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Nuclear accumulation of the small phosphoprotein integrin
cytoplasmic domain–associated protein-1 (ICAP1) results in
recruitment of its binding partner, Krev/Rap1 interaction
trapped-1 (KRIT1), to the nucleus. KRIT1 loss is the most com-
mon cause of cerebral cavernous malformation, a neurovascular
dysplasia resulting in dilated, thin-walled vessels that tend to
rupture, increasing the risk for hemorrhagic stroke. KRIT1’s
nuclear roles are unknown, but it is known to function as a scaf-
folding or adaptor protein at cell-cell junctions and in the cyto-
sol, supporting normal blood vessel integrity and development.
As ICAP1 controls KRIT1 subcellular localization, presumably
influencing KRIT1 function, in this work, we investigated the
signals that regulate ICAP1 and, hence, KRIT1 nuclear localiza-
tion. ICAP1 contains a nuclear localization signal within an
unstructured, N-terminal region that is rich in serine and thre-
onine residues, several of which are reportedly phosphorylated.
Using quantitative microscopy, we revealed that phosphoryla-
tion-mimicking substitutions at Ser-10, or to a lesser extent at
Ser-25, within this N-terminal region inhibit ICAP1 nuclear
accumulation. Conversely, phosphorylation-blocking substitu-
tions at these sites enhanced ICAP1 nuclear accumulation. We
furtherdemonstratethatp21-activatedkinase4(PAK4)canphos-
phorylate ICAP1 at Ser-10 both in vitro and in cultured cells and
that active PAK4 inhibits ICAP1 nuclear accumulation in a Ser-
10 – dependent manner. Finally, we show that ICAP1 phosphor-
ylation controls nuclear localization of the ICAP1-KRIT1 com-
plex. We conclude that serine phosphorylation within the
ICAP1 N-terminal region can prevent nuclear ICAP1 accumu-
lation, providing a mechanism that regulates KRIT1 localization
and signaling, potentially influencing vascular development.

Integrin cytoplasmic domain–associated protein-1 (ICAP1)
is a 200-amino acid phosphoprotein composed of an unstruc-
tured N-terminal region and a C-terminal phosphotyrosine-

binding (PTB)2 domain (Fig. 1). It is ubiquitously expressed and
has been implicated in development of bone and the vascular
system (1–3). ICAP1 was first identified in screens for proteins
that bind the cytoplasmic tail of the integrin adhesion receptor
�1 subunit (4, 5). ICAP1 binding inhibits integrin function by
competing with integrin-activating proteins (6 –8), thereby
impacting processes such as focal adhesion assembly, cell adhe-
sion/spreading, and cell migration (2, 8 –10). However, the
exact cellular roles of ICAP1 remain incompletely understood.
For example, ICAP1 is reported to both inhibit (8) and activate
(4) cell migration, and integrin-independent ICAP1 functions
are suggested by the identification of additional ICAP1-binding
partners (9, 11–14). Notably, the cerebral cavernous malforma-
tion (CCM) protein Krev/Rap1 interaction trapped-1 (KRIT1)
binds tightly to ICAP1 (13, 14).

CCMs are lesions comprised of dilated blood vessels in the
neurovasculature. They are characterized by densely packed
vascular sinusoids with enlarged capillary channels and thin
endothelia (15–17). Endothelial cells within CCMs lack tight
junctions and are prone to rupture, increasing the risk of hem-
orrhage, headaches, epilepsy, seizures, and focal neurological
deficits (18). It is estimated that CCMs are present in 0.3– 0.5%
of the worldwide population (19), affecting �24 million people
(15). Loss-of-function mutations in the genes encoding any one
of the three proteins making up the CCM protein complex
(KRIT1, CCM2, and CCM3) increase the risk of developing
CCMs (20), and these three loci account for 70 – 80% of all cases
of familial CCM (15, 21). Importantly, KRIT1 was the first gene
linked to CCM, is the most commonly mutated, and is present
in �40% of inherited cases (22–25).

KRIT1 is a 736-amino acid multidomain protein consisting
of an N-terminal Nudix domain, followed by three protein-
binding NPX(Y/F) motifs, four ankyrin repeat domains, and a
C-terminal FERM domain (6, 20, 26, 27) (Fig. 1). KRIT1 is
essential for vascular development, and KRIT1-null mice die in
mid-gestation with vascular defects such as vascular dilation,
impaired arterial identity, and narrowing of branchial arch
arteries and rostral dorsal aorta (28). However, the molecular
mechanisms underlying the roles of KRIT1 in these processes
are not fully resolved (28). For example, KRIT1 was first iden-
tified as an effector of Rap1 (29), facilitating its function in sta-
bilizing endothelial cell-cell junctions (30, 31). However, KRIT1
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also binds and stabilizes CCM2 (27, 32) and ICAP1 (6, 13, 14,
33), further impacting vascular processes like contractility and
angiogenesis (1, 34, 35).

Binding of the PTB domain of ICAP1 to the first NPX(Y/F)
motif of KRIT1 (Fig. 1) stabilizes both proteins, preventing their
proteasomal degradation (1, 32). Although ICAP1 mutations
have not been linked to CCM (1), ICAP1 is important for nor-
mal vascular development (1, 3), likely in part due to its strong
association with KRIT1. ICAP1 overexpression in human
umbilical vein endothelial cells inhibits endothelial tube forma-
tion and sprouting, whereas ICAP1 knockdown increases
these processes (3). Further, ICAP1-deficient endothelial cells
grafted onto the flanks of mice display increased sprouting
angiogenesis and denser blood vessel network formation (3).
Compared with icap1�/� blood vessels, icap1�/� blood vessels
are more dilated, and their surrounding basal lamina structure
is disrupted and torn (1). Last, ICAP1 null mice display striking
vascular abnormalities, including massive dermal bleeding
upon dissection and hemorrhagic kidneys, likely due to
increased vessel permeability and dilation of the blood vascula-
ture (1). Thus, both KRIT1 and ICAP1 are important for proper
vascular development.

It is well-established that KRIT1 and ICAP1 directly interact,
and we previously used X-ray crystallography to reveal the
molecular basis for binding of the first KRIT1 NPX(Y/F) motif
to the ICAP1 PTB domain (6, 36) (Fig. 1). We also characterized
a nuclear localization signal (NLS) in the unstructured region of
ICAP1 responsible for its nuclear accumulation (33). We fur-
ther showed that the ICAP1 NLS is the key determinant of
nuclear accumulation of KRIT1 and that this relies on the for-
mation of an ICAP1/KRIT1 complex (33). Thus, signals that
regulate ICAP1 nuclear localization will likely impact KRIT1
localization and signaling.

Protein phosphorylation is a well-established regulator of
nuclear import (37, 38). ICAP1 contains several phosphorylat-
ed serine residues just downstream of its canonical basic NLS
(39), suggesting that phosphorylation at these sites might
impact ICAP1 localization. Here, we investigate phosphoryla-
tion of ICAP1 in regulating its nucleocytoplasmic shuttling. We
report that phospho-mimicking mutations at serines 10 and 25,
known ICAP1 phosphorylation sites (39), prevent nuclear

accumulation of ICAP1 and the ICAP1/KRIT1 complex. ICAP1
Ser-10 lies within a consensus type II p21-activated kinase
(PAK) phosphorylation site sequence. Here, we show that acti-
vated PAK4 can phosphorylate ICAP1 at Ser-10, preventing the
nuclear accumulation of ICAP1 and consequently KRIT1.
Therefore, phosphorylation can govern the nucleocytoplasmic
distribution of ICAP1 and the ICAP1/KRIT1 complex, presum-
ably impacting their roles in vascular biology and CCM
signaling.

