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FAK in the nucleus prevents VSMC proliferation
by promoting p27 and p21 expression via Skp2
degradation
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Aims Vascular smooth muscle cells (VSMCs) normally exhibit a very low proliferative rate. Vessel injury triggers VSMC
proliferation, in part, through focal adhesion kinase (FAK) activation, which increases transcription of cyclin D1, a
key activator for cell cycle-dependent kinases (CDKs). At the same time, we also observe that FAK regulates the
expression of the CDK inhibitors (CDKIs) p27 and p21. However, the mechanism of how FAK controls CDKlIs in
cell cycle progression is not fully understood.

Methods We found that pharmacological and genetic FAK inhibition increased p27 and p21 by reducing stability of S-phase

and results kinase-associated protein 2 (Skp2), which targets theCDKIs for degradation. FAK N-terminal domain interacts with
Skp2 and an APC/C E3 ligase activator fizzy-related 1 (Fzr1) in the nucleus, which promote ubiquitination and deg-
radation of both Skp2 and Fzr1. Notably, overexpression of cyclin D1 alone failed to promote proliferation of ge-
netic FAK kinase-dead (KD) VSMCs, suggesting that the FAK-Skp2-CDKI signalling axis is distinct from the FAK-cy-
clin D1 pathway. However, overexpression of both cyclin D1 and Skp2 enabled proliferation of FAK-KD VSMCs,
implicating that FAK ought to control both activating and inhibitory switches for CDKs. In vivo, wire injury activated
FAK in the cytosol, which increased Skp2 and decreased p27 and p21 levels.

Conclusion Both pharmacological FAK and genetic FAK inhibition reduced Skp2 expression in VSMCs upon injury, which signifi-
cantly reduced intimal hyperplasia through elevated expression of p27 and p21. This study revealed that nuclear
FAK-Skp2-CDKI signalling negatively regulates CDK activity in VSMC proliferation.
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1. Introduction

Vascular smooth muscle cells (VSMCs) are an essential component cov-
ering conduit arteries, which control vascular tone and blood pressure.”
While VSMCs normally exhibit very low proliferative capacity, they be-
come highly proliferative and migratory during diseased conditions in-
cluding atherosclerosis and restenosis, resulting in a narrowed vessel
lumen.”™ Currently there are few treatments for narrowed vessels,
most of which are limited to large conduit vessels. Since small vessels can
also become narrowed and occluded in peripheral arterial disease, there
is a need for developing new systemic treatment options.”™

VSMC proliferation is tightly controlled through transcription, transla-
tion, post-translational modification, and degradation of cell cycle regula-
tors.®? While VSMCs in mature arteries normally stay at early G1 phase
of the cell cycle,’ pathological stimuli induce G1-to-S phase transition
and promote VSMC proliferation.'” The G1-to-S phase transition is in-
duced by the formation of cyclin D-cyclin-dependent kinase (CDK) 4/6
and cyclin E-CDK 2 complexes.'® Binding of cyclins to CDKs promotes
CDK activation resulting in phosphorylation of pRb and activation of
E2F1, a key transcription factor in promoting G1-to-S transition."
However, CDK inhibitors (CDKIs)—Ink4 families for CDK 4/6 and Cip/
Kip families for CDK 4/6 and 2—can inactivate cyclin-bound CDKs,
which adds to the complexity of cell cycle regulation.”" As such, both
activation of cyclin—-CDK complexes and repression of CDKls are re-
quired to properly operate G1-to-S cell cycle progression by activating
pRb protein.’® The CDKIs p27Kip1 (p27), p21Cip (p21), and p57Kip1
(p57) inhibiting CDK 2, 4, and 6 have been extensively studied in
VSMCs."° These Cip/Kip family CDKIs are regulated post-transcrip-
tionally through ubiquitin ligase complexes such as the S-phase kinase-as-
sociated protein-1 (Skp1)-Cul1-F-box (SCF) complexes. Skp2 is the

substrate-recognizing component of SCF*®?

and is implicated in the pol-
yubiquitination and proteasomal degradation of p27, p21, and p57.>'
Focal adhesion kinase (FAK) is a protein tyrosine kinase which trans-
mits extracellular signals through integrin or growth factor recep-
tors.”** Upon activation, FAK is autophosphorylated at tyrosine 397

(pY397), and pY397 FAK is used as an indicator of FAK activity.?®

Elevated FAK activation by increased extracellular matrix or growth fac-
tor stimulation associated with vessel injury has been implicated in
VSMC proliferation.”’° A recent report further demonstrated that
FAK catalytic activity and subcellular localization regulate VSMC prolifer-
ation through GATA4-mediated transcription of cyclin D1.3" In healthy
femoral arteries, FAK exhibited low activity and mainly localized in the
nucleus of VSMCs. On the contrary, FAK was more active and present in
the cytoplasm of VSMCs of injured arteries.®’
clin D1 failed to rescue proliferation in VSMCs when FAK catalytic activ-

ity is inhibited," the notion that repressing CDKIs is also required to
17,3233

As overexpression of cy-

promote G1-to-S cell cycle progression
gate an uncharacterized switch in CDK regulation by the Cip/Kip CDKI
family via FAK signalling.

prompted us to investi-

In this study, we found FAK activity promotes VSMC proliferation
through decreased expression of the CDKIs p27 and p21, independently
of enhanced cyclin D1 transcription following FAK activation.
Mechanistically, in quiescent VSMCs, inactive nuclear FAK forms a com-
plex with Skp2 and fizzy-related 1 (Fzr1)—an activator for APC/C E3 li-
gase complex (also known as CDH1), leading to proteasomal
degradation of both Skp2 and Fzr1. This increases the stability of p27 and
p21 and reduces the proliferative capacity of VSMCs. On the contrary, in
proliferating VSMCs, increased FAK activity and cytoplasmic localization
result in elevated Skp2 expression which facilitates p27 and p21 degrada-
tion. This study uncovers that FAK activation is critical in VSMCs prolifer-
ation by activating CDKs through reduced CDKI p27 and p21 stability.

2. Methods
2.1 Reagents

Small-molecule  FAK inhibitor

Leptomycin B

VS-4718  (MedKoo), MG132
(52619;Selleckchem), (LC Laboratories), BrdU
(#423401;Biolegend), PDGF-BB (R&D
Systems) were purchased. Antibodies were obtained from the following
vendors: FAK (#05-537), PCNA (#PLA0080), and GAPDH (#MAB374)
antibodies from MilliporeSigma; B-actin (#SC47778), p27 (#SC1641),

and recombinant human
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p21 (#5C6246), Fzr1 (#5C56312), GFP (#5C9996), and GST (#5C138)
antibodies from Santa Cruz Biotech; pY397 FAK (#44-624 G), cyclin D1
(#MA5-16356), and Skp2 (#51-1900) antibodies from Thermo Fisher;
a-SMA (#ab5694) and BrdU (#ab6326) antibodies from Abcam; PARP
(#611038) antibody from BD Biosciences; pS807/811 pRb (#8564) anti-
body from Cell Signaling Technology; Ki-67 antibody (#RB-1510-P0)
from Neomarkers; and Myh11 antibody (#BT-562) from Alfa Aesar.

