and an N termi-
nus that is predicted to be unstructured (Fig. 1A). ICAP1 has
previously been shown to shuttle in and out of the nucleus, and
a putative N-terminal NLS was identified (27). Because this
sequence is outside of the PTB domain, this would explain why
the PTB domain alone has a localization different from that of
the full-length protein. To explore the role of this sequence in
ICAP1 localization, we generated three GFP-tagged ICAP1 con-
structs: a truncation of the first 17 amino acids removing the
putative NLS (ICAP1 residues 18 –200, ICAP1�NLS), a muta-
tion of NLS lysine residues to alanine (ICAP1 K6A/K7A,
ICAP1NLSmut), and the introduction of a premature stop codon

FIGURE 3. ICAP1FL is more nuclear than ICAP1PTB. A, CHO cells overexpressing GFP-tagged ICAP1 constructs were plated on fibronectin, fixed 24 h later, and
stained with DAPI to identify nuclei. Representative images are shown; bar, 10 �m. B, percentage of GFP intensity in the nucleus compared with the integrated
GFP intensity of the entire cell was calculated using CellProfiler version 2.0. Boxes, 25th through 50th and 50th through 75th percentile; whiskers, 5th through
95th percentile (n � 97–130 cells from 5 independent experiments). *, p � 0.0001 as determined by a one-way ANOVA with Tukey’s correction for multiple
tests. C, representative fractionation of CHO cells overexpressing GFP-tagged ICAP1 constructs. C, 28% of the cytoplasmic fraction; N, 80% of the nuclear
fraction. Carbonyl reductase (CBR1) and histone deacetylase (HDAC1) represent quality controls for cytoplasmic and nuclear fractions, respectively. D, quan-
tification of cell fractionation data, where the percentage nuclear � total nuclear/(total nuclear N � total cytoplasmic) � 100 (bar, mean percentage nuclear
value; n � 10). *, p � 0.001 as determined by a one-way ANOVA with Tukey’s correction for multiple tests.
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after the NLS (ICAP1 residues 1–10, ICAP1NLS). After trans-
fection into CHO cells and plating on FN-coated coverslips, the
cellular localization of GFP-ICAP1 was analyzed using fluo-
rescence microscopy. Whereas GFP-ICAP1FL preferentially
targeted to the nucleus, both GFP-ICAP1�NLS and GFP-
ICAP1NLSmut demonstrated a clear shift to the cytoplasm,
exhibiting less nuclear localization than control GFP (Fig.
4A). These data demonstrate that the ICAP1 NLS is neces-
sary for nuclear localization, and they are consistent with
prior analyses (27). Additionally, we showed that the first 10
amino acids of ICAP1, which contain the ICAP1NLS, are suf-
ficient to strongly localize GFP to the nucleus (Fig. 4A).
Quantification of multiple images revealed that disrupting
the NLS sequence by either truncation or mutation causes a
statistically significant reduction of nuclear ICAP1, whereas
the addition of the ICAP1 NLS to GFP significantly increases
localization of GFP to the nucleus (Fig. 4B). Again, we vali-
dated our findings biochemically by fractionating CHO lines
that stably express GFP or GFP-tagged ICAP1 constructs
(Fig. 4, C and D). Collectively, these data suggest that the ICAP1
NLS is both necessary and sufficient for nuclear localization.

Disrupting ICAP1 Nuclear Localization Enhances Suppres-
sion of �1 Integrin—To test whether altering ICAP1 localization
to the nucleus influences its ability to suppress integrin activa-

tion, we transiently expressed GFP-ICAP1 mutants in CHO-
�5�1 cells and assessed �1 integrin activation using our flow
cytometric assay. Notably, whereas ICAP1FL, ICAP1�NLS, and
ICAP1NLSmut each produced dose-dependent suppression of
integrin activation, ICAP1 with a disrupted NLS (ICAP1�NLS

