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Nck1, But Not Nck2, Mediates Disturbed
Flow-Induced p21-Activated Kinase
Activation and Endothelial Permeabllity

Mabruka Alfaidi, MD, PhD; Umesh Bhattarai, MSc; A. Wayne Orr, PhD

BACKGROUND: Alteration in hemodynamic shear stress at atheroprone sites promotes endothelial paracellular pore formation
and permeability. The molecular mechanism remains unknown.

METHODS AND RESULTS: We show that Nck (noncatalytic region of tyrosine kinase) deletion significantly ameliorates disturbed
flow-induced permeability, and selective isoform depletion suggests distinct signaling mechanisms. Only Ncki1 deletion
significantly reduces disturbed flow-induced paracellular pore formation and permeability, whereas Nck2 depletion has no
significant effects. Additionally, Nck1 re-expression, but not Nck2, restores disturbed flow-induced permeability in Nck1/2
knockout cells, confirming the noncompensating roles. In vivo, using the partial carotid ligation model of disturbed flow, Nck1
knockout prevented the increase in vascular permeability, as assessed by Evans blue and fluorescein isothiocyanate dextran
extravasations and leakage of plasma fibrinogen into the vessel wall. Domain swap experiments mixing SH2 (phosphotyrosine
binding) and SH3 (proline-rich binding) domains between Nck1 and Nck2 showed a dispensable role for SH2 domains but a
critical role for the Nck1 SH3 domains in rescuing disturbed flow-induced endothelial permeability. Consistent with this, both
Nck1 and Nck2 bind to platelet endothelial adhesion molecule-1 (SH2 dependent) in response to shear stress, but only Ncki
ablation interferes with shear stress—induced PAK2 (p21-activated kinase) membrane translocation and activation. A single
point mutation into individual Nck1 SH3 domains suggests a role for the first domain of Nck1 in PAK recruitment to platelet
endothelial cell adhesion molecule-1 and activation in response to shear stress.

CONCLUSIONS: This work provides the first evidence that Nck1 but not the highly similar Nck2 plays a distinct role in disturbed
flow-induced vascular permeability by selective p21-activated kinase activation.
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endothelial cell activation, characterized by en-

hanced endothelial permeability to plasma pro-
teins and elevated expression of proinflammatory
genes that facilitate leukocyte recruitment. Leak of
plasma proteins into atherosclerosis-prone regions
precedes plaque formation,? and plasma protein
exudate into coronary arteries is a sensitive index of
human coronary atherosclerosis.® In addition, multi-
ple lines of evidence suggest that plasma protein leak
into the subendothelial space perpetuates endothelial

The earliest stages of atherosclerosis involve local

cell activation. Accumulation of aloumin in the plaque
may affect endothelial function by serving as a local
source of advanced glycation end products or as
a carrier for a variety of bioactive substances in the
plasma.* Plasma contains high levels of the provisional
matrix proteins fibronectin and fibrinogen that leak into
peripheral tissues following vessel injury, where they
serve as a permissive matrix for local tissue remodel-
ing.® However, both fibronectin and fibrinogen promote
endothelial activation associated with elevated perme-
ability, proinflammatory signaling, and proinflammatory
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CLINICAL PERSPECTIVE

What Is New?

e Disturbed flow at arterial curvatures and bifur-
cations promotes endothelial permeability and
atherosclerotic plaque formation.

e Understanding this process at a molecular level
is critical to investigate plaque formation, re-
gression, and treatment.

What Are the Clinical Implications?

e Qur data suggest an important role for noncata-
lytic region of tyrosine kinase 1 signaling in dis-
turbed flow-induced permeability.

e By understanding how noncatalytic region of ty-
rosine kinase 1 mediates vascular permeability,
there is potential for new drug development to
limit vascular leak in a variety of cardiovascular
pathologies.

Nonstandard Abbreviations and Acronyms

DKO double knockout

EBA Evans blue albumin

FITC fluorescein isothiocyanate

HAECs human aortic endothelial cells

Nck noncatalytic region of tyrosine kinase
KO knockout

0SS oscillatory shear stress

PAK p21-activated kinase

PCL partial carotid ligation
PCR polymerase chain reaction

PECAM-1 platelet endothelial cell adhesion
molecule-1

short hairpin RNA
vascular endothelial growth factor

shRNA
VEGF

gene expression,"5® and mice deficient for plasma fi-
bronectin show reduced atherogenic inflammation and
atherosclerotic plaque formation.® Therefore, methods
to limit endothelial permeability may affect multiple as-
pects of endothelial activation and early plaque forma-
tion in vivo.