2.2 Plasmid constructs

GFP-tagged FAK WT, FERM, kinase, and C-terminal domain plasmid
were used as previously described.>**®> FAK FERM F1 (33-132), FERM F2
(128-253), and FERM F3 (253-353) lobes were amplified by PCR and
cloned into the pEBG mammalian GST fusion expression vector as de-
scribed.®® Myc-tagged Skp2 (#19947) and HA-tagged Fzr1 (#11596)
plasmid constructs were from Addgene. Two different shRNAs targeting
mouse Skp2 were cloned into pSicoR-mCherry (Addgene #21907) using
Xhol and Hpal restriction site. ShRNA sequences for Skp2-1 and -2 are
listed in Online Table I.

2.3 Mice

All animal experimental procedures were approved by the Institutional
Animal Care and Use Committee at the University of South Alabama
and adhere to the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. As the Myh11-Cre-ER™ transgene is
expressed on the Y chromosome, only male mice were used for animal
experiments. FAK wild-type (WT)/kinase-dead (KD) (FAKWT/KD), FAK
flox/flox (FAK™Y™), and VSMC-specific Cre mice (Myh11-Cre-ER™)
were used in this study as described previously (Supplementary material
online, Figure $1).3" Cre recombinase was activated by treating male
mice (6weeks old) with tamoxifen (75mg/kg, intraperitoneal, every
other day) for 2weeks, generating FAK"VT, Myh11-Cre-ER™ (FAK-
WT) and FAK®P, Myh11-Cre-ER"™ (FAK-KD) mice. For euthanasia,
mice were anesthetized via intraperitoneal injection of ketamine/xylazine
(100 mg/kg and 8mgl/kg, respectively) followed by terminal cardiac
bleed.

2.4 Femoral artery wire injury model

Femoral artery injury was performed by wire insertion in male mice
(8 weeks old) as described previously.>! Briefly, mice were anesthetized
by a single intraperitoneal injection with a mixture of ketamine/xylazine
(100 mg/kg and 8 mg/kg, respectively). Then the left femoral artery was
exposed by blunt dissection, and a branch of the femoral artery was par-
tially transected to allow the introduction of a straight wire (diameter,
0.38 mm). The wire was passed within the vessel three times and left for
1 min. The muscular branch was ligated, and the incision closed after re-
moving wire. For FAK inhibitor experiments, mice were treated twice
daily with vehicle (10 mM citrate, pH 6.0) or the FAK inhibitor VS-4718
(50 mg/kg) by oral gavage. For VSMC-specific FAK-WT and FAK-KD
mice experiments, wire injury was performed after 2 weeks of tamoxifen
injections. For Skp2 shRNA or Myc-Skp2 lentiviral infection of femoral
artery, concentrated lentivirus (107 transducing units) was mixed with
nonionic surfactant (Pluronic F-127, Sigma-Aldrich) in PBS as described
previously.’’

2.5 Carotid artery ligation

The carotid artery ligation was performed in male mice (8—10weeks
old) as described previously.>® Mice were anesthetized by a single intra-
peritoneal injection with a mixture of ketamine/xylazine (100 mg/kg and

8 mg/kg, respectively). The left carotid artery was exposed through fine
forceps and ligated with 60 silk suture just below the carotid bifurca-
tion. The mice were treated twice daily with vehicle (10 mM citrate, pH
6.0) or the FAK inhibitor VS-4718 (50 mg/kg) by oral gavage. After
2 weeks, arteries were excised and embedded in OCT compound for
sectioning.

2.6 BrdU incorporation assay

Labelling of proliferating cells in wire injury mice was done by intraperi-
toneal injection of BrdU (50 mg/kg) 72, 24, and 2 h before euthanasia.
For BrdU immunostaining, DNA in frozen sections of femoral artery was
denatured with 2N HCI for 30 min, neutralized with 0.1M NaHCO;
(pH 8.5) for 10 min before blocking, and then incubated with antibodies
against BrdU and a-SMA.

2.7 Cell culture

Primary mouse thoracic aorta VSMCs were isolated from 6- to 8-week-
old male C57BL/6, FAK™, FAK™T, and FAK™® mice. Isolated
FAKFYWT and FAKFYKP VSMCs were treated with Cre adenovirus (50
MOI) to generate FAK-WT and FAK-KD VSMCs. Isolated VSMCs were
verified for expression of different SMC-specific markers such as a-SMA
and Myh11, and only used up to passage 6 (Supplementary material on-
line, Figure $2). VSMCs, HEK293T, and HEK293FT cells were grown in
DMEM supplemented with 10% FBS at 37°C with 5% CO,. Human cor-
onary artery SMCs (hCASMCs) were purchased (#CC2583, Lonza) and
grown in SMC growth basal medium (SmBM, Lonza) supplemented with
5% FBS and additional growth medium (SmGM-2 SingleQuots, Lonza)
according to instructions from the supplier.

2.8 Lentivirus production and generation of
stable cell lines

Lentivirus was produced as previously descrived.®’ Briefly, HEK293FT
cells were transfected with third-generation packaging system using PEI
reagent (Polysciences). At 72h after transfection, lentivirus-containing
medium was centrifuged to remove cell debris and passed through a
0.45-um filter (Steriflip-HV PVDF, Millipore). The lentivirus was concen-
trated using Amicon Ultra-15 Centrifuge Filter Unit (100,000 Dalton
cut-off, Millipore). For generation of stable cell lines, VSMCs were incu-
bated with purified lentivirus (20 MOI). For Skp2 and cyclin D1 overex-
pression, VSMCs were treated with puromycin (2pg/ml) 48h after
transduction. FAK™ VSMCs were transduced with FLAG-tagged FAK-
WT (FLAG-FAK-WT) or nonnuclear localizing mutant (FLAG-FAK-
NLM, R177A/R178A) and selected using puromycin. Endogenous FAK
flox alleles were removed following treatment with Cre adenovirus (50
MO). Stable expressing cells were used in experiments. For in vivo use,
lentivirus was concentrated by ultracentrifugation at 25,000 rpm for
1.5h (SWA40-Ti rotor, Beckman Coulter), and lentivirus was resus-
pended in sterile PBS.