and ICAP1NLSmut) exhibited a significantly greater suppression
of integrin �1 activation (Fig. 5A). The increased suppression of
�1 integrin cannot be explained by changes in the level of integ-
rin expression because no significant alteration in integrin lev-
els was observed, and PAC1 binding was normalized to surface
integrin expression. Differences in ICAP1-mediated �1 integ-
rin suppression cannot be due to variations in expression of the
ICAP1 constructs because populations were gated for equiva-
lent GFP expression levels, ensuring comparison of cells with
comparable levels of GFP-ICAP1. Furthermore, both GFP-
ICAP1�NLS and GFP-ICAP1NLSmut appeared to bind �1 cyto-
plasmic tails to the same extent as GFP-ICAP1FL when assessed
in pull-down assays (Fig. 5B). As expected, GFP-ICAP1NLS,
which lacks the integrin-binding PTB domain, did not bind �1
tails in pull-down assays and did not impact integrin activation
(Fig. 5, A and B). These data suggest the ICAP1 NLS diminishes
�1 suppression by translocating ICAP1 to the nucleus, away
from �1 integrins.
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FIGURE 4. ICAP1 contains a functional NLS. A, CHO cells overexpressing GFP-tagged ICAP1 constructs were plated on fibronectin, fixed 24 h later, and stained
with DAPI to identify nuclei. Representative images are shown; bar, 10 �m. B, relative amount of GFP intensity in the nucleus compared with the integrated GFP
intensity of the entire cell. Boxes, 25th through 50th and 50th through 75th percentile; whiskers, 5th through 95th percentile (n � 88 –139 cells from 5
independent experiments). *, p � 0.005 as determined by a one-way ANOVA with Tukey’s correction for multiple tests. C, representative fractionation of CHO
cells overexpressing GFP-tagged ICAP1 constructs. C, 28% of the cytoplasmic fraction; N, 80.0% of the nuclear fraction. Carbonyl reductase (CBR1) and histone
deacetylase (HDAC1) represent quality controls for cytoplasmic and nuclear fractions, respectively. D, quantification of cell fractionation data where the
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Binding to ICAP1 Drives Nuclear Localization of the N-
terminal Fragment of KRIT1—We have shown previously that
the N-terminal fragment of KRIT1 (KRIT1 residues 1–198,
KRIT1Nterm) inhibits ICAP1-mediated suppression of integrin
�1 activation by competing with �1 integrin for binding to
ICAP1 (7). Additionally, data from other laboratories suggest
that KRIT1 localization drives ICAP1 localization (28). To test
whether cellular localization might play a role in the reversal of
ICAP1-mediated integrin suppression by KRIT1, we co-ex-
pressed GFP or GFP-tagged KRIT1Nterm with DsRed or DsRed-
tagged ICAP1 in CHO cells and evaluated nuclear localization
in double positive cells. As expected, GFP co-expression had
little impact on the localization of DsRed-ICAP1 or DsRed-
ICAP1 mutants (Fig. 6A). DsRed-ICAP1FL exhibited greater
nuclear localization than DsRed, whereas DsRed-ICAP1�NLS
and DsRed-ICAP1NLSmut exhibited less nuclear localization, a
pattern very similar to that seen for GFP-tagged proteins in Fig.
4B. However, when KRIT1Nterm (which contains the ICAP1-
binding site) was expressed, the mean nuclear fraction of

DsRed-ICAP1FL statistically significantly increased from 49 to
61% (Fig. 6A). Notably, a direct ICAP1FL/KRIT1Nterm interac-
tion was required for this increase in nuclear ICAP1, because
co-expression of KRIT1Nterm containing mutations that inhibit
ICAP1 binding (7) (KRIT1 R179A/R185A/N192A/Y195A,
KRIT1Nterm/ICAP1) did not have this effect (Fig. 6A). These data
are consistent with reports that KRIT1 drives ICAP1 nuclear
localization (28). However, neither DsRed-ICAP1�NLS nor
DsRed-ICAP1NLSmut showed any significant changes in local-
ization when co-expressed with either GFP-KRIT1Nterm or
GFP-KRIT1Nterm/ICAP1 (Fig. 6A). Thus, KRIT1Nterm was unable
to enhance nuclear targeting of ICAP1 lacking a functional
NLS, showing that binding to KRIT1Nterm is insufficient to tar-
get ICAP1 to the nucleus.

In the process of assessing the impact of KRIT1Nterm on
ICAP1 localization, we noticed that ICAP1 profoundly altered
KRIT1Nterm localization. When GFP-KRIT1Nterm was co-ex-
pressed with DsRed, GFP-KRIT1Nterm had an even distribution
throughout the cell, comparable with the distribution of GFP
alone (Fig. 6B). However, when co-expressed with DsRed-
ICAP1FL, which localizes strongly to the nucleus, GFP-
KRIT1Nterm localization shifted to the nucleus (Fig. 6B). Addi-
tionally, when co-expressed with either DsRed-ICAP1�NLS or
DsRed-ICAP1NLSmut, which exhibit more cytoplasmic localiza-
tion, GFP-KRIT1Nterm also localized more to the cytoplasm
(Fig. 6B). Thus, GFP-KRIT1Nterm appears to follow the localiza-
tion of ICAP1, and mutations that alter ICAP1 localization also
influence that of KRIT1. The effect of ICAP1 on KRIT1Nterm
localization appears to depend on a direct KRIT1-ICAP1 inter-
action because GFP-KRIT1Nterm/ICAP1 localization was not
affected by co-expression of any of the DsRed-ICAP1 con-
structs (Fig. 6B). Overall, our data suggest that, whereas binding
to the N-terminal portion of KRIT1 enhances nuclear localiza-
tion of ICAP1, KRIT1Nterm is insufficient to drive ICAP1 local-
ization; instead, ICAP1 drives KRIT1 localization in a binding-
dependent manner.