While most known risk factors for atherosclerosis
should systemically affect vessel remodeling, athero-
sclerotic plaque formation occurs at distinct sites of
blood vessels exposed to specific hemodynamics.
Flow patterns regulate multiple aspects of atheroscle-
rotic plague formation through dynamic changes in
endothelial permeability and leukocyte recruitment.”®
Endothelial cells sense changes in wall shear stress
and remodel their cytoskeleton to adapt to the applied
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forces." In atheroprotected regions, endothelial cells
are aligned in the direction of flow, and the relatively
uniform unidirectional laminar flow drives endothelial
cells to adopt an atheroprotective phenotype with low
endothelial permeability.""~'3 In contrast, disturbed flow
observed at atheroprone regions'™ supports a sus-
tained cytoskeletal remodeling response that compro-
mises endothelial layer integrity, resulting in enhanced
permeability to macromolecules such as albumin,
fibronectin, and fibrinogen.?%!" Endothelial permea-
bility to macromolecules can occur through multiple
responses, such as transcellular vesicular transport
(eg, low-density lipoprotein) or paracellular pore for-
mation (eg, plasma proteins).”® Disturbed flow induces
paracellular pore formation through cytoskeletal re-
modeling and turnover of junctional proteins,'®'” and
regions of disturbed flow in vivo show discontinuous
tight junctions.’®'® Multiple molecular mechanisms
have been linked to disturbed flow-enhanced perme-
ability, including activation of the serine/threonine ki-
nase p21-activated kinase (PAK) in both in vitro® and
in vivo'® atherogenic models. Activated PAK localizes
to cell-cell junctions and promotes paracellular pore
formation through myosin-dependent cytoskeletal
contraction and adherens junction destabilization.'®"”
However, the mechanisms by which PAK is recruited
to cell-cell junctions in response to disturbed flow re-
mains unknown.

The Nck (noncatalytic region of tyrosine kinase)
family of adaptor proteins includes 2 proteins (Nck
and Nck2) composed exclusively of SH2/SH3 domains
that lack enzymatic functions but mediate protein-
protein interactions.?® Interactions between Nck’s SH2
domain and tyrosine phosphorylated proteins recruits
Nck to sites of active cell signaling, where it brings in
other signaling mediators through interactions between
its SH3 domains and proline-rich sequences in target
proteins.?! Nck signaling classically couples tyrosine
phosphorylation to induction of actin cytoskeletal reor-
ganization and cell movement.??> Consistent with this,
genetic deletion of both Nck1 and Nck2, but not in-
dividual isoforms, impairs vascular development and
endothelial angiogenesis.?® While the 2 Nck isoforms
were believed to have overlapping functions, noncom-
pensating roles have emerged in multiple pathological
settings. For example, Nck1 and Nck2 can act inde-
pendently in dermal fibroblasts through distinct Rho
GTPase family members; Nck1 promoted Cdc42 sig-
naling for filopodium formation and Nck2 promoted
Rho signaling to induce stress fibers.?

Previous studies have shown that pretreating endo-
thelial cells with a membrane-permeable peptide cor-
responding to the Nck-binding, proline-rich sequence
of PAK (Pak-Nck peptide) reduces PAK targeting to
cell-cell junctions and blunts vascular permeability
in atherosclerosis, ischemia-reperfusion injury, and
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acute lung injury.8"25 However, the specificity of this
peptide to Nck and the individual roles of Nck1 and
Nck2 in disturbed flow-induced permeability remain
unknown. Therefore, we utilized both cell culture and
animal models of selective Nck1 and Nck2 depletion
to characterize Nck signaling in disturbed flow-induced
endothelial permeability.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

All reagents were provided from Gibco, USA, unless
otherwise stated. All lentiviral vectors were designed
and obtained using VectorBuilder website.