Results

ICAP1 phosphorylation site mutants alter its localization

The largely unstructured N-terminal region of ICAP1 pre-
ceding the PTB domain contains the short NLS as well as 15
serine residues previously shown by MS to be phosphorylated
(39) (Fig. 2A). To investigate whether phosphorylation of these
residues influences ICAP1 nuclear localization, we generated
phospho-mimicking serine-to-glutamic acid and phospho-
blocking serine-to-alanine mutations in N-terminally GFP-
tagged ICAP1 (GFP-ICAP1). We expressed these mutants in
CHO cells and assessed ICAP1 localization by quantitative
microscopy. To facilitate examination of all candidate serine
residues, we initially divided residues into five groups (i–v; Fig.
2A) and generated combination mutants of all residues in a
given group. CHO cells were transfected with GFP, GFP-
ICAP1, or GFP-ICAP1 grouped phosphorylation site mutants,
and GFP localization was examined by fluorescence micros-
copy. As we reported previously (33), WT GFP-ICAP1 predom-
inantly localizes to the nucleus in CHO cells in a manner de-
pendent on the N-terminal 49 ICAP1 residues containing the
NLS (Fig. 2B). Strikingly, phospho-mimicking mutations in
group i (residues 10 –14) or group iii (residues 25 and 28 –29)
resulted in dramatically decreased ICAP1 nuclear accumula-
tion (Fig. 2B). As expression level can impact localization of
recombinant proteins, we attempted to examine cells with
comparable GFP signals. Quantitative analysis of GFP nuclear
percentage in multiple images from at least three independent
experiments using CellProfiler 2.1 (40) revealed that on aver-
age, GFP-ICAP1 was �65% nuclear, whereas both GFP-ICAP1
SiE and SiiiE phospho-mimicking mutants were significantly
less nuclear at �38 and �50%, respectively (Fig. 2C). These
effects are unlikely to be due to global effects on ICAP1 folding,
as the mutations all lie in the N-terminal unstructured region
and even the complete deletion of this N-terminal region does
not prevent the folding of the PTB domain or its interactions
with binding partners such as KRIT1 or integrin (6, 33). Immu-
noblotting confirmed that all GFP-ICAP1 phosphorylation site
mutants were expressed at the expected molecular weights (Fig.
2D and Fig. S1A).

Next, to assess whether a single serine residue from group i or
iii could alter ICAP1 localization, individual GFP-ICAP1 serine
phosphorylation site mutants were generated, and their nuclear
localizations were assessed as described above. For group i, only
the phospho-mimicking S10E mutant reduced ICAP1 nuclear
localization, whereas mutations at Ser-11, Ser-12, Ser-13, or
Ser-14 had no significant impact on targeting (Fig. 3, A and B).
Notably, the single GFP-ICAP1 S10E mutant exhibited a reduc-

Figure 1. Domain schematic of ICAP1 and KRIT1. ICAP1 contains an
unstructured N-terminal region followed by a phosphotyrosine-binding
domain (residues 60 –193). KRIT1 contains an N-terminal Nudix domain, three
NPX(Y/F) motifs, an ankyrin repeat domain (ARD), and a FERM domain. The
ICAP1:KRIT1 interaction is mediated by direct ICAP1 PTB domain interactions
with the first KRIT1 NPX(Y/F) motif and with an adjacent RR motif (not
depicted) (6). Boundaries are indicated by residue numbers.
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tion in nuclear localization comparable with that seen in the SiE
grouped mutant (�43% for S10E and �41% for SiE compared
with �65% for WT ICAP1; Fig. 3B). Furthermore, the phospho-
blocking S10A mutation, but not mutations at Ser-11, Ser-12,
Ser-13, or Ser-14, modestly but significantly enhanced GFP-
ICAP1 nuclear localization (Fig. 3, A and B). Together, these
data indicate that mutation of Ser-10 modulates ICAP1 nuclear
localization.

For individual group iii mutations, only the S25E mutant
significantly inhibited GFP-ICAP1 nuclear localization
(�52%), and the inhibition was similar to that seen with the
grouped SiiiE mutant (Fig. 3, D and E). The phospho-blocking
S25A mutation also enhanced GFP-ICAP1 nuclear targeting
(Fig. 3, D and E), consistent with inhibition of nuclear accumu-
lation by phosphorylation of serine 25. Immunoblotting was

performed to verify expression and size of all GFP-ICAP1 phos-
phorylation site mutants (Fig. 3 (C and F) and Fig. S1 (B and C)).

ICAP1 Ser-10 is the major site governing ICAP1 localization

Our phosphorylation site mutation analysis implicates both
Ser-10 and Ser-25 in control of ICAP1 nuclear localization.
However, the ICAP1 S10E mutation appears to inhibit nuclear
accumulation more strongly compared with the S25E mutation
(�43% versus �52%; Fig. 3, B versus E). This difference is also
evident in the grouped phosphomutant constructs, with ICAP1
SiE exhibiting less nuclear accumulation than ICAP1 SiiiE (Fig.
2, B and C). Furthermore, this trend is also seen with ICAP1
containing a C-terminal mCherry tag (ICAP1-mCherry), indi-
cating that neither the fluorescent tag nor its position with
respect to ICAP1 accounts for this result (Fig. 4A and Fig. S2A).

Figure 2. Grouped phospho-mimicking mutants inhibit ICAP1 nuclear localization. A, schematic of ICAP1 noting the boundaries of the NLS sequence, PTB
domain, and indicating the five groups (i–v) of serines that were mutated to glutamic acid or alanine. B, representative images of CHO cells expressing WT
GFP-tagged ICAP1, or various ICAP1 mutants, fixed 24 h after plating on fibronectin and stained with DAPI (to identify nuclei). Bar, 10 �m. C, the percentage of
the total integrated whole-cell GFP intensity found in the nucleus was calculated for each cell using CellProfiler 2.1. The total number of cells (N) in each
condition from three independent experiments is indicated. Boxes, 25–50th and 50 –75th percentile; whiskers, 10 –90th percentile; dots, mean. Statistical
significance was determined by a one-way ANOVA with Fisher’s LSD test with multiple comparisons. ****, p � 0.0001. D, representative immunoblots indicate
expression of individual phosphomutants at the expected size; immunoblotting was against GFP for phosphomutants and vinculin for loading control.
Uncropped immunoblots are shown in Fig. S1A.
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Additionally, similar results were also obtained when GFP-
ICAP1 constructs were expressed in HeLa cells (Fig. 4B and Fig.
S2B).