Mutations in KRIT1 Lead to Changes in Cellular Localization—
The preceding experiments investigated the role of the
N-terminal portion of KRIT1 encompassing the Nudix domain
and the first NPXY motif. However, KRIT1 is a multidomain
protein that, in addition to having several other binding part-
ners, contains two putative NLS and one predicted nuclear
export signal (NES) (Fig. 7A) (17, 28, 30, 43, 44). To determine
the localization of full-length KRIT1 (KRIT1FL) and the role of
the predicted NLS and NES in the absence of co-expressed
ICAP1, GFP-tagged KRIT1 was overexpressed in CHO cells
(which do not express either endogenous ICAP1 or KRIT1 (45)).
We generated mutants that disrupted either the NLS1 (KRIT1
K46A/K47A/K48A/R49A/K50A/K51A, KRIT1FL-NLS1mut), NLS2
(KRIT1 K569A/K570A/H571A/K572A, KRIT1FL-NLS2mut), or
NES (KRIT1 L557A/L558A/L559A, KRIT1FL-NESmut). KRIT1FL
constructs were then expressed in CHO cells by lentiviral trans-
duction. GFP-KRIT1FL, like GFP-KRIT1Nterm, distributed evenly
between the nucleus and the cytoplasm (Fig. 7B). Interestingly,
only GFP-KRIT1NLS1mut showed a change in localization, whereas
the cellular localization of GFP-KRIT1FL-NESmut and GFP-
KRIT1FL-NLS2mut was indistinguishable from GFP-KRIT1FL (Fig.
7B). When quantified, GFP-KRIT1FL-NLS1mut was statistically less
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nuclear than KRIT1FL (24% compared with 35%, respectively),
whereas the other mutants showed no change (Fig. 7B).

ICAP1 Drives KRIT1FL Localization in a Binding-dependent
Fashion—To test whether ICAP1 could drive the localization of
KRIT1FL, as it did for KRIT1Nterm, KRIT1FL constructs were
overexpressed in CHO cells by lentiviral transduction, and the
ICAP1 constructs were transfected the next day. Double-posi-
tive cells were then imaged and analyzed by CellProfiler version
2.0. GFP localization was not affected by ICAP1 expression (Fig.
8A), but DsRed-ICAP1FL was able to drive significant nuclear
localization of GFP-KRIT1FL (Fig. 8A). This result is very simi-
lar to that obtained with GFP-KRIT1Nterm (Fig. 6B). Further-
more, co-expression of either DsRed-ICAP1�NLS or DsRed-
ICAP1NLSmut with KRIT1FL decreased the nuclear fraction of
KRIT1FL (Fig. 8A). As seen for KRIT1Nterm, the ability of ICAP1
to influence KRIT1 localization is dependent on their interac-
tion because the binding-defective GFP-KRIT1FL/ICAP1 was

evenly distributed throughout the cell and was not affected by
ICAP1 expression (Fig. 8A). To evaluate the contribution of
KRIT1 NLS1, the ICAP1 constructs were co-expressed with
GFP-KRIT1FL-NLS1mut, a mostly cytoplasmic KRIT1 construct.
Most interestingly, the nuclear fraction of GFP-KRIT1FL-NLS1mut
increased when co-expressed with DsRed-ICAP1FL, reaching
levels comparable with that of KRIT1FL when co-expressed
with ICAP1FL (Fig. 8A). Together, our data suggest that the
ICAP1 NLS is sufficient to take both ICAP1 and KRIT1FL to the
nucleus, indicating that ICAP1 drives KRIT1FL localization.

KRIT1 Needs Its NLS1 to Enhance Nuclear Accumulation of
ICAP1—We previously noted that although GFP-KRIT1Nterm
was insufficient to support ICAP1NLSmut or ICAP1�NLS nuclear
localization (Fig. 6A), it did nevertheless increase nuclear tar-
geting of DsRed-ICAP1FL. We therefore examined the effect of
KRIT1FL on ICAP1 localization. As was seen before, GFP did
not affect the localization of any of the ICAP1 constructs (Fig.
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8B). However, co-expression with GFP-KRIT1FL caused a sta-
tistically significant increase of nuclear DsRed-ICAP1FL (46.7%
versus 56.5%), and this did not occur when DsRed-ICAP1FL was
co-expressed with GFP-KRIT1FL/ICAP1. This validates the ear-
lier finding that the ICAP1/KRIT1 interaction increases nuclear
ICAP1. Intriguingly, co-expression of GFP-KRIT1FL-NLS1mut did
not cause an increase in nuclear DsRed-ICAP1FL. This suggests
that, whereas the ICAP1 NLS is necessary and sufficient for
the nuclear localization of the ICAP1-KRIT1 complex and the
KRIT1 NLS1 is dispensable for nuclear accumulation of the
complex, the NLS1 of KRIT1 is nonetheless required to main-
tain the highest levels of nuclear ICAP1.