Cell Culture, Plasmids, and RNA
Interference

Human aortic endothelial cells (HAECs; Cell
Applications, Inc) were maintained in MCDB131 con-
taining 10% (v/v) fetal bovine serum and cultured as we
previously described.?® Nck1 and Nck2 were depleted
from endothelial cells using lentiviral short hairpin RNA
(shRNA) or CRISPR/Cas9 gene editing. The lentiviral
vectors included pLV-(shRNA)-mCherryT2A:Puro-U6
for Nck1 (target seq: GGGTTCTCTGTCAGAGAAA)
and Nck2 (target seq: CTTAAAGCGTCAGGGAAGA)
with third-generation lentivirus components provided
from Didier Trono; pMD2.G (Addgene #12259), pRSV-
Rev (Addgene #12253), and pMDLg/pRRE (Addgene
#12251).26 The lentiviral CRISPR/Cas9 plasmids utilized
the pLV[CRISPR]-hCas9:T2A:Puro-U6>gRNA with the
single-guide RNA sequences targeting Nck1 (target
seq: GTCGTCAATAACCTAAATAC), Nck2 (target seq:
TGACGCGCGACCCCTTCACC) or scrambled single-
guide RNA (target seq: GCACTACCAGAGCTAACTCA).
Transfection with SMARTpool small interfering RNA
targeting Nck1 (L-006354) and Nck2 (L-019547; IDT)
was performed using Lipofectamin 3000 transfection
reagent (Invitrogen) according to the manufacturer’s
instructions. The lentiviral vectors encoding full-length
Nck1 and Nck2 were generated in the pLV-EXP-
mCherry:T2A:Puro-CMV>Nck vector. For the domain
swap experiments, plLV-EXP-mCherry:T2A:Puro-
CMV>Nck constructs were generated containing the
Nck1 SH2 domain and Nck2 SH3 domains or the Nck2
SH2 domain and Nck1 SH3 domains. Single point
mutations in Nck1 SH3 domains were performed by
the Redox Molecular Signaling Core (COBRE Center
for Cardiovascular Diseases and Sciences, Louisiana
State University Health Sciences Center Shreveport).
Nck1/2 domains’ point mutations have been verified
by cloning polymerase chain reaction (PCR) and se-
quencing (Eurofins Genomics) before being used for
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experiments. All cell lines were tested for the respective
gene knocked down/knocked out before used for the
experiments. For Nck1 SH3.1 inhibitor, HAECs were
pretreated with AX-024 for 30 minutes before shear
stress exposure (50 nmol/L,%” Axon Medchem). Shear
stress experiments were performed using the parallel
plate flow chambers as we previously published."

In Vitro Permeability Assays and
Immunocytochemistry

Endothelial cell barrier function was determined by
assessing paracellular pore formation following im-
munostaining for PECAM (platelet endothelial cell
adhesion molecule) (ab9498, 5 pg/mL; Abcam) and B3-
catenin (ab32572, 10 pg/mL; Abcam) as previously de-
scribed.?® In vitro permeability was assessed using the
streptavidin/biotinylated-gelatin trapping assay as pre-
viously described.?® Briefly, silanized slides (Corning)
were coated with biotinylated gelatin at 0.25 mg/
mL overnight at 4°C. On the second day, endothe-
lial cells were plated to confluence at equal seeding
density of 2x10°. The cells were subjected to oscilla-
tory shear stress (OSS) 24 hours later using a syringe
pump (+5 dynes/cm? with a superimposed 1 dynes/
cm? for waste exchange for 18 hours). Immediately
after cessation of flow, Streptavidin-Alexa Fluor 647
(1:1000; Invitrogen) was added to the cells for 1 minute
before the fixation by the addition of 3.7% (v/v) para-
formaldehyde. Following subsequent washing and
blocking, Alexa Fluor 488 Phalloidin (1:200; Invitrogen)
was added to stain F-actin filaments. Proximity liga-
tion assay was performed as previously described?®
and according to the manufacturer’s recommendation.
Images were captured from 5 random fields and ana-
lyzed using NIS-Elements software (Nikon Instruments
Inc).