To further examine whether Ser-10 is the main site govern-
ing ICAP1 localization, we generated C-terminal GFP-tagged
ICAP1 (ICAP1-GFP) compound (S10A/S25A and S10E/S25E)
and mixed (S10A/S25E and S10E/S25A) phosphorylation site
mutants and examined their localization. As expected, the dou-
ble S10A/S25A mutant strongly localized to the nucleus similar
to the individual S10A or S25A mutants (Fig. 4C and Fig. S2C).
Furthermore, like the individual S10E mutant, the double S10E/
S25E mutant exhibited only background GFP levels of nuclear
staining (Fig. 4C and Fig. S2C). However, despite the presence
of the phospho-mimicking S25E mutation, the mixed S10A/

S25E mutant was largely nuclear, comparable with the S10A
mutant or S10A/S25A double mutant (Fig. 4C and Fig. S2C).
Likewise, despite the phospho-blocking S25A mutation, the
mixed S10E/S25A mutant exhibited greatly reduced nuclear
localization (Fig. 4C and Fig. S2C). These data suggest that
modifications of Ser-10 are the dominant regulators of ICAP1
nuclear localization. However, Ser-25 does influence ICAP1
localization even in the presence of a phospho-mimicking S10E
mutation because the S10E/S25A mutant was slightly, but sta-
tistically significantly, more nuclear than the S10E/S25E
mutant (Fig. 4C and Fig. S2C).

To exclude the possibility that fixation artificially increased
nuclear ICAP1 levels, we assessed ICAP1-mCherry localization
by live-cell microscopy in cells where the nucleus was marked

Figure 3. Individual phosphomutations at Ser-10 or Ser-25 alter ICAP1 nuclear localization. To assess whether single serine mutations alter ICAP1
localization, individual GFP-ICAP1 serine phospho-mimicking or phospho-blocking mutations from group i (A–C) or group iii (D–F) were generated and
expressed in CHO cells. A and D, representative images of CHO cells expressing GFP-tagged ICAP1 constructs stained with DAPI (to identify nuclei) 24 h after
plating on fibronectin. Bar, 10 �m. B and E, percentage of GFP intensity in the nucleus. Boxes, 25–50th and 50 –75th percentile; whiskers, 10 –90th percentile; �,
mean. Results are from three independent experiments, and the total number of cells examined (N) is indicated for each condition. ****, statistical significance
at p � 0.0001 as determined by a one-way ANOVA with Fisher’s LSD test with multiple comparisons. C and F, representative immunoblots (against anti-GFP and
anti-vinculin) (IB) indicate expression of individual phosphomutants at the expected size. Uncropped immunoblots are shown in Fig. S1 (B and C).

Phosphorylation of ICAP1 inhibits its nuclear accumulation

3272 J. Biol. Chem. (2020) 295(10) 3269 –3284

https://www.jbc.org/cgi/content/full/RA119.009794/DC1
https://www.jbc.org/cgi/content/full/RA119.009794/DC1
https://www.jbc.org/cgi/content/full/RA119.009794/DC1
https://www.jbc.org/cgi/content/full/RA119.009794/DC1
https://www.jbc.org/cgi/content/full/RA119.009794/DC1
https://www.jbc.org/cgi/content/full/RA119.009794/DC1
https://www.jbc.org/cgi/content/full/RA119.009794/DC1
https://www.jbc.org/cgi/content/full/RA119.009794/DC1


with GFP-histone H2B. As shown in Fig. 4D and Fig. S2D, data
from live cells were comparable with those in fixed cells and
supported the importance of Ser-10 and Ser-25. Notably, local-
ization of phosphomimetic ICAP1 S10E/S25E was equivalent
to ICAP1 containing mutations inactivating its NLS (ICAP1
K6A/K7A) (33). Thus, both fixed and live fluorescence micros-
copy implicate Ser-10 and Ser-25 in regulating ICAP1 nuclear
localization.

Finally, using lentivirally transduced GFP, ICAP1-GFP,
ICAP1-GFP S10A, and ICAP1-GFP S10E, we show that the
ICAP1 S10A mutation enhances, whereas the ICAP1 S10E
mutation inhibits, ICAP1 nuclear accumulation compared with
WT ICAP1 in both CHO (Fig. 5, A and B) and EA.hy926 endo-
thelial-like cells (Fig. 5, D and E). Viral transduction allows visu-
alization of multiple GFP-positive cells in each panel, clearly
demonstrating the impact of the Ser-10 phosphomutation on
ICAP1 localization (Fig. 5, A and D). Constructs were expressed
at the expected size by immunoblotting (Fig. 5, C and F). There-
fore, both transiently transfected and lentivirally transduced
ICAP1 phosphomutants alter ICAP1 localization.

ICAP1 Ser-10 and Ser-25 influence localization independently
of the ICAP1 PTB domain

The PTB domain accounts for 134 of the 200 amino acids in
ICAP1 and contains binding sites for �1 integrins and KRIT1
(6) but is dispensable for nuclear localization (33) (Fig. 6A).
However, phosphorylation could theoretically affect either
intermolecular or intramolecular interactions with the PTB
domain to control nuclear import. To test whether the PTB
domain is required for the ability of phosphorylation site
mutants to impact ICAP1 localization, we introduced phospho-
mimicking and phospho-blocking mutations into the isolated
N-terminal region (GFP-ICAP1 1– 45). Analysis by quantita-
tive microscopy revealed that the N-terminal region localized
similarly to full-length ICAP1 (Fig. 6B), suggesting that the
ICAP1 PTB domain does not contain any regions (e.g. nuclear
export sequence) that impact ICAP1 localization or mask the
NLS. Furthermore, mutations at Ser-10 or Ser-25 had compa-
rable effects on full-length and N-terminal ICAP1 localization
(Fig. 6B). These results suggest that phosphorylation at these
residues does not alter nuclear localization by changing PTB
domain interactions or regulating NLS exposure by releasing
the proposed N-terminal region:PTB domain interactions (7).
Immunoblots show all constructs expressed at the expected
molecular weights (Fig. 6C and Fig. S1D). Overall, our phos-
phorylation site mutant analysis revealed that phospho-mim-
icking mutations at Ser-10 and Ser-25 lead to decreased ICAP1
nuclear accumulation, whereas the corresponding phospho-
blocking mutations enhance ICAP1 nuclear localization; that
Ser-10 is the major site governing ICAP1 localization; and that
the effects of phosphomutants on ICAP1 localization do not
require the ICAP1 PTB domain.

PAK4 phosphorylates ICAP1 at Ser-10

Our analysis suggests that ICAP1 nuclear localization can be
inhibited by phosphorylation at Ser-10 and, to a lesser extent, at
Ser-25. However, the point mutants we generated could theo-
retically affect localization independently of phosphorylation
(e.g. by disrupting other post-translational modifications). To
allow us to test whether authentic phosphorylation was impor-
tant for localization, we sought kinases that can phosphorylate
ICAP1 at these positions. Ser-10 falls within a consensus phos-
phorylation site motif for type II PAKs (PAK4, -5, and -6) (41,
42) (Fig. 7A). To determine whether type II PAKs could indeed
phosphorylate ICAP1, we performed in vitro radiolabel PAK4
kinase assays using recombinant GST-ICAP1 as a substrate.
The PAK4 catalytic domain robustly phosphorylated GST-
ICAP1. Whereas mutation of Ser-25 alone was without effect,
phosphorylation of GST-ICAP1 S10A and S10A/S25A was
diminished �10-fold (Fig. 7, B and C). These experiments indi-
cate that the PAK4 catalytic domain phosphorylates ICAP1 at
Ser-10 but not Ser-25 in vitro.