KRIT1FL Localization Changes When Endogenous ICAP1 Is
Lost—The preceding experiments all relied on expression of
fluorophore-tagged ICAP1 in CHO cells, a line that apparently
lacks endogenous ICAP1 and KRIT1 (45). We therefore
assessed ICAP1 nuclear localization in EA.hy926 cells, a widely
used cell line generated by fusing human umbilical vein endo-
thelial cells with the lung carcinoma A549. EA.hy926 cells
retain many endothelial features and can be stably cultured for
long periods (46). We have been unable to identify anti-ICAP1
antibodies suitable for immunofluorescence microscopy and
therefore used cell fractionation to investigate the nuclear
localization of endogenous ICAP1. This revealed that, as
observed for exogenously expressed GFP-ICAP1, endogenous
ICAP1 is present in both the cytosol and the nucleus (Fig. 9A).

Having established that endogenous ICAP1 is found in the
nucleus of EA.hy926 cells, we next wished to evaluate how the
loss of endogenous ICAP1 affects the localization of KRIT1.
Unfortunately, stable knockdown of ICAP1 results in loss of
KRIT1 protein (20, 43), preventing us from evaluating the effect

of ICAP1 knockdown on endogenous KRIT1 localization.
Therefore, we introduced GFP, GFP-KRIT1FL, or GFP-
KRIT1FL/ICAP1 into EA.hy926 cells by lentiviral transduction.
These cells were then infected with one of two different lenti-
viral shRNA constructs targeting ICAP1 (shICAP1-21 and
shICAP1-23) or a scrambled shRNA (shSCR) control. Cells were
treated with puromycin (the shRNA selection marker) and
either plated on FN-coated coverslips for fluorescence micros-
copy or lysed for immunoblot analysis to assess knockdown. As
shown in Fig. 9B, shICAP1-21 and shICAP1-23 both reduced
ICAP1 protein levels, although shICAP1-23 consistently
resulted in greater loss of endogenous ICAP1. Unsurprisingly,
GFP nuclear localization was unaffected by any of the shRNAs
either visually or quantitatively (Fig. 9, C and F). Interestingly,
in ICAP1 knockdown cells, KRIT1FL became more cytoplasmic
(Fig. 9, E and F). Notably, this effect was most pronounced with
shICAP1-23, which produced the greatest ICAP1 knockdown.
Importantly, the ICAP1 binding-defective mutant GFP-
KRIT1FL/ICAP1 was less nuclear than GFP-KRIT1FL (Fig. 9, E
and F) and was comparable with GFP-KRIT1FL in the absence
of ICAP1 (Fig. 9F). Furthermore, the localization of GFP-
KRIT1FL/ICAP1 was not impacted by ICAP1 knockdown, and
nuclear levels were comparable with GFP-KRITFL in cells lack-
ing ICAP1 (Fig. 9, E and F). Collectively, these data indicate that
exogenous KRIT1 localization is affected by direct binding to
endogenous ICAP1.

Discussion

ICAP1 has only two well validated binding partners: KRIT1
and integrin �1. Through the direct binding of its PTB domain
to the cytoplasmic tail of integrin �1, ICAP1 represses �1 integ-
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rin activation and thus modulates downstream signaling (32–
35). KRIT1 competes with �1 integrin for binding to ICAP1 and
hence can reverse ICAP1-mediated integrin �1 repression (7).
However, as KRIT1 protects ICAP1 from proteasomal degra-
dation, it can also potentiate ICAP1-dependent processes (20),
but impacts beyond the regulation of integrin �1 activation
have not yet been determined. Here we investigated the control
of ICAP1-mediated inhibition of integrin activation and found
that nuclear localization of ICAP1 diminishes repression of
integrin �1 activation. We further revealed that ICAP1 drives
KRIT1 localization to the nucleus, suggesting that ICAP1 has
important roles in determining KRIT1 subcellular localization.

ICAP1 Localization Affects Cellular Functions—Differential
localization of signaling molecules is an important mechanism
for regulation of signaling pathways. We demonstrate that
ICAP1 contains a functional NLS, which is both necessary and

sufficient for localization of ICAP1 to the nucleus. Nuclear
accumulation reduces cytosolic ICAP1 levels, thereby dimin-
ishing the efficiency of ICAP1 repression of �1 integrin activa-
tion. Because integrin �1 is linked to a wide range of down-
stream signaling pathways, tight regulation is essential for
proper cellular function. For example, increased �1 signaling
leads to RhoA activation, and the RhoA activation and cell con-
tractility seen upon the loss of KRIT1 or ICAP1 protein levels is
dependent on integrin �1 (20, 47). Conversely, increased cyto-
plasmic ICAP1 leads to greater repression of integrin �1 acti-
vation, and thus general defects in cell adhesion and cell spread-
ing would be expected. This could lead to a loss of endothelial
cell polarity and lumen formation (48), phenotypes also seen in
CCM patient samples (49). In addition to influencing levels of
ICAP1 in the cytoplasm and thus impacting cytoplasmic func-
tions of ICAP1, as discussed further below, nuclear localization

FIGURE 8. Localization of KRIT1FL is driven by ICAP1. CHO cells co-overexpressing GFP or GFP-tagged KRIT1 constructs and DsRed-tagged ICAP1 constructs
were plated on fibronectin, fixed 24 h later, and stained with DAPI to identify nuclei. A and B, percentage nuclear fluorescence compared with the integrated
fluorescence intensity of the entire cell for GFP (A) and DsRed (B) was calculated. Boxes, 25th through 50th and 50th through 75th percentile; whiskers, 5th
through 95th percentile (n � 47–103 cells from three independent experiments). *, p � 0.0001 as determined by a one-way ANOVA with Tukey’s correction for
multiple tests.
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of ICAP1 may enhance nuclear roles of ICAP1. Thus, control-
ling subcellular localization permits switching between nuclear
and cytoplasmic roles of ICAP1.