2.9 Cell proliferation

Mouse VSMCs (1 x 10° cells) were seeded on 0.1% gelatin-coated 6-
well culture dishes. At 24 h intervals, cells were dissociated with 0.25%
trypsin-EDTA (Sigma-Aldrich) and were mixed with trypan blue, and
counted using the Countess Il FL Automated Cell Counter (Life
Technologies). Proliferating VSMCs was also evaluated through staining
of a proliferation marker Ki-67. Three independent experiments were
performed.
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2.10 Western blotting

Cells and arteries were lysed with RIPA buffer (pH 7.4) that contains 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; 50 mM),
NaCl (150 mM), Triton X-100 (1%), sodium deoxycholate (1%), sodium
dodecy! sulphate (SDS; 0.1%), glycerol (10%), and protease inhibitors
(Protease Inhibitor Cocktail, Roche). Lysates were cleared by centrifuga-
tion, and equal amounts of proteins were separated by SDS-PAGE and
immunoblotted with indicated antibodies. All immunoblots were re-
peated at least three times. Blots were quantitated using Image| densi-
tometry plugin and normalized using loading control.

2.11 Immunoprecipitation

VSMCs were treated with/without VS-4718 (2.5 puM) together with
MG132 (20 uM) for 6 h and lysed with immunoprecipitation buffer that
includes Triton X-100 (1%), HEPES (50 mM), NaCl (150 mM), glycerol
(10%), ethylene glycol tetraacetic acid (1 mM), sodium pyrophosphate
(10 mM), sodium fluoride (100 mM), sodium orthovanadate (1 mM), and
complete protease inhibitor cocktail (Roche). For HEK293T cells, cells
were transfected with GFP-tagged FAK constructs,®® Myc-Skp2, and
HA-Fzr1 for 48 h and lysed with the immunoprecipitation buffer. Lysates
were cleared by centrifugation, and equal amounts of proteins were sub-
jected to immunoprecipitation with indicated antibodies. The lysates
were rotated overnight at 4°C, then protein G or A agarose beads were
added, and the mixture was rotated for 2 h at 4°C. The immunocom-
plexes were washed three times with immunoprecipitation buffer and
suspended with 2X SDS-loading buffer. Samples were separated by
SDS—-PAGE and immunoblotted with indicated antibodies.

2.12 GST pulldown assay

pEBG-FERM F1, F2, and F3 subdomain constructs, Myc-Skp2, and HA-
Fzr1 were transfected in 293T cells. GST-FERM subdomains were pulled
down using glutathione beads to determine their interaction with Skp2
and Fzr1.

2.13 Nuclear fractionation

Nuclear fractionation was performed as described previously.
Briefly, VSMCs were treated with/without VS-4718 (2.5 uM) together
with MG132 (20 uM) for 6 h and lysed with Cyto Buffer (10 mM Tris pH
7.5, 0.05% NP-40, 3mM MgCl,, 100mM NaCl, 1mM EGTA , 1TmM
orthovanadate, and 1x protease inhibitor cocktail (Roche)), transferred
into tubes, incubated for 5min at 4°C, spun at 800 x g at 4°C (5 min),
and cytosolic supernatants collected. Cell pellets were further washed

31,35

with Cyto Buffer, purified nuclei resuspended in RIPA buffer, spun at
16,000 x g for 15 min, and the supernatant collected as the nuclear frac-
tion. Cytosolic and nuclear lysates were boiled in SDS loading buffer,
separated by SDS—PAGE, and immunoblotted with GAPDH as cytosolic
marker and PARP as nuclear marker.

2.14 RNA isolation and real-time
quantitative PCR (RT-qPCR)

Total RNA was extracted with TRIzol reagent (Life Technologies) and
converted to cDNA using random hexamers and reverse transcription
(Superscript lll, Life Technologies). RT-qPCR was performed (iTaq
Universal SYBR Green SMX and CFX connected optical module, Bio-
Rad). The sequences of RT-qPCR primers are listed in Online Table I. All
RT-gPCR was repeated three times, and mean +/-SEM was used as an
error bar.

2.15 Immunostaining

Frozen sections or coverslips-grown cells were fixed with 4% parafor-
maldehyde 10 min. Samples were permeabilized with 0.1% Triton X-100
for 10 min, washed with PBS, and incubated with blocking solution in-
cluding 1% BSA and 1% goat serum for 1 h at RT. The sections or cover-
slips were incubated with primary antibodies for overnight at 4°C.
Samples were washed with PBS and incubated with conjugated goat anti-
rabbit, anti-mouse, or anti-rat secondary antibodies (1:1000) (Alexa
Fluor 594 or 488, Thermo Fisher) for 1h at RT. Species-specific IgG or
secondary antibodies were used as negative control. Slides were
mounted using VECTASHIELD Antifade mounting medium (Vector
Laboratories), and images were acquired with a confocal microscope at
60-fold magnification (Nikon A1R, Nikon). Images were processed using
Photoshop CS5.

2.16 Statistical analysis

Data sets underwent Shapiro—Wilk test for normality, and statistical sig-
nificance between experimental groups was determined with Student t-
test or two-way analysis of variance (two-way ANOVA) with Sidak mul-
tiple comparisons test (Prism software, v7.0d; GraphPad Software).
Power analyses were performed to determine sample size for two-way
ANOVA. Blinding procedures were not employed in this study due to
the following reasons: high reproducibility, noticeable differences be-
tween specimen, and data acquisition by quantification.

3. Results

3.1 FAK inhibition prevents VSMC
proliferation by increasing the CDKIs p27
and p21

We have demonstrated that FAK catalytic activity and cellular localiza-
tion regulate the transcription of cyclin D1 to promote VSMC prolifera-
tion." However, we also observed that cyclin D1 overexpression was
not sufficient to promote VSMC proliferation under FAK inhibition.
Since cyclin D-CDK4/6 complexes are inhibited by binding to CDKls
p27 and p21,%” we tested whether this inhibitory pathway is altered
upon FAK inhibition. We found that pharmacological FAK inhibition (VS-
4718, 2.5 uM) increases p27 and p21 protein expression (Supplementary
material online, Figure S3A) and reduces VSMC proliferation as deter-
mined by cell counting and staining for Ki-67 positive cells
(Supplementary material online, Figures S3B and $4A). FAK inhibition was
confirmed by performing anti-pY397 FAK blotting (Supplementary mate-
rial online, Figure S3A). We also tested effect of FAK inhibition in VSMC
proliferation under PDGF stimulation. While PDGF increased the num-
ber of Ki-67 positive VSMCs, FAK inhibitor (FAK-I) treatment blocked
PDGF-induced VSMC proliferation (Supplementary material online,
Figure S4B). As FAK-I did not lead to increased mRNA expression of p27
and p21 (Supplementary material online, Figure S3C), we further verified
FAK-I-mediated increase of p27 and p21 protein using a transcriptional
inhibitor actinomycin D (ActD). While FAK-I did not alter p27 and p21
mRNA (Supplementary material online, Figure S5A), FAK-I still increased
p27 and p21 protein expression even in the presence of ActD
(Supplementary material online, Figure S5B). To confirm the observation
that FAK inhibition increased p27 and p21 protein stability, VSMCs were
treated with a protein synthesis inhibitor cycloheximide (CHX). While
CHX rapidly reduced protein expression of p27 and p21, co-treatment
with FAK-l increased the stability of p27 and p21 (Supplementary
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material online, Figure S5C). VSMC:s treated with FAK-I also showed de-
creased phosphorylation of pRb (Supplementary material online, Figure
$6), confirming that elevated p27 and p21 proteins inhibit CDK4/6 activ-
ity. To rule out potential off-target effects of FAK-I, we used genetic FAK
kinase-dead (KD) VSMCs (Supplementary material online, Figure S1) to
test changes in p27 and p21. FAK-KD VSMCs exhibited increased p27
and p21 protein levels and reduced proliferation compared to FAK wild-
type (WT) VSMCs (Supplementary material online, Figures S3D, E, and
$4C). p27 and p21 mRNA levels were similar between FAK-KD and
FAK-WT VSMCs (Supplementary material online, Figure S3F), suggesting
that both pharmacological and genetic FAK inhibition increases p27 and
p21 protein expression through post-transcriptional regulation.