Immunoprecipitation and Immunoblotting

For immunoprecipitation, cells were lyzed as previ-
ously described.?® After a preclearing incubation with
Gammabind G beads (GE Healthcare Life Sciences)
for 30 minutes and centrifugation, lysates were incu-
bated for 2 hours with anti-Nck1/2 (#06-288, 0.5 pg/
mL; Millipore), anti-Nck1 (sc-20026, 1:100; Santa
Cruz), or anti-PECAM-1 (ab9498, 10 pg/mL; Abcam).
Cell lysates were then incubated with the Gammabind
G beads for an additional 2 hours, and subsequently
the beads were washed 4 times with the lysis buffer
solution. The immunoprecipitated proteins were disso-
ciated from the beads by addition of 2X laemmli buffer
and boiling at 94°C for 5 minutes. Whole cell lysates or
immunoprecipitated proteins were separated at equal
protein concentration using SDS-PAGE gel and trans-
ferred to polyvinylidene fluoride membranes (BioRad).
Nonspecific antibody binding was blocked with 5%
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(w/v) nonfat milk/TBST and membranes were incu-
bated with the following antibodies overnight at 4°C:
anti-Nck1 (#2319, 1:1000, Cell Signaling Technology,
Inc), anti-NckB (ab109239, 0.45 pg/mL, Abcam), anti-
Ncki1/2 (#06-288, 0.1 pg/mL, Millipore), anti-GAPDH
#2118, 1:10000, Cell Signaling), anti—-phospho-
PAK1/2/3 (Ser141, #44-940G, 1:10000, Invitrogen), or
anti-PAK2 (#2608, 1:1000, Cell Signaling Technology,
Inc). After secondary incubation and chemilumines-
cence detection, densitometry was analyzed using
Imaged software (National Institutes of Health).

Animal Model

All animal work was performed according to the
National Research Council’s Guide for the Care and
Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee at LSU
Health Sciences Center—Shreveport.

In Vivo Endothelial Nck1/2 Knockout

Male ApoE~- mice on the C57BI/6J backgrounds
were purchased from Jackson Laboratory. Mice that
contained alleles Nck17~ and Nck2™ were a gift
from Tony Pawson (Lunenfeld-Tanenbaum Research
Institute, University of Toronto). Nck1"® were pur-
chased from Cyagen Biosciences. To generate
Nck1¥ loxP sites flanking exon 2 were inserted in
C57BI/6 embryonic stem cells. The targeted embry-
onic stem cell clones were then injected into C57BI/6
albino embryos, which were then reimplanted into
CD-1 pseudopregnant females. Their germline trans-
mission was confirmed by breeding with C57BI/6J
females and subsequent genotyping of their off-
spring. PCR screenings were then performed for
loxP and neomycin deletion. Positive targeted mice
were generated (homozygous) and then bred with
tissue-specific Cre delete mice to generate mice
that are heterozygous for a targeted allele and a ho-
mozygous/heterozygous for the Cre transgene, for
which they were inbred together to generate Nck1™f
animals. The tissue-specific gene deletion was con-
firmed by a PCR assay using the following primers
(loxP-F (F1): 5-ATGTTGTCTAGGCCTCAGAGTTG-3/,
Neo-del-F (F2): 5-ACACAGGCATTTGAAGTAAAGC
AAG-3, Neo-del-R (R2): 5-GATCACTGTTTCCTTA
GGCTTTCTG-3'. Mice that contained vascular en-
dothelial cadherin (VE-Cad CreERT2) were kindly
provided from Dr Luisa lruela-Arispe (UCLA). Mice
were crossed with ApoE~~ and VE-Cad CreERT2 to
generate endothelial-specific (iEC) control mice (IEC-
control; ApoE~~, VE-Cad CreERT2'9?), (iEC) Ncki
knockout (KO) mice (ApoE~~, VE-Cad CreERT219”?,
Nck1¥M), (EC) Nck2 KO mice (IEC-Nck2 KO; ApoE"-,
VE-Cad CreERT219”? Nck2¥), and (EC) Nck1/2
double KO (DKO) mice (IEC-Nck1/2 DKO; ApoE~"-,
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VE-Cad CreERT29?, Nck2™ Nck17). At 8 to
9 weeks of age, all experimental mice were intraperi-
toneally injected with tamoxifen (1 mg/kg, Sigma) for
5 subsequent days to induce nuclear translocation of
the CreERT2 transgene in the endothelium, resulting
in excision and deletion of the floxed (loxP flanked)
genes.

Method of Anesthesia

The surgery was performed under 4% (v/v) isoflurane/
O, to induce the anesthesia and then 2% (v/v) isoflu-
rane/O, to maintain the anesthesia. The level of an-
esthesia during surgery was assessed by absence of
carpopedal reflexes.