Signals that regulate ICAP1 nuclear localization are cur-
rently unknown but will be important subjects for future study.

It will be interesting to inhibit the shuttling of endogenous
ICAP1 and to determine the impact on integrin activation and
integrin-mediated cellular processes, such as cell adhesion and
migration. Unfortunately, we do not currently have sufficient
information on the mechanisms or regulation of ICAP1 shut-

FIGURE 9. Localization of exogenous KRIT1 in EAhy926 cells changes upon loss of ICAP1. A, representative fractionation of endogenous ICAP1 in EAhy926
cells. C, 28% of the cytoplasmic fraction; N, 80% of the nuclear fraction. Carbonyl reductase (CBR1) and histone deacetylase (HDAC1) represent quality controls
for cytoplasmic and nuclear fractions, respectively. Results are representative of three independent experiments. B, immunoblot of EAhy926 lysates that
overexpress either GFP or GFP-tagged KRIT1 constructs and have been infected with either an shSCR or shRNAs targeting ICAP1 (shICAP1-21, shICAP1-23).
Vinculin (VCL) was used as a loading control. C–E, EAhy926 cells infected with either shSCR or shICAP1 and overexpressing GFP or GFP-tagged KRIT1 constructs
were plated on fibronectin, fixed 24 h later, and stained with DAPI to identify nuclei. Representative images are shown; bar, 10 �m. F, percentage of GFP
intensity in the nucleus compared with the integrated GFP intensity of the entire cell. Boxes, 25th through 50th and 50th through 75th percentile; whiskers, 5th
through 95th percentile (n � 88 –93 cells from 3 independent experiments). *, p � 0.0001 as determined by a one-way ANOVA with Tukey’s correction for
multiple tests.
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tling between the nucleus and the cytoplasm to experimentally
disrupt it in a specific manner. For this reason, our current
investigation of the effects of ICAP1 on KRIT1 localization and
integrin activation has relied on overexpression of ICAP1
mutants with perturbed localization or on ICAP1 knockdown.

ICAP1 Drives the Localization of KRIT1—Our data demon-
strate that the localization of ICAP1 strongly influences KRIT1
localization. Nuclear ICAP1 is capable of recruiting KRIT1 to
the nucleus, even if the KRIT1 NLS is ablated. Furthermore,
knockdown of endogenous ICAP1 reduces nuclear localization
of exogenously expressed KRIT1. An important role of ICAP1
nuclear localization may therefore be the recruitment of KRIT1
to the nucleus. Consequently, it is likely that aberrant ICAP1
localization would lead to some KRIT1-related phenotypes. For
example, the loss of KRIT1 leads to decreased �-catenin and
VE-cadherin in cell-cell junctions, and this leads to increased
nuclear �-catenin and the up-regulation of its transcriptional
targets (26). Additionally, the loss of KRIT1 leads to the mislo-
calization of the polarity complex Tiam, Par3, and PKC� and
thus defects in directed migration and vascular lumen forma-
tion (49). It would be interesting to determine whether ICAP1-
directed KRIT1 mislocalization would lead to similar pheno-
types. We note that other KRIT1 binding partners also
influence KRIT1 localization. In addition to shuttling between
the nucleus and cytoplasm, KRIT1 also localizes to cell-cell
junctions (22, 50, 51) and microtubules (52, 53). The KRIT1
FERM domain forms a ternary complex with membrane anchor
protein HEG1 and Rap1, and KRIT1 mutants defective in bind-
ing to either HEG1 or Rap1 do not localize to cell-cell junctions
(51, 54). The loss of CCM2 also leads to the loss of KRIT1 from
cell-cell junctions, but it is unclear whether this is related to a
direct interaction between the two proteins.

KRIT1 Influences the Localization of ICAP1—In addition to
ICAP1 driving localization of KRIT1, our data demonstrate
that, conversely, KRIT1 binding increases the levels of nuclear
ICAP1 and that this effect is dependent on an intact KRIT1
NLS1. It is likely that although the ICAP1 NLS is sufficient to
take both ICAP1 and KRIT1 into the nucleus, the KRIT1 NLS1
cooperates to allow increased nuclear import. Alternatively,
KRIT1 NLS1 could decrease the nuclear export of the KRIT1-
ICAP1 complex via an unknown mechanism.