3.2 FAK regulates p27 and p21 expression
via reducing Skp2 stability

It is known that FAK regulates the stability of several nuclear proteins
through direct binding>>*#*° However, we did not observe a direct in-
teraction between FAK and p27 or p21 (Supplementary material online,
Figure S7). Since FAK-l reduced p27 and p21 protein level, we next
looked at FAK regulation of Skp2, the substrate recognition component
of the SCF*? E3 ligase complex which targets p27 and p21 for degreda-
tion.?"2 FAK- significantly reduced Skp2 protein expression in VSMCs
from day 1 (Figure 1A). However, FAK-I did not affect Skp2 mRNA levels,
indicating FAK may regulate Skp2 protein stability (Figure 1B). This was
further verified by co-treatment with FAK-I and CHX, which led to ac-
celerated loss of Skp2 protein than CHX alone (Supplementary material
online, Figure S5C). FAK-I treatment in human coronary artery SMCs
(hCASMCs) also reduced Skp2 expression with concomitant increases
in p27 and p21 (Figure 1C), indicating that FAK regulation of CDKls
through Skp2 is conserved between mouse and human. Consistent with
pharmacological FAK inhibition, FAK-KD VSMCs also demonstrated de-
creased Skp2 protein (Figure 1D), but not mRNA levels compared to
FAK-WT (Figure 1E). To confirm the possibility whether FAK inhibition
reduced Skp2 stability, VSMCs were treated with FAK-I with/without a
proteasomal inhibitor, MG132. While FAK-I| alone reduced Skp2 levels,
co-treatment with FAK-l and MG132 failed to reduce Skp2 (Figure 1F).
These results demonstrate that FAK inhibition promotes Skp2 ubiquiti-
nation and proteasomal degradation. Immunostaining of vehicle-treated
VSMCs showed that FAK is mainly localized in adhesions and cytosol
with high levels of active pY397 FAK (Figure 1G). This was associated
with strong nuclear staining of Skp2 and low levels of p27 and p21
(Figure 1G). Upon FAK-I treatment, we observed increased FAK nuclear
localization with reduced levels of active pY397 FAK (Figure 1G). FAK-I
treated VSMCs showed reduced Skp2 expression but elevated expres-
sion of p27 and p21 (Figure 1G and Supplementary material online, Figure
S8A). PCNA staining was used as a proliferation marker (Figure 1G), and
FAK inhibition indeed reduced PCNA expression. In agreement with
pharmacological FAK inhibition, FAK-KD VSMCs showed elevated ex-
pression and nuclear localization of p27 and p21 compared to FAK-WT
VSMCs (Supplementary material online, Figure S8B). Our results demon-
strate that nuclear FAK reduces Skp2 stability and increases p27 and p21
expression to block VSMC proliferation.

3.3 FAK interacts with Skp2 and its E3
ligase activator Fzr1 via FAK FERM domain

To address a potential mechanism of how Skp2 protein stability is regu-
lated by nuclear FAK, we performed Skp2 immunoprecipitation (IP) to
test the possible association between Skp2 and FAK. We observed that

Skp2 interacts with FAK (Figure ZA), and additionally with Fzr1, a sub-
strate recognition and activator of APC/C ubiquitin E3 ligase complex,
known to target Skp2*' only when co-treated with FAK-l and MG132,
but not in control (Figure 2A). Cytosolic and nuclear fractionation further
showed that increased nuclear FAK and reduced Skp2 levels were ob-
served after 6 h FAK-I treatment (Figure 2B). We also unexpectedly ob-
served decreased Fzr1 protein upon FAK-l treatment. However,
cotreatment with FAK-I and MG132 prevented loss of Skp2 and Fzr1
protein in the nucleus (Figure 2B). GAPDH and PARP were used to verify
cytosolic or nuclear fractions, respectively (Figure 2B). To determine
which FAK domain(s) associates with Skp2 or Fzr1, we performed over-
expression studies in 293T cells using GFP-tagged FAK full-length (WT),
FERM, kinase, or C-terminal constructs along with Myc-Skp2 and HA-
Fzr1 (Figure 2C). GFP-IP showed similar levels of GFP-FAK construct ex-
pression and that both full-length FAK and FAK FERM interact with Skp2
and Fzr1 (Figure 2C). It is known that FAK FERM domain forms a scaffold
by recruiting a substrate and its E3 ligase to promote protein degrada-
tion.>>® We further examined which sublobes of FAK FERM acts as a
scaffold to recruit Skp2 or Fzr1 by overexpressing GST tagged FERM
sublobes F1, F2, and F3 in addition to Myc-Skp2 and HA-Fzr1 (Figure 2D).
GST pulldown demonstrated that while Skp2 binds the FAK FERM F1
lobe, Fzr1 was able to interact with all three lobes with the strongest af-
finity for FERM F3 (Figure 2D). FAK-I treatment also decreased Fzr1 pro-
tein levels along with increased Skp2 degradation (Figure 2B and E).
Neither pharmacological nor genetic FAK inhibition showed decreased
Fzr1 mRNA levels (Figure 2F). These results indicate that the FAK FERM
domain can serve as a scaffold for Skp2/Fzr1 ubiquitination and proteaso-
mal degradation.