To address whether PAK4 could phosphorylate ICAP1 at
Ser-10 in cells, we performed phosphate affinity gel analysis,
which relies on the reduced migration of phosphorylated pro-
teins when fractionated by SDS-PAGE in the presence of poly-
acrylamide-bound Phos-tagTM reagent (43). To maximize the
potential mobility shift, we initially used GFP-ICAP1 residues

Figure 4. Ser-10 is the major site governing ICAP1 nuclear localization.
CHO cells (A and C) or HeLa cells (B) were transfected with constructs encod-
ing mCherry, C-terminally mCherry-tagged ICAP1, and phosphomutants (A);
GFP, N-terminally GFP-tagged ICAP1, and phosphomutants (B); or GFP, C-ter-
minally tagged ICAP1-GFP, and phosphomutants (C). Cells were plated on
fibronectin, fixed 24 h later, and stained with DAPI (to identify nuclei). Nuclear
GFP or mCherry signal was calculated, and results from three independent
experiments are displayed in box-and-whisker plots. D, CHO cells stably
expressing GFP-histone H2B (to identify nuclei) and transiently transfected
with constructs expressing mCherry or C-terminal mCherry-tagged ICAP1,
ICAP1 phosphomutants, or ICAP1 containing mutations in the NLS (ICAP1
KK6,7AA) were plated on fibronectin-coated glass-bottom dishes (MatTek),
stained with HCS CellMask Deep Red Stain (to identify cell boundaries), and
imaged live. Nuclear mCherry signal was calculated in three independent
experiments and presented in box-and-whisker plots. In all panels, boxes rep-
resent 25–50th and 50 –75th percentile, whiskers show the 10 –90th percen-
tile, and plus signs show the mean. The total number of cells measured in each
condition (N) is indicated. Statistical significance was determined by a one-
way ANOVA with Fisher’s LSD test. **, p � 0.01; ***, p � 0.001; ****, p � 0.0001;
ns, not significant. Representative images are shown in Fig. S2.
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1– 45 because this construct targets to the nucleus like full-
length ICAP1 (Fig. 6B) (44, 45). To investigate PAK4-mediated
phosphorylation, CHO cells were co-transfected with mCherry
or hyperactivate mCherry-PAK4 S445N mutant (46) and GFP-
tagged ICAP1 constructs. GFP-tagged proteins were isolated
from cell lysates, mock-treated or �-protein phosphatase–
treated, and fractionated by Phos-tagTM or standard SDS-
PAGE and immunoblotted with an anti-GFP antibody (Fig. 8A
and Fig. S3A). In Phos-tagTM gels, line scans depicting signal
intensity exhibited at least three GFP-ICAP1 1– 45 species,
which we interpret as an unphosphorylated and two slower-
migrating phosphorylated forms (Fig. 8B). �-Protein phospha-
tase treatment resulted in loss of most of the upper two bands,
supporting this interpretation (Fig. 8 (A and B) and Fig. S3A).
Notably, when mCherry-PAK4 was co-expressed with GFP-
ICAP1 1– 45, the intensity of the intermediately migrating band

(phosphospecies 1) was substantially increased, indicating
enrichment of this phosphospecies (Fig. 8 (A and B) and Fig.
S3A). This enrichment required Ser-10, as phosphospecies 1
was largely absent in the GFP-ICAP1 1– 45 S10A mutant (Fig. 8
(A and B) and Fig. S3A). Multiple independent replicates con-
firmed the dependence of phosphospecies 1 on the ICAP1
Ser-10 site (Fig. 8C). These data strongly suggest that when
co-expressed, PAK4 phosphorylates Ser-10 of ICAP1.

To test whether PAK4 phosphorylates full-length ICAP1 in
cells, we used ICAP1 with a short C-terminal Spot-tag� (Chro-
moTek). Phos-tagTM gel analysis was performed on ICAP1 iso-
lated from CHO cells co-expressing mCherry or mCherry-
PAK4 S445N mutant (46) and C-terminal Spot-tagged� ICAP1
(ICAP1-Spot) or ICAP1-Spot S10A. Line scans revealed two
ICAP1-Spot species, likely a lower unphosphorylated species
and a slower-migrating phosphospecies that was largely lost

Figure 5. Mutations at Ser-10 alter localization of lentivirally transduced ICAP1 in CHO and EA.hy926 cells. CHO cells (A–C) or EA.hy926 cells (D–F) were
transduced with lentivirus encoding GFP, WT ICAP1-GFP, ICAP1-GFP S10A, or ICAP1-GFP S10E phosphomutants and selected with hygromycin. A and D,
representative images of transduced CHO (A) or EA.hy926 (D) cells stained with DAPI (to identify nuclei) and phalloidin (to identify cell boundaries) 24 h after
plating on fibronectin are shown. Bar, 50 �m. The percentage of total GFP signal in the nucleus of transduced CHO (B) or EA.hy926 (E) cells was plotted. Boxes,
25–50 and 50 –75 percentile; whiskers, 10 –90 percentile; �, mean. Results are from three independent experiments, and the total number of cells examined (N)
is indicated for each condition. ****, statistical significance at p � 0.0001 as determined by a one-way ANOVA with Fisher’s LSD test with multiple comparisons.
C and F, representative anti-GFP immunoblots (IB) indicate expression of individual phosphomutants at the expected size. Vinculin staining was used as a
loading control.
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upon phosphatase treatment (Fig. 8 (D–F) and Fig. S3B). When
mCherry-PAK4 S445N was co-expressed with ICAP1-Spot, the
signal of the phosphorylated band was significantly enriched,
whereas that of the unphosphorylated band decreased (Fig. 8
(D–F) and Fig. S3B). However, when ICAP1-Spot S10A was
co-expressed with mCherry-PAK4 S445N compared with
mCherry, no changes in the ratio of phosphorylated to unphos-
phorylated species was detected, indicating that the enrich-
ment of the phosphorylated species seen with PAK4 S445N and
WT ICAP1 is specific to the Ser-10 site (Fig. 8 (D–F) and Fig.

S3B). Therefore, Phos-tagTM analysis using both GFP-ICAP1
1– 45 and full-length ICAP1-Spot constructs specifically
revealed a phosphorylated species in the presence of activated
PAK4 that was largely absent with the corresponding S10A
mutant.

Figure 6. Residues 46 –200 do not alter ICAP1 localization. A, schematic
depicting GFP-ICAP1 and the truncation mutant GFP ICAP1 1– 45. B, percent-
age of GFP intensity in the nucleus of CHO cells expressing GFP (unfilled box)
or phosphomutants of GFP-tagged full-length ICAP1 (blue boxes) or ICAP1
1– 45 (yellow boxes) 24 h after plating on fibronectin. Results are from three
independent experiments, and the total number of cells examined (N) is indi-
cated for each condition. Boxes, 25–50 and 50 –75 percentile; whiskers, 10 –90
percentile; �, mean. Statistical analysis was performed using a one-way
ANOVA with Fisher’s LSD test with multiple comparisons. ns, not significant. C,
representative immunoblots (IB) (against anti-GFP and anti-vinculin) indicate
construct expression at the expected sizes. Note that GFP (lane 1) runs at a
smaller size than GFP-ICAP1 1– 45 (lanes 7–11). Uncropped immunoblots are
shown in Fig. S1D.