Potential Roles for ICAP1-KRIT1 within the Nucleus—Nei-
ther the cellular stimulus that leads to a change in ICAP1-
KRIT1 localization nor its functional significance has been
determined. Our data support the hypothesis that nuclear
retention of ICAP1 is a tool to modulate the cytoplasmic role of
ICAP1 (suppression of �1 integrin activation), but ICAP1 may
also have independent roles in the nucleus. The ICAP1 NLS has
been implicated in the regulation of c-Myc mRNA expression
(27), but it is currently unclear whether this is due to a specific
nuclear role of ICAP1 or is secondary to changes in integrin �1
signaling. Our data suggest that one key role of nuclear ICAP1
could be to drive KRIT1 into the nucleus. KRIT1 expression has
been linked to increased SOD2 and FOXO1 mRNA levels (25),
although whether the nuclear localization of KRIT1 is required
for the up-regulation is unknown. Intriguingly, one recent
report demonstrated that KRIT1 localizes to actively transcrib-
ing regions of the nucleus (31), raising the possibility that

KRIT1 has specific roles in the nucleus that would then be reg-
ulated by ICAP1 localization.

Potential Regulation of ICAP1-KRIT1 Localization—The bal-
ance between nuclear export and import determines the extent
of nuclear accumulation. Changes in that equilibrium could
dictate the different biological effects of either ICAP1 or
KRIT1. The ICAP1 NLS lies within a predicted unstructured
region N-terminal to the PTB domain. It is possible that a con-
formational change in ICAP1 or the direct binding of another
protein could either expose or mask the NLS. Data indicating
that the binding to integrin �1 leads to increased cytoplasmic
ICAP1 potentially support this hypothesis (27). Additionally,
phosphorylation has been shown to both enhance and suppress
nuclear export (55). Because the ICAP1 NLS is just N-terminal
to a serine/threonine-rich motif, this is another possible mech-
anism for ICAP1 localization regulation. Finally, whereas the
ICAP1 NLS is sufficient to take KRIT1 into the nucleus even in
the absence of the only functional KRIT1 NLS, KRIT1 increases
ICAP1 nuclear localization, suggesting that the KRIT1 NLS
may have a secondary role on both KRIT1 and KRIT1-ICAP1
complex localization, and this too may be regulated by addi-
tional binding partners, post-translational modifications, or
conformational changes. In addition, although we saw no
changes in nuclear localization when we mutated either the
NES or the second NLS of KRIT1, it is possible that conforma-
tional changes and/or the binding of other partners would bet-
ter expose or cooperate with these signals. There is evidence
suggesting that KRIT1 may have both an “open” and a “closed”
conformation due to head-tail interactions and that this affects
subcellular localization (28, 52). Additionally, some reports
suggest that the KRIT1/CCM2 interaction also influences
KRIT1 localization (30), but it is still unclear how ICAP1 would
affect this dynamic.

Implications for Understanding the CCM Disease—Muta-
tions in one of the three CCM genes occurs in �95% of familial
CCM cases and �67% of sporadic CCM cases with multiple
lesions (56, 57). However, CCM gene mutations have been
identified in only 5–20% of sporadic cases (58), despite familial
and sporadic lesions being pathologically indistinguishable
(15). One interesting possibility is that, in these lesions, CCM
proteins are being functionally repressed, perhaps through mis-
localization, yet the role and mechanism of CCM protein local-
ization have not been extensively studied. Our work highlights
the importance of KRIT1/ICAP1 interactions in determining
subcellular localization of the complex, influencing cell adhe-
sion and potentially additional functions.

Experimental Procedures

Antibodies/cDNA—Ligand-mimetic anti-�IIb�3 PAC1 (BD
Biosciences), anti-GFP (Rockland, catalogue no. 600-101-215),
anti-ICAP-1 (R&D Systems, catalogue no. AF6805), anti-
HDAC-1 (Santa Cruz Biotechnology, catalogue no. sc-7872),
anti-carbonyl reductase (CBR1, Santa Cruz Biotechnology,
Inc., catalogue no. sc-70212), and anti-vinculin (Sigma, V-9131)
were purchased. The anti-ICAP-1 antibody was validated by
knockdown. All other antibodies gave only bands of the
expected size (or sizes) consistent with the manufacturers’ val-
idations. Wild-type and mutant ICAP1 and KRIT1 cDNAs pre-
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viously used for protein expression/purification (7) were sub-
cloned into pDsRed-C1 and pEGFP-C1 (Clontech). Additional
mutations were introduced by QuikChange site-directed
mutagenesis (Stratagene). Lentiviral ICAP1 and KRIT1 expres-
sion constructs were generated by the protocol of Fu et al. (61).
In brief, attL1/attL2 sites were added to GFP-tagged cDNA by
two rounds of PCR, and the final product, purified by agarose
gel extraction, was used in a Gateway cloning reaction (Life
Technologies) to insert the GFP-tagged construct into CMV-
pLENTI-Hygro (Addgene). Lentiviral constructs in the pLKO
vector (U6 promoter) containing shRNAs (target sequences in
brackets) against ICAP1 (TRCN0000122921 [sequence 21,
CCTGTGCAGAATTTCGAATAA] and TRCN0000122923
[sequence 23, TGAAGGGCCATTAGACCTGAT]), along with
a scrambled control (TRC library-based lentiviral scramble;
catalogue no. SHC002) were obtained from a TRC shRNA
library (Sigma-Aldrich). All constructs used were authenti-
cated by DNA sequencing.