3.4 Both nuclear import and cytoplasmic
export of FAK are critical for Skp2 and

Fzr1 proteasomal degradation in the
cytoplasm

As FAK is constantly shuttling between the cytoplasm and nucleus, it is
possible that Skp2 and Fzr1 degradation occurs in either the nucleus or
cytoplasm. To determine whether Skp2 and Fzr1 degradation occurred
in the cytoplasm or in the nucleus, VSMCs were treated with FAK-| and
a nuclear export inhibitor, Leptomycin B. Immunofluorescence showed
that Skp2 and Fzr1 exhibited strong nuclear localization in vehicle-
treated VSMCs (Supplementary material online, Figure S9A). However,
FAK inhibition alone decreased Skp2 and Fzr1 expression and showed
some cytoplasmic localization (Supplementary material online, Figure
S9A). In contrast, cotreatment with FAK-l and Leptomycin B strongly in-
creased staining of Skp2 and Fzr1 in the nucleus (Supplementary material
online, Figure S9A), which suggests that Skp2 and Fzr1 degradation may
occur in the cytoplasm. To verify whether FAK nuclear localization is re-
quired for Skp2 and Fzr1 degradation, we compared Skp2 or Fzr1 ex-
pression upon FAK-| treatment in FLAG-tagged FAK-WT (FLAG-FAK-
WT) and nonnuclear localizing mutant (FLAG-FAK-NLM, R177A/
R178A) expressed in FAK” VSMCs.' FAK-NLM failed to decrease ex-
pression of either Skp2 or Fzrl following FAK-l treatment
(Supplementary material online, Figure S9B). Immunostaining demon-
strated that FAK-NLM fails to enter the nucleus under FAK-I conditions,
and there was no change in Skp2 and Fzr1 expression (Figure 2G). These
data suggest that FAK nuclear localization is critical for priming degrada-
tion of Skp2 and Fzr1, and that their degradation may occur in the
cytoplasm.
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Figure 1 FAKinhibition reduces Skp2 expression by promoting nuclear localization of FAK. FAK inhibitor (VS-4718) was used at 2.5 uM for the indicated
times. (A, C, D, and F) Representative blots (n = 3). (A) Skp2 levels reduced upon pharmacological FAK inhibition monitored by immunoblotting with mouse
VSMC lysates. Skp2 blots were quantified relative to GAPDH. pY397 FAK blots were quantified relative to total FAK. (B) Mouse VSMCs were treated with
FAK inhibitor for 2 days, and Skp2 mRNA levels were measured via RT-gPCR (x SEM, n = 6, Student t-test). (C) Human coronary artery SMCs (hCASMCs)
were treated with FAK inhibitor. Skp2, p27, and p21 blots were quantified relative to GAPDH. pY397 FAK was quantified relative to total FAK. (D) Skp2 lev-
els in FAK-WT and FAK-KD mouse VSMCs. Skp2 blots were quantified relative to GAPDH. pY397 FAK blots were quantified relative to total FAK. (E) Skp2
mRNA levels were measured in FAK-WT and FAK-KD mouse VSMCs via RT-qPCR (+ SEM, n= 6, Student t-test). (F) Mouse VSMCs were treated with
FAK inhibitor with or without proteasome inhibitor (MG132, 20 uM) for 6 h. Skp2 blots were quantified relative to actin. pY397 FAK was quantified relative
to total FAK. (G) Mouse VSMCs were treated with or without FAK inhibitor for 24 h. FAK, Skp2, pY397 FAK, p27, and p21 immunostainings are shown.
PCNA was used as a proliferation marker. Representative images (n = 4). Scale bar: 20 um.
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Figure 2 FAK interacts with Skp2 and the APC/C E3 ligase activator Fzr1 through FAK FERM domain. FAK inhibitor (VS-4718) was used at 2.5 uM for the
indicated times. (A—E) Representative blots (n = 3). (A) FAK interacts with Skp2 and Fzr1 by immunoprecipitation (IP) with VSMC lysates. Mouse VSMCs
were treated with FAK inhibitor together with proteasome inhibitor (MG132, 20 uM) for 6 h. FAK and Fzr1 blots within Skp2-IP were quantified relative to
untreated controls. The arrow head indicates the heavy chain of IgG. (B) Immunoblots of mouse VSMC cytosolic (C) and nuclear (N) fractionated lysates
for FAK, Fzr1, and Skp2. PARP and GAPDH as nuclear and cytosolic markers. Cytosolic or nuclear FAK, Skp2, and Fzr1 blots were quantified relative to
GAPDH or PARP.. (C) FAK FERM binds to both Skp2 and Fzr1in 293T cells transfected with GFP-fused FAK and its subdomains. Skp2 and Fzr1 blots were
quantified relative to GFP. (D) FAK FERM F1 lobe binds Skp2 and F3 lobe binds Fzr1 in 293T cells co-transfected with Myc-Skp2, HA-Fzr1, and FAK FERM
F1, F2, and F3 lobes as GST fusion proteins. Skp2 and Fzr1 blots were quantified relative to GST. (E) Mouse VSMCs were treated with FAK inhibitor. pY397
FAK and Fzr1 blots were quantified relative to GAPDH. (F) Fzr1 mRNA levels were measured in mouse VSMCs treated with FAK inhibitor for 2 days or in
genetic FAK inhibition via RT-qPCR (+ SEM, n= 6, Student t-test). (G) Nuclear localization of FAK plays a key role in Fzr1 and Skp2 degradation. FAK”"
mouse VSMCs stably expressing either FLAG-FAK-WT or -NLM were treated with VS-4718 for 12 h. Representative immunostaining with indicated anti-
bodies (n = 3). Scale bar: 20 um.
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3.5 Vascular injury-induced Skp2
expression and neointimal hyperplasia are
blocked by pharmacological FAK catalytic
inhibition

Because neointimal hyperplasia formation may vary significantly depend-
ing on the nature of vascular injury, we examined and compared the
effects of FAK activity on Skp2-p27/p21 expression in neointimal hyper-
plasia and arterial remodelling using two different injury models. First, we
used the femoral artery wire injury model. Since Skp2 was shown to
reach its maximal level after 10 days and gradually returned to basal level
after 28 days post carotid arterial balloon injury in rats,** we collected
femoral arteries 14 days post injury. Neointimal hyperplasia was deter-
mined using H&E staining (Figure 3A). While wire injury induced neointi-
mal hyperplasia and significantly increased intima/media (I/M) ratio three-
fold over sham in vehicle treated mice, mice treated with FAK inhibitor
reduced neointimal hyperplasia and an I/M ratio similar to sham controls
(Figure 3A). Immunoblotting of 14day injured femoral artery lysates
showed that wire injury increased levels of active pY397 FAK and Skp2,
but reduced levels of p27 and p21 when compared with sham control
(Figure 3B). However, VS-4718 treatment in injured arteries showed ele-
vated levels of p27 and p21 when compared to injured vehicle
(Figure 3B). Treatment with VS-4718 also reduced active pY397 FAK and
Skp2 following wire injury (Figure 3B). In vehicle-treated sham mice,
immunostaining of femoral arteries showed that FAK was localized to
the nucleus and had no activity (pY397 FAK) and exhibited less Skp2 and
Fzr1 expression (Figure 3C and Supplementary material online, Figure
$10). We also observed abundant p27 and p21 in the nucleus (Figure 3C).
In contrast, wire injury increased cytoplasmic FAK and active pY397
FAK, which was associated with elevated Skp2 and Fzr1, and loss of p27
and p21 (Figure 3C and Supplementary material online, Figure $10). VS-
4718 treatment significantly inhibited pY397 FAK, Skp2, and Fzr1 expres-
sion in response to wire injury, and was able to restore p27 and p21 ex-
pression (Figure 3C and Supplementary material online, Figure S10).