Partial Carotid Ligation Model of
Disturbed Flow

After 2 weeks of recovery from tamoxifen injection,
the animals were subjected to partial carotid liga-
tion (PCL) surgery as previously described.?® Briefly,
after the induction of anesthesia, mouse neck was
exposed and disinfected with betadine and a ventral
midline incision was made. Left common carotid ar-
tery was exposed by blunt dissection and 3 of its 4
caudal branches were ligated, including left external
carotid, internal carotid and occipital branch. The li-
gation was performed with 6-0 sutures. The superior
thyroid artery was left intact and that was to create
an area of low OSS just below the ligation. The right
carotid artery was left unligated and served as an in-
ternal control. The incision was then closed and mice
were monitored in a heating pad chamber until re-
covery. A single subcutaneous injection of carprofen
(0.5 mg/mL) was given as an analgesic immediately
after surgery.

Disturbed flow patterns 2 days after ligation were
assessed using high-resolution Doppler ultrasound
(VisualSonics VEVO3100 System) as we previously
showed.??

In Vivo Permeability Assays

One week after ligation, in the ligated carotids just
below the area of ligation, in vivo permeability was
assessed with either Evans blue albumin (EBA) dye
or fluorescein isothiocyanate (FITC)-dextran (70 kDa)
as previously reported®®3" with slight modifications.
Briefly, to assess permeability with EBA, mice were
injected with 2% (w/v) EBA (200 pL, Sigma, E2129)
retro-orbitally. After 30 minutes, the animals were eu-
thanized by isoflurane overdose and pneumothorax,
and the vessels were flushed by intracardiac injection
of PBS to remove residual intraluminal dye or tracer.
The ligated left and unligated right carotid arteries
were collected. The amount of EBA was assessed
as we previously described.®? Collected tissues were
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air-dried and incubated for 18 hours at 60°C with
formamide (Fisher, 2 mL per 1 g of dry tissue). After
centrifugation at 12 000 g for 30 minutes, superna-
tants were collected and concentrations of extracted
EBA were calculated against a standard curve (ng/pL)
using a spectrophotometer at a wavelength of 620 nm.
To assess endothelial permeability with FITC-dextran
(70 kDa, Sigma, 46945), mice were retro-orbitally
injected with 200 pL of FITC-dextran at a dose of
100 mg/mL. Mice were euthanized 30 minutes later,
intracardically perfused with 10 mL of PBS. The right
and left carotids were isolated, dry weighted, homog-
enized in PBS 1 mL per 1 g dry tissue, and centrifuged
at 5000 g for 30 minutes. FITC-dextran fluorescence
(excitation 490 nm and emission 520 nm) was quanti-
fied using fluorescence microplate reader. Amount of
FITC-dextran (ng/pL) was calculated from a standard
curve. All of the studies were performed on ApoE~"-
background; mice were fed a normal chow diet for the
PCL model since we aimed to investigate the effect of
induced disturbed flow in the ligated left carotid arter-
ies on the endothelial barrier.

Immunohistochemistry

Paraffin-embedded sections of carotid arteries were
stained as previously described.®® Heat-mediated an-
tigen retrieval pretreatment using 10 mmol/L Sodium
Citrate buffer (Vector Biolabs) were used. Primary anti-
bodies (CD31, sc-1506, 1 pg/mL, Fibrinogen, Abcam,
ab34269, 5 pg/mL) were incubated at 4°C overnight.
4’ 6-Diamidino-2-phenylindole was used as a nuclear
counterstain. Images were captured with a Nikon mi-
croscope and analyzed using NIS-Elements software.

Isolation of mMRNA and Quantitative
Real-Time PCR

Total RNAs were extracted from mouse right and
left carotid arteries using TRIzol flush as we previ-
ously reported.®* Intimal and medial/adventitial RNAs
were shapped frozen in liquid nitrogen until analy-
sis. iScript kit (Bio-Rad Laboratories, Inc) was used
for the reverse transcription reaction, and quantita-
tive real-time PCR was performed using SYBR Green
Master Mix (Bio-Rad Laboratories, Inc) according to
the manufacturer’s recommendations. Relative ex-
pressions of Ncki1/2 in intimal and medial/adventitial
tissues were normalized to ribosomal protein L13a
(RPL13a) and analyzed by the delta-delta-CT method.
The primers used were the following: mMNCK1 (fwd):
TCCTGCTGATGATAGCTTTGTTG, mMNCK1 (rev):
ACGATCACCTTGGTCCCTTTTAT, mNCK2 (fwd): GT
CATAGCCAAGTGGGACTACA, mNCK2 (Rev): GCACG
TAGCCTGTCCTGTT, RPL13a (fwd): GGGCAGGTT
CTGGTATTGGAT, and RPL13a (ev): GGCTCGG
AAATGGTAGGGG.
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Plasma Cholesterol Measurement
Plasma total cholesterol was analyzed using a com-
mercially provided kit as previously described.®*

The investigators were blinded to the animal groups
during the process of data collection and analysis.