Figure 7. PAK4 catalytic domain phosphorylates ICAP1 Ser-10 but not
Ser-25 in vitro. A, alignment of the substrate recognition motif of the type II
PAKs and the ICAP1 Ser-10 site. B and C, in vitro kinase assays were performed
by incubating GST-ICAP1 or phosphomutants, PAK4 catalytic domain, and
[�-33P]ATP for 30 min. B, representative autoradiograph and corresponding
Coomassie-stained gel. C, phosphorylation of GST-ICAP1 mutants was quan-
tified and normalized to WT GST-ICAP1 in four independent experiments.
Individual values are represented by filled circles, and bars show mean with
S.D. ****, p � 0.0001 with respect to WT GST-ICAP1 as determined by a one-
way ANOVA test with Fisher’s LSD test with multiple comparisons.
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PAK4 inhibits ICAP1 nuclear accumulation in a Ser-10 –
dependent manner

Having shown that PAK4 phosphorylates ICAP1 on Ser-10,
we tested whether activated PAK4 could alter ICAP1 localiza-
tion in cells. CHO cells were co-transfected with GFP or GFP-
PAK4 S445N and WT or mutant ICAP1-mCherry, and nuclear
localization was evaluated in double-positive cells. Notably,
GFP-PAK4 S445N expression significantly reduced ICAP1-
mCherry nuclear localization but had no effect on mCherry

localization (Fig. 9, A and B). Importantly, GFP-PAK4 S445N
did not alter the enhanced nuclear localization of ICAP1-
mCherry S10A/S25A or ICAP1-mCherry S10A (Fig. 9, A and
B). These data are consistent with PAK4-mediated phosphory-
lation of ICAP1 at Ser-10 inhibiting ICAP1 nuclear accumula-
tion and blockade of phosphorylation by S10A mutations.
Interestingly, GFP-PAK4 S445N did modestly, but signifi-
cantly, inhibit nuclear localization of ICAP1-mCherry S25A,
consistent with the results for the ICAP1 S10E/S25A mixed

Figure 8. Activated PAK4 phosphorylates ICAP1 Ser-10 in cells. Phos-tagTM gel mobility shift analyses were performed in CHO cells co-expressing mCherry,
mCherry-PAK4 S445N, and either GFP, GFP-ICAP1 1– 45, or GFP-ICAP1 1– 45 S10A (A–C) or ICAP1-Spot or ICAP1-Spot S10A (D–F) in the presence and absence
of �-protein phosphatase (�PP). A–C, GFP-nanotrap pulldowns were resolved by Phos-tagTM PAGE and by standard SDS-PAGE (as indicated) and analyzed by
immunoblotting (IB) against GFP (A). Input samples were also assessed by standard SDS-PAGE to evaluate expression levels of all constructs. B, line scans
(outlined by blue boxes) depicting signal intensities of mobility shift bands of GFP-ICAP1 1– 45 or GFP-ICAP1 S10A 1– 45 from A in conditions with mCherry,
mCherry-PAK4 S445N alone, or mCherry-PAK4 S445N with �-protein phosphatase. C, percentages of the signal in each of the mobility shift bands of GFP-ICAP1
1– 45 or GFP-ICAP1 S10A 1– 45 were calculated by dividing the signal intensity of each band by the total amount of ICAP1. Data are represented as mean � S.D.
from independent preparations. D–F Spot-Trap� agarose pulldowns were resolved by Phos-tagTM PAGE and by standard SDS-PAGE and analyzed by immu-
noblotting against ICAP1 (D). Input samples were also assessed by standard SDS-PAGE to evaluate expression levels of all constructs. E, line scans (outlined by
blue boxes) depicting signal intensities of mobility shift bands of ICAP1-Spot or ICAP1-Spot S10A from D in conditions with mCherry, mCherry-PAK4 S445N
alone, or mCherry-PAK4 S445N with �-protein phosphatase. F, percentages of the signal in each of the mobility shift bands of ICAP1-Spot or ICAP1-Spot S10A
were calculated by dividing the signal intensity of each band by the total amount of ICAP1. Data are represented as mean � S.D. from independent prepara-
tions. Uncropped immunoblots are shown in Fig. S3.
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phosphorylation site mutant (compare Fig. 9B with Fig. 4C).
This further supports a model where Ser-10 is the major phos-
phorylation site governing ICAP1 localization but in which
modification of Ser-25 can modulate this effect.

The preceding data suggest that GFP-PAK4 S445N reduces
ICAP1-mCherry nuclear accumulation by phosphorylating
ICAP1 at Ser-10. Imaging indicates that PAK4 is predomi-
nantly cytoplasmic (Fig. 9A), suggesting that phosphorylation
occurs in the cytosol. To exclude potential kinase-independent
effects of PAK4, we used hyperactive, WT, and kinase-dead
PAK4 to investigate whether effects on ICAP1 localization
depend on PAK4 kinase activity. In separate experiments, we
confirmed the relative kinase activities of these constructs by
co-transfecting with the type II PAK substrate, Pacsin-1, and
blotting for phospho-Pacsin-1, as described previously (47). We
found that GFP-PAK4 S445N was more active than WT PAK4,

but that kinase-inactive GFP-PAK4 K350M mutant (48) failed
to phosphorylate Pacsin-1 (Fig. S4, A and B). Analysis of ICAP1
localization showed that kinase-inactive PAK4 had no signifi-
cant effect on ICAP1-mCherry nuclear localization, whereas
WT PAK4 produced a slight, but significant, reduction in
ICAP1-mCherry nuclear localization that was enhanced with
the activating S445N mutation (Fig. 9C). None of the PAK4
constructs impacted localization of ICAP1-mCherry S10A/
S25A or of mCherry alone (Fig. 9C). Thus, the use of PAK4
mutants with altered kinase activity and ICAP1 S10A mutants
supports a model where PAK4-mediated phosphorylation of
Ser-10 inhibits ICAP1 nuclear localization.

PAK6 also inhibits ICAP1 nuclear accumulation

The similarity in substrate specificity between type II PAKs
suggests that other type II PAKs should also modulate ICAP1

Figure 9. Activated PAK4 or -6 prevents ICAP1 nuclear accumulation. A–D, CHO cells expressing mCherry, ICAP1-mCherry, or ICAP1-mCherry phospho-
blockers and GFP or GFP-PAK4 (A–C) or PAK6 (D) constructs were plated on fibronectin, fixed 24 h later, and stained with DAPI to identify nuclei. A, represen-
tative images; bar, 10 �m. B–D, percentage of mCherry intensity in the nucleus of mCherry and GFP double-positive cells. Results are from 4 – 6 independent
experiments, and the total number of cells examined (N) is indicated for each condition. Boxes, 25–50th and 50 –75th percentile; whiskers, 10 –90th percentile;
�, mean. Statistical analysis was performed using a one-way ANOVA with Fisher’s LSD test with multiple comparisons. ****, p � 0.0001; **, p � 0.01; ns, not
significant. Representative full immunoblots indicating construct expression at the expected sizes are shown in Fig. S5 (A–C).
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localization. Consistent with this, analysis of PAK6 showed that
hyperactive PAK6 P52L (47) but not kinase-dead PAK6 K436M
(51) led to a statistically significant decrease in ICAP1-mCherry
localization but had no effect on ICAP1-mCherry S10A/S25A
localization (Fig. 9D). The effect of PAK6 P52L on ICAP1 local-
ization was less pronounced than that of PAK4 S445N, but
this is likely due to differences in kinase activity, as PAK4
S445N led to a higher level of Pacsin-1 phosphorylation than
PAK6 P52L did upon co-expression (Fig. S4, A and B). Taken
together, our data further support the hypothesis that phos-
phorylation of ICAP1 on Ser-10 inhibits ICAP1 nuclear
localization.