Cell Culture—HEK 293T cells, CHO cells, and a previously
described CHO cell line stably expressing chimeric �IIb�5�3�1
integrins (37) were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum, 1% sodium pyru-
vate, and 1% nonessential amino acids (Gibco). EaHy926 cells
were cultured in Dulbecco’s modified Eagle’s medium con-
taining 10% fetal bovine serum, 1% sodium pyruvate, and 2%
hypoxanthine-aminopterin-thymidine supplement (Gibco). Cells
were regularly tested for the presence of mycoplasma using the
MycoAlertTM mycoplasma detection kit (Lonza).

Lentiviral Knockdown and Overexpression—Lentiviruses
were produced by co-transfecting packaging vectors psPAX2
(viral proteins Gag and Rev under the SV40 promoter; Addgene
plasmid 12260, a gift from D. Trono, École Polytechnique
Fédérale de Lausanne, Lausanne, Switzerland) and pMD2.G
(viral protein VSV-G expressed under the CMV promoter;
Addgene plasmid 12259, a gift from D. Trono) into HEK 293T
cells with the shRNA construct. Viral supernatant was collected
48 and 72 h after transfection and filtered with a 0.45-�m filter.

To establish polyclonal knockdown or overexpression lines,
cells were incubated with viral supernatant and 8 �g/ml Poly-
brene for 18 h. Cells were either analyzed 48 –72 h postinfection
or selected with 2 �g/ml puromycin (pLKO) or 50 �g/ml hygro-
mycin (CMV-pLENTI-Hygro) as appropriate.

Knockdown was assessed by immunoblotting of stable lines
lysed in radioimmune precipitation assay buffer (50 mm Tris,
pH 8.0, 150 mm NaCl, 1% Triton X-100, 0.5% sodium deoxy-
cholate, and 0.1% SDS) containing cOmplete protease inhibitor
mixture tablets (Roche Applied Science). Immunoblotting was
performed with primary antibodies diluted in 5% milk in TBS-T
(1:100 of �-ICAP1, 1:1000 of �-GFP, 1:10,000 of �-vinculin)
fluorescent secondary antibodies (IR Dye800 or IR Dye680;
LI-COR Biosciences; diluted 1:20,000 in 5% milk in TBS-T) and
scanned on the Odyssey CLx infrared imaging system. Quanti-
fication was performed on the raw images in Image Studio
(LI-COR Biosciences); lanes were defined, and bands were
automatically identified. The profile feature was used to iden-
tify band boundaries, and lane background was subtracted. The
signal for the protein of interest was normalized to that of the
loading control. Optimization of images for publication was

performed by adjusting the brightness and contrast in Image
Studio (LI-COR Biosciences).

Integrin Activation Assays—The activation state of stably
overexpressed �IIb�5�3�1 chimeric integrin in CHO cells
transiently expressing GFP-tagged ICAP1 constructs was
assessed in multicolor flow cytometry assays using a modifica-
tion of methods described previously (36). CHO cells express-
ing chimeric �IIb�5�3�1 integrins were transfected with the
indicated GFP expression constructs using linear polyethyl-
eneimine, Mr 25,000 (Polysciences, Inc.) following the manu-
facturer’s instructions. 24 h later, the cells were suspended and
incubated with ligand-mimetic anti-�IIb�3 monoclonal anti-
body IgM-PAC1 (BD Biosciences) in the presence or absence of
10 mM EDTA. Chimeric integrin expression was assessed in
parallel by staining with anti-�IIb�3 antibody D57 (59). Bound
PAC1 and D57 were detected using Alexa 647 fluorophore-
conjugated goat anti-mouse IgM and anti-mouse IgG (Invitro-
gen), respectively. The activation of endogenous �5�1 was
assessed in CHO cells using methods described previously (36).
Briefly, 5 � 105 cells were suspended and incubated with bioti-
nylated GST-fibronectin type III repeats 9 –11 (FN9 –11) in the
presence or absence of 10 mM EDTA. Integrin expression was
assessed by parallel staining with PB1, an anti-�5 antibody
(Developmental Studies Hybridoma Bank). Bound FN9 –11
and PB1 were detected using allophycocyanin-conjugated
streptavidin and Alexa-647 fluorophore-conjugated goat anti-
mouse IgG (Invitrogen), respectively. Cells were analyzed on an
LSRII flow cytometer (BD Biosciences), and data analysis was
completed using FlowJo software. GFP-positive cells were
gated such that the mean fluorescence intensities (MFIs) for
GFP-positive cells were the same across all samples, ensuring
that analysis was performed on populations expressing equiva-
lent levels of exogenous protein. The activation index (AI) of
cells gated to have equivalent mean GFP intensity was calcu-
lated as AI � (F � F0)/Fintegrin, where F is the geometric MFI of
PAC1 or FN9 –11 binding, F0 is the MFI of PAC1 or FN9 –11
binding in the presence of EDTA, and Fintegrin is the MFI of D57
or PB1 binding to transfected cells. To compare across experi-
ments, data were expressed as the percentage of AI in the GFP-
negative population within each sample. Data were charted,
and statistical analyses were performed using GraphPad Prism.