Statistical Analysis

Data were analyzed using GraphPad Prism 8.0
(GraphPad Software) and are presented as median
and interquartile range. Data were first tested for nor-
mality (Shapiro-Wilk test). For data passed the nor-
mality check, multiple comparisons, 1-way ANOVA
followed by Tukey post-test or 2-way ANOVA followed
by Bonferroni post-test were used. Data that did not
show normal distribution were assessed by Kruskal—
Wallis test. Statistical significance was achieved only
when P<0.05.

RESULTS

Deletion of Nck1/2 Reduces OSS-Induced
Endothelial Permeability

To test whether Nck1 and Nck2 are involved in shear
stress—induced permeability, we first deleted Ncki
and Nck2 in HAECs using the lenti-silencing system.
Complete endothelial Nck1 and Nck2 deletion was
confirmed using Western blot (Figure 1A). We previ-
ously demonstrated that shear stress increased en-
dothelial permeability by paracellular pore formation.®
Compared with static controls, scrambled shRNA-
treated endothelial cells subjected to OSS showed a
remarkable increase in paracellular pore formation that
was significantly ablated in the Nck1/2 shRNA-treated
cells (Figure 1B and 1C, gaps between cells indicated
by white arrows). Endothelial permeability was also as-
sessed by 647 Alexa/streptavidin/biotinylated-gelatin
trapping assay. While there were no significant differ-
ences between the 2 cell types (scrambled shRNA
versus Nck1/2 shRNA) at basal levels, there was sig-
nificantly less permeability following shear stress in
the Nck1/2 shRNA cells (Figure 1D and 1E). A similar
observation was seen in Nck1/2 deleted genes in en-
dothelial cells using the CRISPR/Cas9 system (Figure
S1), suggesting that Nck1/2 adaptor proteins play a
role in OSS-induced endothelial permeability.

Nck1 But Not Nck2 Ablation Decreases
OSS-Induced Permeability

Nck1 and Nck?2 are known to have both redundant??
and nonredundant® functions; therefore, we sought
to determine whether the individual Nck proteins
may differentially mediate this response. Using len-
tiviral shRNA delivery, we specifically knocked down
Nck1 and Nck2 in endothelial cells and confirmed
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Figure 1. Ablation of Nck (noncatalytic region of tyrosine kinase) 1 and Nck2 adaptor proteins reduces shear stress-
induced endothelial permeability.

A, Representative blots showing the efficiency of the knocking down of Nck1/2 in human aortic endothelial cells (HAECs) after
Nck1/2 short hairpin RNA (shRNA) or scrambled shRNA control transduction. B and C, PECAM-1 (platelet endothelial cell
adhesion molecule-1; white)/B-catenin (red)—stained cells showing paracellular formation after oscillatory shear stress (OSS;
+5 dynes/cm? with 1 dyne/cm? forward flow) exposure. Images in the boxes indicate areas of higher magnifications, whereas
areas in the dashed boxes indicate lower magnifications. Data analyzed by Kruskal-Wallis test (*P=0.03). White arrowheads
indicate paracellular pores. D/E, Nck1/2 knocking down prevents flow-induced permeability using biotinylated gelatin/Alexa
647-streptavidin assay. 4',6-Diamidino-2-phenylindole (blue; nuclei), phalloidin (green; F-actin fibers), and streptavidin (red;
exposed biotinylated gelatin). Images analyzed using NIS-Elements software. Scale bars=50-100 pm. Data are from n=4
independent experiments. Data are reported using box and whisker plots and analyzed by 2-way ANOVA and Bonferroni
posttest (***P<0.001).
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the depletion was isoform-specific (Figure 2A). Only
Ncki-deleted cells showed significant amelioration
in shear stress—induced paracellular pore formation,
whereas Nck2-ablated cells showed enhanced pore
formation (Figure 2B and 2C). Similarly, the shear-
induced increase in streptavidin leak was significantly
decreased in Ncki1-, but not Nck2-, depleted cells
(Figure 2D and 2E). Acute small interfering RNA-me-
diated Nck1 and Nck2 knockdown produced similar
results (Figure S2), confirming that the Nck1 rather
than Nck2 regulates endothelial permeability by os-
cillatory flow.