ICAP1 phospho-mimicking mutants and PAK4 S445N inhibit
KRIT1 nuclear accumulation

We have previously shown that ICAP1 directs KRIT1 to the
nucleus (33). This process requires the ICAP1:KRIT1 interac-
tion and depends on the ICAP1 NLS (33). Therefore, we asked
whether mutation of ICAP1 phosphorylation sites would also
alter KRIT1 localization. CHO cells co-expressing GFP, GFP-
KRIT1, or GFP-KRIT1 R179A/R185A/N192A/Y195A (KRIT1;
KRIT1 mutant defective in binding ICAP1) (33) and mCherry,
ICAP1-mCherry, or ICAP1-mCherry phosphomutants were
examined by fluorescence microscopy, and nuclear GFP and
mCherry signals were calculated. As expected, in the presence
of co-expressed GFP, GFP-KRIT1, or GFP-KRIT1, ICAP1-
mCherry was largely nuclear, whereas S10A/S25A mutations
further enhanced ICAP1 nuclear localization, and S10E/S25E
mutations inhibited ICAP1 nuclear accumulation (Fig. 10, A
and B). However, when GFP-KRIT1 localization was examined,
ICAP1 substantially increased KRIT1 nuclear localization (Fig.
10, A and C). This was further increased by ICAP1-mCherry
S10A/S25A, whereas ICAP1-mCherry S10E/S25E retained
KRIT1 in the cytoplasm (Fig. 10, A and C). Thus, KRIT1 local-
ization is driven by ICAP1. This effect requires ICAP1:KRIT1
interaction, as GFP-KRIT1 (33) that fails to bind ICAP1 does
not follow ICAP1 localization and instead remains largely cyto-
plasmic (Fig. 10C). Altogether, these data suggest that phos-
phorylation of ICAP1 could alter KRIT1 localization in a man-
ner dependent on their direct association.

To study whether phosphorylation inhibits nuclear accumu-
lation of the ICAP1/KRIT1 complex, we examined nuclear
localization of CHO cells co-expressing C-terminally triple
FLAG-tagged ICAP1 (ICAP1-FLAG) or ICAP1-FLAG S10A,
and mCherry or mCherry-PAK4 S445N, and GFP or GFP-
KRIT1. As expected, cells expressing mCherry, ICAP1-FLAG,
and GFP-KRIT1 shifted GFP-KRIT1 more strongly nuclear
(�63%, compared with �45% nuclear GFP-KRIT1 with
mCherry and FLAG) (Fig. 10D). Importantly, with mCherry-
PAK4 S445N and ICAP1-FLAG, GFP-KRIT1 became more dif-
fusely localized (�55% nuclear) (Fig. 10D). Further, this shift in
KRIT1 localization depends on the ICAP1 Ser-10 site, as the
effect of PAK4 S445N was prevented when KRIT1 was co-ex-
pressed with ICAP1 S10A (Fig. 10D). This experiment suggests
that phosphorylation at ICAP1 Ser-10 can prevent KRIT1
nuclear accumulation.

Discussion

ICAP1 plays critical roles in vascular biology (1, 3). Further,
ICAP1 binds, stabilizes, and regulates the localization of KRIT1
(1, 4, 5, 33), a protein essential for vascular development and
whose loss results in CCM (24, 25, 28). We have shown that the
NLS in ICAP1 drives both ICAP1 and KRIT1 nuclear localiza-
tion (33). Now, using ICAP1 phosphorylation site mutants and
PAK4, a kinase that we show can phosphorylate ICAP1, we find
that phosphorylation at Ser-10 impairs ICAP1 nuclear accumu-
lation and that this in turn impacts nuclear localization of KRIT1.

Regulation of ICAP1 by phosphorylation

ICAP1 is composed of a PTB domain, which mediates inter-
actions with both integrin �1 and KRIT1 (Fig. 1), and a preced-
ing unstructured region (residues 1– 60) (6, 33), which contains
the NLS and is rich in serine and threonine residues. Mass spec-
troscopic analysis of ICAP1 co-purified with KRIT1 from U2OS
cells revealed numerous phosphorylation sites in the N-termi-
nal region (39), but the role of this phosphorylation was
unknown. As phosphorylation at sites close to, or within, an
NLS is a well-established mechanism to inhibit nuclear accu-
mulation (37, 38), we used ICAP1 phospho-mimicking muta-
tions to assess the potential impact of ICAP1 phosphorylation
on localization. Of the 15 potential serine phosphorylation sites
examined (39), only phospho-mimicking mutations at Ser-10,
and to a lesser extent at Ser-25, significantly inhibited nuclear
localization. Furthermore, co-expressing ICAP1 with activated
PAK4 (a kinase that we show to be capable of phosphorylating
ICAP1 Ser-10) also inhibited nuclear accumulation of ICAP1.
Our results were consistent across multiple cell types, were
unaffected by location or identity of fluorescent protein tags,
were evident in fixed and live cells, and could be obtained in
transiently transfected or stably transduced cells, strongly sup-
porting a model where phosphorylation generally inhibits
ICAP1 nuclear import. However, one caveat of our study is that
it relies on exogenously expressed, tagged ICAP1. We have
been unable to identify an anti-ICAP1 antibody that is effective
in immunofluorescence staining protocols or one that recog-
nizes a single band in immunoblots, complicating attempts to
follow endogenous ICAP1. Our efforts to study localization of
endogenous ICAP1 by subcellular fractionation (not shown)
were limited by the low expression level of endogenous ICAP1
and the lack of good anti-ICAP1 antibodies. We note the
importance of investigating endogenous proteins in future
studies with improved reagents and approaches.

Kinases regulating ICAP1 nuclear localization

Our mutagenic data suggest that phosphorylation at Ser-10
or Ser-25 inhibits ICAP1 nuclear accumulation. Phosphoryla-
tion at these sites had been identified in cells by MS (39), but the
kinases responsible had not been identified. Although the
kinases phosphorylating Ser-25 remain unknown, our data
establish that PAK4, a type II PAK, can phosphorylate ICAP1 at
Ser-10 in vitro and when co-overexpressed in cells. Further-
more, active PAK4 and the closely related PAK6, but not their
kinase-defective mutants, inhibit ICAP1 nuclear accumulation
in a manner dependent on Ser-10. We initially tested PAK4
because the residues flanking Ser-10 in ICAP1 conform to a
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preferred type II PAK substrate motif (41, 42). Indeed, despite
the presence of 14 other Ser and Thr residues in the ICAP1
N-terminalregion,wefoundthatPAK4almostexclusivelyphos-
phorylates Ser-10. Our data establish that PAK4 activity can
inhibit nuclear localization of ICAP1 via modification of Ser-10
but does not allow us to conclude whether PAK4 (or other type
II PAKs) is the physiological ICAP1 kinase. Indeed, this may be
cell type–specific. However, like ICAP1 and KRIT1, PAK4 is
important for proper vascular development. PAK4 null mice
die at embryonic day 11.5, and embryos examined at embryonic
day 10.5 display vascular abnormalities in the developing heart,
including thinning of the myocardium and dilation of the atrium
and sinus venosus (52). Deletion of PAK4 in the precursors of the

secondary heart field also produced heart defects in adult mice
(53). PAK4 substrates important for its effects on the vasculature
are not clearly defined, raising the possibility that PAK-mediated
inhibition of nuclear accumulation of ICAP1 and KRIT1 might
have an important role. As both Ser-10 and Ser-25 lie in serine-rich
regions, ICAP1 phosphorylation at nearby sites by other kinases
may alter Ser-10 or Ser-25 phosphorylation and hence indirectly
modulate nuclear translocation.