His Tag-Integrin � Tail Pull-down Assays—GFP-tagged
ICAP1 was expressed in CHO cells, and cells were lysed in 1 mM

Na3VO4, 50 mM NaF, 40 mM NaPPi, 50 mM NaCl, 150 mM

sucrose, 10 mM Pipes, 0.5% Triton X-100, 0.1% deoxycholate,
pH 6.8, and clarified by centrifugation. pGEX-6P-1 ICAP1PTB
and ICAP1FL constructs were obtained as described previously
(7). Both constructs were transformed in BL21 (DE3) Roset-
taTM (Novagen) cells and were cultivated at 37 °C to an A600 of
0.6. ICAP expression was induced by 0.1 mM isopropyl �-D-1-
thiogalactopyranoside at 16 °C for 20 h. Cell pellets were then
lysed in 50 mM Tris-HCl, pH 8.2, 100 mM NaCl, 5% glycerol, 0.2
mM tris(2-carboxyethyl) phosphine, and 1� cOmpleteTM

EDTA free protease inhibitor mixture (Roche Applied Science).
GST-ICAP was purified from the lysate on Sepharose-4B glu-
tathione beads, and ICAP was eluted by incubation with recom-
binant 3C protease. Monomeric ICAP was further purified
by size exclusion chromatography on a SuperdexTM S200
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16/600pg column (GE Healthcare) in 50 mM Tris-HCl, pH 8.2,
100 mM NaCl, 5% glycerol, 0.1 mM tris(2-carboxyethyl) phos-
phine and concentrated using Amicon� Ultra-4 (Millipore)
centrifugal filters. ICAP1 binding to purified recombinant His-
tagged integrin tails was assessed in pull-down assays as
described previously (36, 39).

Microscopy—Transfected cells were stained with CellTrack-
erTM Deep Red Dye (Thermo Fisher Scientific) per the manufa-
cturer’s instructions. Cells were plated on coverslips coated
with 10 �g/ml fibronectin (Sigma-Aldrich). 24 h after replating,
cells were fixed in 4% paraformaldehyde in PBS, pH 7.4, for 30
min. Coverslips were washed with PBS and mounted using Pro-
Long Diamond with 25 ng/ml DAPI added (Invitrogen). Images
were acquired using a Nikon Eclipse Ti-S microscope with a
�100 objective using the �Manager acquisition software (60).
A minimum of 50 cells (from �3 replicates) were analyzed for
each single-expression experiment, and a minimum of 75 cells
(from �3 replicates) were analyzed for each double-expression
experiment. We verified by immunoblot that exogenous pro-
teins were of the expected size (data not shown).

Quantification of ICAP1-KRIT1 nuclear-cytoplasmic local-
ization was performed using CellProfiler version 2.0 (40).
Nuclear GFP and/or DsRed was quantified as the integrated
intensity of the fluorophore within the nucleus, as defined by
DAPI staining. The outer boundary of the cell was determined
by the propagation method within CellProfiler version 2.0 using
the CellTracker fluorescence signal (40). Data were charted,
and statistical analyses were performed using GraphPad Prism.

Nuclear/Cytoplasmic Fractionation—Fractionation of cyto-
plasmic and nuclear proteins was performed using the
NE-PERTM kit from Thermo Fisher Scientific following the
manufacturer’s instructions. 3 � 106 CHO cells or 2 � 106

EAhy.926 cells were used in each fractionation. After fraction-
ation, cytoplasmic and nuclear fractions were each mixed with
4� Laemmli sample buffer and boiled for 5 min, and a fixed
volume of each fraction was loaded onto 12 or 16% SDS-poly-
acrylamide gels. Separated proteins were transferred onto
nitrocellulose or PVDF membranes, probed by immunoblot-
ting with antibodies diluted in 5% milk in TBS-T (1:1000 of
�-GFP, 1:1000 of �-HDAC1, 1:1000 of �-CBR1), and scanned
with an Odyssey CLx infrared imaging system. For a given pro-
tein, the percentage of protein extracted from the nucleus was
calculated by extrapolating the total amounts detected in cyto-
plasmic and nuclear fractions.
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designed the research and prepared the manuscript. K. M. D. per-
formed most experiments and data analyses. C. H.-C. performed the
cellular fractionation assays seen in Figs. 3 (C and D) and 4 (C and D).
B. S. performed the binding curve experiments seen in Fig. 2 (C and
D). All authors reviewed the results and approved the final version of
the manuscript.
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