To evaluate whether wire injury was triggering VSMC cell cycle pro-
gression from G1-to-S phase, we performed BrdU incorporation assay
which monitors newly synthesized DNA.*? In vehicle-treated mice, neo-
intimal hyperplasia was gradually increased at 7 d and 14 d after wire in-
jury, but was blocked by FAK-I treatment (Supplementary material
online, Figure S11A). BrdU incorporation into o-SMA positive VSMCs
was evaluated at 7 and 14 d post wire injury (Supplementary material on-
line, Figure S11B). Throughout the time course, we observed increasing
numbers of BrdU labelled VSMCs in the injured vehicle-treated femoral
arteries compared to uninjured sham controls. Notably, FAK-| treatment
was able to significantly reduce the number of BrdU-positive cells
detected in the injured vessels. Together, these results suggest that FAK
inhibition reduced neointima formation by increasing CDKIs and block-
ing VSMC entry into the cell cycle.

As wire injury may lead to thrombus formation and elevated endothe-
lial activation, we next used the carotid artery ligation model to evaluate
VSMC internal signalling pathways in remodelling. Carotid artery ligation
led to robust neointimal hyperplasia formation in vehicle-treated mice,
but was blocked in mice treated with FAK-| (Supplementary material on-
line, Figure S12A). Artery ligation also led to increased Skp2 expression
and loss of p27 in vehicle-treated mice (Supplementary material online,
Figure S12B). In contrast, FAK-| trapped FAK in the nucleus and blocked
ligation-induced increases in Skp2 and loss of p27 (Supplementary mate-
rial online, Figure S12B).

3.6 VSMC-specific FAK-KD mice exhibit
reduced hyperplasia with a low Skp2 and a
high p27 and p21 expression after wire
injury

In order to assess the role of FAK specific activity in VSMCs in vivo, we
used a Cre/loxP strategy to create conditional VSMC-specific FAK-KD
mice (Supplementary material online, Figure S1). Two weeks following
femoral artery wire injury, VSMC-specific FAK-KD mice had a lower I/M
ratio compared to FAK-WT mice (Figure 4A). Immunoblotting with ar-
tery lysates after wire injury clearly showed increased pY397 FAK and
Skp2 levels along with decreased p27 and p21 expression in FAK-WT
mice following wire injury (Figure 4B). However, VSMC-specific FAK-KD
mice showed reduced levels in pY397 FAK and Skp2 upon wire injury,
and restored levels of p27 and p21 compared to FAK-WT mice
(Figure 4B). We further investigated changes in FAK activity, nuclear FAK,
and expression of Skp2, Fzr1, p27 or p21 by performing immunostaining
of femoral arteries. Wire injury increased expression of Skp2 and Fzr1,
and reduced p27 and p21 levels in FAK-WT mice but not FAK-KD mice
(Figure 4C). While wire injury relocalized FAK from the nucleus to cyto-
plasm in FAK-WT, FAK-KD showed abundant nuclear FAK in sham con-
trol and injured arteries (Figure 4C). Taken together, these results
indicate that loss of FAK activity and increased nuclear localization of
FAK inhibits neointimal hyperplasia through reduced expression of Skp2,
resulting in elevated levels of p27 and p21.