Mechanisms by which phosphorylation may regulate ICAP1
localization

We found that the effect of phosphorylation on nuclear local-
ization of ICAP1 was independent of its PTB domain. This

Figure 10. Serine phosphorylation of ICAP1 impairs KRIT1 nuclear accumulation. A–D, CHO cells expressing mCherry, ICAP1-mCherry, or ICAP1-mCherry
phosphomutants and GFP, GFP-tagged KRIT1, or a KRIT1 mutant defective in binding ICAP1 (KRIT1; GFP-KRIT1 R179A/R185A/N192A/Y195A) were plated on
fibronectin, fixed 24 h later, and stained with DAPI to identify nuclei. A, representative images; bar, 10 �m. B and C, the percentage of mCherry (B) or GFP (C)
signal in the nucleus of GFP and mCherry double-positive cells. Results are from three independent experiments, and the total number of cells examined (N)
is indicated for each condition. Boxes, 25–50th and 50 –75th percentile; whiskers, 10 –90th percentile; �, mean. Statistical analysis was performed using a
one-way ANOVA with Fisher’s LSD test with multiple comparisons. ****, p � 0.0001. D, CHO cells co-expressing FLAG, C-terminally triple FLAG-tagged ICAP1
(ICAP1-FLAG), or ICAP1-FLAG S10A, with mCherry or mCherry-PAK4 S445N, and GFP or GFP-KRIT1 constructs were plated on fibronectin, fixed 24 h later, and
stained with DAPI (to identify nuclei). D, nuclear GFP was calculated in double GFP- and mCherry-positive cells in four independent experiments and presented
as in C. Representative full immunoblots illustrating construct expression are shown in Fig. S5 (D and E).
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effectively rules out the possibility that Ser-10 or Ser-25 phos-
phorylation acts by triggering N-terminal region:PTB domain
interactions that mask the NLS. Whereas NLS masking by phos-
phorylation-induced conformational changes within the N-ter-
minal sequence are theoretically possible, this region is pre-
dicted to be largely unstructured, suggesting more direct effects
of phosphorylation on nuclear import. ICAP1 contains a classic
basic NLS at residues 6 –9 (KKHR) that is likely to be recog-
nized by the acidic, hydrophobic NLS-binding groove of impor-
tin-� (IMP-�), a nuclear import receptor that binds classic
NLSs to facilitate nuclear transport (37, 38, 54). Given that
Ser-10 is the residue immediately following the NLS, its phos-
phorylation may disrupt the interaction between the NLS and
IMP-�, preventing ICAP1 nuclear import. However, we note
that despite falling within a stretch of five serine residues, only
modification of Ser-10 alters nuclear accumulation, showing
that the effect is specific to one residue. Furthermore, muta-
tions at Ser-25, which is even more distant from the NLS, also
affect nuclear localization. Rather than inhibiting binding to
nuclear import machinery, phosphorylation may alternatively
inhibit nuclear import by facilitating binding to cytoplasmic
anchors. Further studies will be required to distinguish between
these possibilities.

Potential nuclear roles of ICAP1

Although ICAP1 has now been observed in the nucleus by
several groups (32, 33, 55, 56), its role there is not well-estab-
lished. It has been reported that ICAP1 increases cellular pro-
liferation by activating c-Myc transcription and that this effect
requires the NLS (55), but it is unclear whether this is a direct
consequence of ICAP1 nuclear compartmentalization. ICAP1
nuclear translocation also recruits KRIT1 to the nucleus (33),
and we have shown here that phosphorylation of ICAP1 pre-
vents KRIT1 accumulation in the nucleus. KRIT1 has been
observed at perichromatin fibrils and the nucleolar dense fibril-
lar component, sites of active transcription (57), but its function
at these locations is unknown. However, loss of KRIT1 expres-
sion results in altered gene expression (58 –65), notably includ-
ing a decrease in expression of angiogenesis-related (58 –62, 65)
and antioxidant (63, 64) genes. Whether nuclear KRIT1 is
involved in modulating the expression of these genes is yet to be
determined, as CCM proteins can also influence cytoplasmic
signaling cascades that activate ERK5, hence altering gene tran-
scription (60, 66). Further investigation of the nuclear functions
of ICAP1 and KRIT1 is a priority, and the ability to direct
ICAP1 and the ICAP1/KRIT1 complex to distinct cellular com-
partments by phosphorylation should aid these studies.

Implications for understanding ICAP1- and KRIT1-dependent
vascular defects and CCM disease

Both ICAP1 and KRIT1 play roles in the vasculature. ICAP1
null mice display vascular abnormalities such as increased ves-
sel permeability and dilation (1), whereas KRIT1 knockout
mice are embryonic lethal with primarily vascular defects (28).
Further, loss of KRIT1 results in CCM, and ICAP1 function is
likely impaired in CCM, given ICAP1’s tight association with
KRIT1 (1, 13, 33). Whereas much of the focus on KRIT1 in
regulating endothelial cell function has been on cytoplasmic or

cell-cell junctional roles of KRIT1 (30, 61, 67), our observation
of kinase-regulated ICAP1-mediated translocation of KRIT1 to
the nucleus suggests that nuclear functions of KRIT1 should
also be considered.

Experimental procedures

Antibodies/cDNA

Anti-GFP (Rockland, catalogue no. 600-101-215), anti-
ICAP-1 (R&D systems, catalogue no. AF6805), anti-DsRed
(Clontech, catalogue no. 632496), anti-FLAG� (Sigma–
Aldrich, catalogue no. F1804), Myc tag (Cell Signaling, cata-
logue no. 2276), anti-phospho-PACSIN1 (Millipore, catalogue
no. ABS39), and anti-vinculin (VCL, Sigma, V-9131) antibodies
were purchased. WT and mutant ICAP1 (6, 33), KRIT1 (6, 33),
and PAK (68) cDNAs previously used for protein expression/
purification were subcloned into pmCherry-C1 (Clontech),
pEGFP-C1 (Clontech), and pV1900 3� FLAG (gift from Ben-
jamin Turk, Yale University School of Medicine). Additional
mutations were introduced by QuikChange site-directed
mutagenesis (Stratagene). Lentiviral ICAP1 and histone H2B
expression constructs were generated by subcloning into CMV-
pLENTI-Hygro (Addgene, plasmid 17454, gift from Eric
Campeau). All constructs used were authenticated by DNA
sequencing.

Cell culture

CHO cells were cultured in Dulbecco modified Eagle’s
medium containing 9% fetal bovine serum, 1% sodium pyru-
vate, and 1% nonessential amino acids (Gibco). HEK 293T and
HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium containing 9% fetal bovine serum. EA.hy926 cells were
cultured in Dulbecco’s modified Eagle’s medium containing 9%
fetal bovine serum, 1% sodium pyruvate, 1% nonessential
amino acids, and 1� HAT supplement (Gibco). All lines were
confirmed to be mycoplasma-free by testing with the Myco-
AlertTM mycoplasma detection kit (Lonza).