To test the effect of endothelial Nck1 and Nck2 de-
letion on permeability in vivo, we generated conditional
Nck1 KO mice by inserting loxP sites flanking exon 2
in C57BI/6 embryonic stem cells (Cyagen Biosciences)
(Figure 3A). In vivo, areas of disturbed flow show el-
evated endothelial permeability.'® Therefore, to study
the effects of Nck1 and Nck2 on OSS-induced per-
meability in vivo, we elected to perform PCL to induce
disturbed flow in the left common carotid as previously
described.?® Following tamoxifen injection, endothelial-
specific deletion of Nck1 and Nck2 were verified in
pulmonary endothelial cells isolated from iEC-control,
iIEC-Nck1, iEC-Nck2 KO, and iEC-Nck1/2 DKO using
immunoblotting (Figure 3B). The inducible deletions of
Nck1/2 were also verified in mRNA isolated from the
carotid intima and medial/adventitia, showing a specific
deletion of intimal Nck1/2 mRNA after tamoxifen injec-
tion (Figure S3A/B). There were no significant effects
on medial/adventitial Nck1/2 mRNAs (Figure S3C/D).
The 4 groups of mice then underwent PCL and the
left carotid was subjected to disturbed flow for 7 days.
The unligated right carotid serves as an internal control
for nondisturbed flow (Figure 3C). Disturbed blood flow
after ligation was confirmed using doppler ultrasound
(Figure S4A/B). Among experimental groups, there
were no significant changes in plasma cholesterol lev-
els (Figure S4C).

After 1 week, permeability was assessed by either
EBA dye or FITC-Dextran injections (Figure 3D and
3E). While there were no significant changes in EBA
extravasation in the right (unligated) carotids among
all experimental groups, only iEC-Nck1 KO and iEC-
Nck1/2 DKO mice showed a 2-fold reduction in EBA
accumulation in the ligated left carotid (Figure 3D).
Consistent with this, we also observed a significant
accumulation of FITC-dextran within the ligated left ca-
rotid in iEC-control and iEC-Nck2 KO mice, that was
significantly less in iIEC-Nck1 KO and iEC-Nck1/2 DKO
mice (Figure 3E). To verify this isoform selective perme-
ability effect, permeability was also assessed by mea-
suring the leak of the plasma protein fibrinogen into
the ligated carotid arteries. As expected, the leakage
of plasma fibrinogen was significantly ameliorated in
Nck1 KO and iEC-Nck1/2 DKO mice compared with
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controls. However, Nck2 KO mice did not significantly
affect fibrinogen staining (Figure S5). Taken together,
these results indicate a crucial role for Nck1 but not
Nck2 in regulating vascular permeability in vivo under
disturbed flow.

Nck1 Regulates OSS-Induced Permeability
via its SH3 Domains’ Interactions

To characterize why Nck1 but not the highly homolo-
gous Nck2 is capable of regulating endothelial barrier
function in response to OSS, we conducted domain
swap experiments with chimeric proteins in which the
Nck1 SH2 domain was paired with Nck2 SH3 domains
or the Nck2 SH2 domain was paired with the Nck1
SH3 domains (Figure 4A). Re-expression of full-length
Nck1, Nck2, or the chimeric proteins Nck1 SH2/Nck2
SH3 or Nck2 SH2/Nck1 SH3 in Nck1/2 DKO HAECs
were confirmed by mCherry fluorescence (data not
shown) and Western blotting and was comparable
to the Nck1/2 endogenous levels in wild-type cells
(Figure 4B). The re-expression of Nck1 but not Nck2 in
Nck1/2 DKO cells rescued the permeability response
to OSS (Figure 4C and 4D), confirming the noncom-
pensating roles. The chimera containing the Nck1 SH2
domain and Nck2 SH3 domains failed to rescue the
permeability response, whereas the chimera contain-
ing the Nck2 SH2 and Nck1 SH3 domains significantly
enhanced disturbed flow-induced endothelial perme-
ability (Figure 4C and 4D). The data suggest that Nck1
SH3 domains are critical to the permeability response
of OSS, whereas the Nck1 and Nck2 SH2 domains are
both capable of targeting Nck to plasma membrane
(Figure 4E). Together, these data reveal that Nck1 SH3
domains (1-3) mediate the isoform-selective effects
of Nck1 on OSS-induced permeability, whereas the
SH2 domains of Nck1 and Nck2 are redundant in this
regard.