3.7 Skp2 directly regulates CDKI
expression and functions independently of

cyclin D1 in the cell cycle progression

To verify the effect of Skp2 on p27 and p21 stability in VSMCs, we per-
formed gain and loss of the function studies using lentiviral-mediated
Skp2 overexpression or shSkp2 knockdown, respectively. Skp2 overex-
pression reduced p27 and p21 levels (Figure 5A) and slightly increased
VSMC proliferation compared to control (Figure 5B). As expected, Skp2
overexpression had no effect on p27 and p21 mRNA levels (Figure 5C).
On the contrary, Skp2 knockdown using shRNA increased p27 and p21
protein expression and significantly reduced VSMC proliferation (Figure
5D and F). Skp2 knockdown was verified by immunoblotting and RT-
qPCR (Figure 5D and E). Loss of Skp2 did not change p27 and p21 mRNA
levels (Figure 5E), confirming that Skp2-mediated p27 and p21 expression
is regulated via ubiquitination/degradation pathway. Previously, we dem-
onstrated that FAK catalytic inhibition blocked VSMCs proliferation
through reduction of cyclin D1 transcription.®” However, we observed
that overexpression of cyclin D1 did not promote VSMC proliferation in
both FAK-I-treated and FAK-KD VSMCs (Supplementary material on-
line, Figure $13), suggesting that cyclin D1 expression is necessary but
not sufficient to fully activate CDK 4/6. As FAK inhibition also increased
expression of CDKIs p27 and p21 (Figure 2), it is possible that overex-
pression of both Skp2 and cyclin D1 could rescue VSMC proliferation
during FAK inhibition. We generated dual overexpression of Skp2 and
cyclin D1 in FAK-WT or FAK-KD VSMC:s (Figure 5G and H). In striking
contrast to overexpression of cyclin D1 alone, co-expression of Skp2
and cyclin D1 led to increased proliferation of both FAK-WT and FAK-
KD VSMC:s (Figure 5H). It is likely that reduction in p27 and p21 expres-
sion by overexpression of Skp2 in FAK-KD VSMCs enables cell cycle
progression by releasing inhibitory regulation on CDK in the presence of
cyclin D1 (Figure 5G). These data demonstrate that overexpression of
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Figure 3 Skp2 is increased after wire injury and pharmacological FAK catalytic inhibition significantly reduces Skp2 and neointimal hyperplasia. Mice were
treated with vehicle or VS-4718 (50 mg/kg) twice daily following wire injury. Representative H&E staining of femoral artery cross sections 14 days after wire
injury for vehicle or VS-4718-treated (A, n=15), Scale bar: 50 um. Intima/media (I/M) ratios were quantified (£ SD, n =5, **P < 0.005 vs. vehicle injury, two-
way ANOVA followed by Sidak multiple comparisons test). (B) Representative immunoblots of femoral arteries 14 days postinjury for pY397 FAK, FAK,
Skp2, p27, p21, and GAPDH as loading control. Skp2, p27, and p21 blots were quantified relative to GAPDH. pY397 FAK blots were quantified relative to
total FAK. Representative blots (n = 4). (C) Representative immunofluorescence staining of femoral arteries 14 days postinjury for pY397 FAK, FAK, p27,
p21, Skp2, Fzr1, and a-SMA. Red, green, and blue (DAPI) were merged (n = 5). Dotted line in image marks the external or internal elastic lamina. White line
shows endothelial layer. Scale bar: 20 um.
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Figure 4 VSMC-specific FAK-KD mice development reduces hyperplasia and exhibits less Skp2 and more p27, p21 expression after wire injury. (A)
Representative H&E staining of femoral artery cross sections 2 weeks after wire injury for genetic FAK-WT or FAK-KD mice (n=5). Scale bar: 50 um.
Intima/media (I/M) ratios were quantified (+ SD, n=5, **P < 0.005 vs. FAK-WT injury, two-way ANOVA followed by Sidak multiple comparisons test). (B)
Representative immunoblots of femoral arteries 14 days postinjury for pY397 FAK, FAK, Skp2, p27, p21 GAPDH as loading control. Skp2, p27, and p21 blots
were quantified relative to GAPDH. pY397 FAK blots were quantified relative to total FAK. Representative blots (n = 4). (C) Representative immunofluores-
cence staining of FAK-WT and FAK-KD femoral arteries 2 weeks postinjury for pY397 FAK, FAK, p27, p21, Skp2, Fzr1, and a-SMA. Red, green, and blue
(DAPI) were merged (n = 4). Dotted line in image marks the external or internal elastic lamina. White line shows endothelial layer. Scale bar: 20 um.
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Figure 5 Skp2 directly regulates CDKI expression and functions independently of cyclin D1 in the cell cycle progression. (A) Mouse VSMCs were trans-
duced to overexpress Skp2. Skp2, p27, and p21 blots were quantified relative to GAPDH. pY397 FAK blots were quantified relative to total FAK.
Representative blots (n = 3). (B) Skp2 overexpression slightly increased mouse VSMC proliferation (+ SD, n= 3, *P < 0.01, **P < 0.005 vs. control, two-way
ANOVA followed by Sidak multiple comparisons test). (C) p27 or p21 mRNA levels were measured in mouse VSMCs overexpressing Skp2 via RT-qPCR (+
SEM, n=3, paired t-test). (D) shRNA-mediated knockdown of Skp2 increased p27 and p21 protein. Skp2, p27, and p21 blots were quantified relative to
GAPDH. pY397 FAK blots were quantified relative to total FAK. Representative blots (n = 3). (E) Skp2, p27, and p21 mRNA levels were measured in Skp2
knockdown mouse VSMCs via RT-gPCR (£ SEM, n= 3, **P < 0.005 vs. scramble, Student t-test). (F) Skp2 knockdown reduced mouse VSMC proliferation
(£ SD, n=3, ¥P<0.005 vs. scramble, two-way ANOVA followed by Sidak multiple comparisons test). (G) Cyclin D1 and Skp2 were overexpressed in
FAK-WT and FAK-KD mouse VSMCs. Skp2, cyclin D1, p27, and p21 blots were quantified relative to GAPDH. pY397 FAK blots were quantified relative to
total FAK. Representative blots (n=3). (H) Skp2 overexpression rescues defect of mouse VSMCs proliferation in cyclin D1-overexpressing FAK-KD
VSMCs (£ SD, n = 3, **P < 0.005 vs. FAK-KD, two-way ANOVA followed by Sidak multiple comparisons test).



Nuclear FAK control of Fzr1-mediated Skp2 turnover

1161

Figure 6 Knockdown of Skp2 reduces wire injury-induced neointi-
mal hyperplasia. Femoral arteries were coated with either lentivirus
encoding mCherry , scramble shRNA (shScr), or Skp2 shRNA (shSkp2)
immediately following wire injury. After 2 week wire injury, immunos-
tainings for a-SMA, Skp2, and p27 were shown. SMA (green), mCherry
(red), and DAPI (blue) were merged (n = 4). mCherry was used to ver-
ify viral infection. Dotted line in image marks the external or internal
elastic lamina. White line shows endothelial layer. Scale bar: 20 um.

both Skp2 and cyclin D1 can overcome FAK inhibition to promote
VSMC proliferation by fully activating CDKs.

3.8 Skp2 knockdown reduces wire injury-

induced neointimal hyperplasia

To verify the importance of Skp2 expression on VSMC proliferation
in vivo, we knocked down Skp2 using shRNA (shSkp2). Lentivirus encod-
ing mCherry and shSkp2 or scramble control (shScr) were mixed with
Pluronic F-127 and pasted to the outside of femoral arteries immediately
following surgery. Arteries were collected 2 weeks post-injury and ana-
lysed. Neointimal hyperplasia was significantly reduced in shSkp2 mice

compared to shScr (Supplementary material online, Figure S714A).
Lentiviral delivery was verified through mCherry expression within fem-
oral arteries (Figure 6 and Supplementary material online, Figure S14B).
Skp2 knockdown blocked wire injury-induced upregulation of Skp2 but
increased p27 expression (Figure 6 and Supplementary material online,
Figure $14C, D). While shSkp2 reduced neointimal hyperplasia, wire in-
jury still increased FAK cytoplasmic localization and activation
(Supplementary material online, Figure S15), further supporting the no-
tion that increased Skp2 stability following wire injury is critical for
VSMC proliferation and neointimal hyperplasia formation.

3.9 Skp2 overexpression does not promote
VSMC neointimal hyperplasia in FAK-I-
treated mice

As Skp2 overexpression showed a slight increase in VSMC proliferation
in vitro (Figure 5B), we next investigated whether Skp2 overexpression
could promote VSMC proliferation in FAK-I-treated mice following wire
injury. Myc-Skp2 lentivirus was mixed with Pluronic F-127 and was ap-
plied to the outside of femoral arteries immediately following wire injury.
However, Skp2 overexpression failed to increase neotinimal hyperplasia
in FAK-I-treated mice (Supplementary material online, Figure S16A), sug-
gesting that Skp2 overexpression alone is not sufficient for VSMC prolif-
eration in vivo. Interestingly, while Myc-Skp2 showed strong expression,
as observed by Myc staining, following wire injury (Figure 7 and
Supplementary material online, Figure S16B), Myc-Skp2 expression was
much lower in sham controls or in FAK-I-treated mice (Figure 7 and
Supplementary material online, Figure S16B). Similar to wire injury results
in the current study, sham controls and FAK-I-treated mice showed low
active pY397 FAK and elevated nuclear FAK (Figure 7 and
Supplementary material online, Figure S16C). Skp2 overexpression in vivo
also did not decrease p27 levels in FAK-I-treated mice following wire in-
jury (Figure 7 and Supplementary material online, Figure S16D). These
data demonstrated that concentrated nuclear FAK in VSMCs can still sup-
press Skp2 levels even under overexpression condition in vivo and that
Skp2 expression alone is not sufficient to promote VSMC proliferation.