Lentiviral knockdown and expression

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 pLENTI-Hygro construct. Viral super-
natant was collected 48 and 72 h after transfection and filtered
with a 0.45-�m filter.

To generate polyclonal knockdown or expression lines, cells
were incubated with viral supernatant and 8 �g/ml Polybrene
for 24 h. Cells were either analyzed 48 –72 h post-infection or
selected with 50 �g/ml hygromycin (CMV-pLENTI-Hygro) as
appropriate.

Sample preparation and immunoblotting

Unless otherwise stated, transfected lines were lysed in radio-
immune precipitation assay buffer (50 mM Tris, pH 8.0, 150 mM

NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1%
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SDS) containing cOmplete protease inhibitor mixture tablets
(Roche Applied Science) for 30 min, boiled in 4� Laemmli sam-
ple buffer for 5 min at 95 °C, and loaded onto a 12% SDS-poly-
acrylamide gel. Samples were transferred to 0.45-�m nitrocel-
lulose membranes, and membranes were blocked for �1 h in
5% BSA in TBS-T. Immunoblotting was performed with pri-
mary antibodies diluted in 5% BSA in TBS-T (1:1000 of �-GFP,
1:1000 of �-DsRed, 1:1000 of �-FLAG, 1:10,000 of �-vinculin)
fluorescent secondary antibodies (IR Dye800 or IR Dye680; LI-
COR Biosciences, diluted 1:20,000 in 5% BSA in TBS-T) and
scanned on the Odyssey CLx IR imaging system.

Microscopy

CHO, HeLa, or EA.hy926 cells were transfected with GFP,
mCherry, and/or V1900 3� FLAG expression vectors using
linear polyethyleneimine, molecular weight 25,000 (Poly-
sciences, Inc.). 24 h later, cells were plated on coverslips coated
with 5 �g/ml fibronectin (Sigma-Aldrich). 24 h after replating,
cells were fixed in 4% paraformaldehyde in PBS, pH 7.4, for 15
min, washed with PBS, stained with 1:2000 Alexa Fluor 647
phalloidin (Thermo Fisher Scientific) in PMZ-T Buffer for 30
min or with 0.2 �g/ml HCS CellMaskTM Deep Red Stain in PBS
following Triton� X-100 permeabilization, washed with PBS,
and mounted using ProLong Diamond with 25 ng/ml DAPI
added (Invitrogen). Images were acquired using Nikon Eclipse
Ti-S with a 20�, 40�, or 100� objective using the �Manager
acquisition software (69). A minimum of 40 cells (from more
than three replicates) were analyzed for each single-expression
experiment, and a minimum of 75 cells (from more than three
replicates) were analyzed for each double-expression experi-
ment. For live-imaging experiments, cells stably infected with
GFP-histone H2B were plated on glass-bottom dishes (Mat-
Tek) and stained with HCS Cell Mask Deep Red Stain (Thermo
Fisher Scientific) prior to imaging using a Nikon Ti-2 Eclipse
microscope (Nikon, Tokyo, Japan) with a Prime95B RoHS
cMOS camera (pixel size 	 110 nm) (Photometrics, Tucson,
AZ). We verified by immunoblotting that exogenous proteins
were of the expected size. Quantification of ICAP1/KRIT1
nuclear/cytoplasmic localization was performed using CellPro-
filer 2.1 (40). Nuclear GFP and/or mCherry 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 Watershed-Image method within CellPro-
filer 2.1 using the Phalloidin or HCS CellMaskTM fluorescence
signal (40). Data were charted, and statistical analyses were per-
formed using GraphPad Prism.

In vitro kinase assays

Previously used pGEX-6P-1 WT ICAP1 (6, 33) and pGEX-
6P-1 ICAP1 phosphomutants (generated via QuikChange)
were transformed in BL21 (DE3) RosettaTM (Novagen) cells
and were cultivated at 37 °C to an A600 of 0.6. ICAP1 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 7.9, 100 mM NaCl, 5% glycerol, 0.1 mM tris(2-carboxyethyl)
phosphine, and 1� cOmpleteTM EDTA-free protease inhibitor
mixture (Roche Applied Science). GST-ICAP1 was purified
from the lysate on Sepharose-4B GSH beads. GST-ICAP1 was

further purified by size-exclusion chromatography on a Super-
dexTM S200 16/600 pg column (GE Healthcare) in 50 mM Tris-
HCl, pH 8.2, 100 mM NaCl, 5% glycerol, 0.1 mM tris(2-carboxy-
ethyl) phosphine and concentrated using Amicon� Ultra-4
(Millipore) centrifugal filters. Purified N-terminally hexahisti-
dine-tagged PAK4 catalytic domain prepared as described (70)
was kindly provided by Chad Miller (Yale University).

ICAP1 kinase reactions contained 100 nM kinase and 1 �M

purified ICAP1 in kinase assay buffer (50 mM Tris, pH 7.5, 10
mM DTT, 2.5 mM MgCl2). Reactions were started by the addi-
tion of ATP (10 �M, with 0.20 �Ci/�l [�-33P]ATP), quenched
with 4� Laemmli sample buffer after a 30-min incubation at
30 °C, and fractionated by 12% acrylamide SDS-PAGE. Gels
were dried, and radiolabel incorporation was detected by phos-
phorimaging (Bio-Rad Molecular Imager FX Pro Plus).

Phos-tagTM

CHO cells were co-transfected with GFP or Spot� and
mCherry expression constructs using Lipofectamine� 2000
(Thermo Fisher Scientific), following the manufacturer’s
instructions. 24 h later, cells were washed with PBS, scraped,
and lysed directly in a plate with radioimmune precipitation
assay buffer containing 1� cOmpleteTM EDTA-free protease
inhibitor mixture (Roche Applied Science) and 1� PhosS-
TOPTM phosphatase inhibitor mixture (Roche Applied Sci-
ence). Cells were sheared five times with a 23-gauge needle,
sonicated briefly, and centrifuged at maximum speed. The
supernatant was incubated with GFP-nanotrap (44, 45) or Spot-
Trap� agarose (ChromoTek) for 2 h at 4 °C with rotation. Beads
were washed two times and then subjected to �-protein phos-
phatase or mock treatment (LambdaPP, New England Biolabs)
following the manufacturer’s instructions. 2� Laemmli sample
buffer was added to beads, boiled for 5 min, and loaded onto
12.5% SuperSep Phos-tagTM precast gels (Wako Pure Chemical
Industries, Ltd.). Electrophoresis was performed at 90 V until
the bromphenol blue dye reached the bottom of the gel. Gels
were soaked in transfer buffer (25 mM Tris, 192 mM glycine, 20%
(v/v) MeOH) with 10 mM EDTA for 10 min, repeating twice
with buffer exchanges. Gels were then soaked in transfer buffer
without EDTA for 10 min and then transferred to polyvi-
nylidene difluoride membranes. After transfer, the membranes
were soaked in TBS-T for 1 h, blocked with 3% BSA in TBS-T
for 1 h, and probed with �-GFP or �-ICAP-1 antibody in 3%
BSA in TBS-T.
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