4. Discussion

Cell cycle progression is tightly regulated by the interplay between cell
cycle promoting cyclin—-CDK complexes and CDKls. While the role of
FAK in proliferation has been more studied in cell cycle promoters, little
attention has been paid to FAK regulation of CDKIs. Our study showed
that pharmacological and genetic FAK inhibition in VSMCs prevents cell
cycle progression through expression of Cip/Kip family CDKls via regula-
tion of Skp2 stability. It has been suggested that phosphorylation of FAK
at pY397 may be important for maintaining Skp2 protein more stable,**
but a molecular mechanism of how active FAK regulates Skp2 stability
has not been identified. Here we found that inactive nuclear FAK enhan-
ces proteasomal degradation of Skp2, which in turn increases expression
of the CDKls p27 and p21. FAK interacts with Skp2 and the APC/C E3 li-
gase activator Fzr1 via the FAK FERM domain, and FAK nuclear localiza-
tion was critical for degradation of Skp2 and Fzr1. Overexpression of
cyclin D1 alone was not enough to rescue VSMC proliferation in FAK-
inhibited condition as cyclin D1 overexpression had no effect on p27
and p21 protein levels. However, overexpression of both Skp2 and cy-
clin D1 was able to rescue FAK-KD VSMC proliferation in vitro. These
findings show that the ability of active cytoplasmic FAK to promote pro-
liferation by increasing cell cycle promoting proteins (cyclin D1 and
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Figure 7 FAK inhibition blocks neointimal hyperplasia in overex-
pressing Skp2 mice upon wire injury. Femoral arteries were coated
with Myc-Skp2 overexpressing lentivirus immediately following wire in-
jury. Mice were treated with vehicle or VS-4718 (50 mg/kg) twice daily.
After 2 week wire injury, immunostainings for a-SMA, Myc, FAK, pY397
FAK, p27, and Skp2 were shown. SMA (green), Myc-Skp2 or pY397
(red), and DAPI (blue) were merged (n =4). Dotted line in image marks
the external or internal elastic lamina. White line shows endothelial
layer. Scale bar: 20 pm.

Skp2) and reducing cell cycle inhibitors (p27 and p21) makes FAK a key
regulator in both regulatory arms of cell cycle progression. Ultimately,
forced FAK nuclear localization increases p27 and p21 via loss of Skp2-
Fzr1 stability, leading to reduced VSMC proliferation and neointimal hy-
perplasia upon vessel injury (Supplementary material online, Figure S17).
Skp2 knockdown using shRNA completely blocked injury induced
neointimal hyperplasia (Figure 6). Following wire injury, FAK relocalized
to the cytoplasm and was activated in both shScr and shSkp2 mice, fur-
ther supporting that FAK cytoplasmic relocalization and subsequent in-
creased Skp2 stability are required for VSMC neointimal hyperplasia

formation. On the other hand, Skp2 overexpression did not overcome
forced FAK nuclear localization in FAK-I-treated mice, suggesting that
nuclear FAK is a strong suppressor of VSMC proliferation through regu-
lation of cell cycle machineries. While simultaneous overexpression of
Skp2 and cyclin D1 could promote proliferation of FAK-KD VSMCs
in vitro (Figure 5), Skp2 overexpression in vivo did not promote VSMC
proliferation in control or injured group with FAK-| treatment (Figure 7).
This could be simply because FAK still showed some cytoplasmic locali-
zation within FAK-KD VSMCs in vitro (Supplementary material online,
Figure S8). It is possible that growth factors within the serum are enough
to promote a subpopulation of FAK-KD to cycle into the cytoplasm
which could alleviate some nuclear FAK-mediated suppression of over-
expressed Skp2. However, in vivo, FAK was almost entirely localized to
the nucleus in healthy or FAK-I-treated mice, thus preventing any relief
from FAK-mediated Skp2 degradation. Additionally, we previously
showed that nuclear FAK regulates VSMC proliferation through degra-
dation of GATAA4, thus preventing expression of cyclin D1.3" While we
overexpressed Skp2 in vivo, FAK-l-induced FAK nuclear localization still
disrupts the GATA4-cyclin D1 axis, thus blocking VSMC proliferation
in vivo.

Interestingly, the FAK FERM domain seems to act as a scaffold for the
degradation of several nuclear proteins by recruiting substrates and E3
ubiquitin ligases (e.g. p53/mdm2, GATA4/CHIP).3>*® The FERM domain
indeed serves as a protein degradation platform for Skp2 and Fzr1
(Figure 2). We further characterized FAK’s scaffolding role for Skp2 and
Fzr1, and found that nuclear export is necessary for their degradation,
presumably through the 26S proteasome (Supplementary material on-
line, Figure S17). Additionally, FAK nuclear localization was also critical
for potentially priming a degradation complex of Skp2 and Fzr1 in the
presence of FAK-I. As FAK is known to shuttle between the cytoplasm
and nucleus, it remains to be tested whether FAK physically carries Skp2
and Fzr1 to the cytoplasm or merely primes Skp2-Fzr1 for nuclear ex-
port. One question we have not resolved is which E3 ligase is responsi-
ble for loss of Fzr1 following FAK inhibition. Several E3 ligases have been
targeted for degradation either through modification mediated by an ex-
ternal ligase or they are self-catalysed and be degraded along with their
substrates.* ™ As it has been reported that Fzr1 can self-catalyse in G1
phase, 7
while simultaneously targeting Skp2 degradation.

The interaction between cyclins, CDKs, and CDKls is a complex pro-

it is possible that FAK promotes the self-catalyzation of Fzr1

cess that is tightly regulated. While we have shown here that nuclear
FAK regulates p27 and p21 stability via Skp2, we did not investigate FAK
regulation of Skp2-mediated degradation of the CDKI p57, a known
Skp2 target.>' > In addition to regulating CDKIs, Skp2 has been shown
to bind cyclin A, thus preventing inhibition of cyclin A-CDK complexes
by p27.% As the Cip/Kip CDKI family also targets cyclin E-CDK2 complex,
FAK catalytic activity may reduce cyclin E expression and CDK2 activity.
Further studies are needed to completely elucidate FAK-mediated regula-
tion of both cell cycle promoting and cell cycle inhibitory pathways.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Increased VSMC proliferation contributes to pathological vessel narrowing in atherosclerosis and following vascular interventions. Blocking VSMC
proliferation will reduce atherosclerosis progression and increase patency of vascular interventions. We found that forced nuclear FAK localization
by FAK inhibition reduced VSMC proliferation upon vessel injury. Nuclear FAK decreased Skp2 protein expression by proteasomal degradation,
thereby increasing the expression of cell cycle inhibitors p27 and p21 and blocking cell cycle progression. This study has demonstrated the potential
for FAK inhibitors in blocking VSMC proliferation to treat vessel narrowing diseases.