Nck1 Mediates Permeability by Promoting
PAK Recruitment to PECAM-1

We previously showed that the tyrosine phosphoryl-
ated PECAM-1 in the endothelial adherens junction
recruits Nck1/2 in response to oxidative stress®s;
however, its role in Nck1/2 recruitment in response to
OSS is unclear. Following shear stress, there was a
significant increase of PECAM-1 (130 kDa) interactions
with Nck1 (43 kDa) and Nck2 (47 kDa) in HAECs as
shown by coimmunopreciptation (Figure 5A and 5B).
The interactions between Nck1/2 and PECAM-1 were
also confirmed using immunostaining (Figure 5C). Our
data presented so far suggested that even though in
response to shear stress both Nck1 and Nck2 bind to
PECAM-1 through their SH2 domains, the permeabil-
ity induced by shear stress is indeed Nck1-mediated.
Previous reports suggested a critical role for endothelial
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PAK2 in regulating endothelial permeability,®'%3" and
Nck1 and Nck2 signaling can promote PAK’s mem-
brane’s translocation enhancing its activation.363 To
test whether shear stress induces PECAM-1/PAK in-
teractions, we performed coimmunoprecipitation ex-
periments and detected a time-dependent increase in
phospho-PAK S141 (active PAK) coimmunoprecipita-
tion with PECAM-1 (Figure 5D). To investigate whether
shear stress enhances PAK/PECAM-1 interactions in
a Nck1-dependent fashion, we performed a proximity
ligation assay between PAK and PECAM-1 in the pres-
ence or absence of Nck1. Consistent with coimmuno-
precipitation experiments, shear stress enhanced PAK
interaction with PECAM-1 as assessed by proximity li-
gation assay (Figure 5E). However, this interaction was
ablated by Nck1 depletion (Figure 5E). Furthermore,
Nck1 knockdown significantly decreased PAK activa-
tion following both acute-onset shear stress (Figure 5F
and 5G) and chronic OSS (Figure S6). Importantly,
Nck2 has no role in PAK activation by shear stress as
Nck2-depleted cells did not show any significant ef-
fects (Figure 5F and 5G). Taken together, the data sug-
gest that Nck1 is required to promote OSS-induced
PAK activation and interaction with PECAM-1.

SH3 Domain 1 of Nck1 is Required to
Regulate Permeability and PAK/PECAM-1
Interaction

Since Nck1 is required for OSS-induced PAK activa-
tion and Nck1 SH3 domains are capable of binding to
PAK,®8 we next sought to isolate which of the 3 do-
mains are most critical to the PAK-Nck interaction in
response to shear stress. To test this, we re-expressed
either a full-length Nck1 or Nck1 with individual point
mutations that inactivate the proline-binding functions
of the 3 SH3 domains: (Nck1 SH3.3%; W229K), (Nck
SH3.2*; W143K), and (Nck1 SH3.1*; W38K) (Figure 6A).
After confirming the individual re-expression efficiency
of the Nck1 constructs in HAECs that lack Nck1/2
(Nck1/2 DKO) (Figure 6B), the cells were subjected to
OSS and tested for permeability. While cells expressing
Nck1 and the variants Nck1 SH3.3* and Nck1 SH3.2*
still showed normal disturbed flow-induced permeabil-
ity, cells expressing the Nck1 SH3.1* mutant did not
restore disturbed flow-induced endothelial permeabil-
ity (Figure 6C and 6D), suggesting that Nck1 regulates
permeability through its first SH3 domain. Consistent
with an important role for this domain in disturbed flow-
induced permeability, shear stress—induced PECAM-1/
PAK coimmunoprecipitation (Figure 6E) and PAK acti-
vation (Figure 6F) in endothelial cells expressing wild-
type Nck1 but not the Nck1 SH3.1* mutant (Figure 6E
and 6F). Interestingly, pretreatment of HAECs with
AX-024 (an inhibitor to Nck1 SH3.1) reduced PAK-
Nck1 interactions in response to shear stress (Figure
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S7), revealing that Nck1 interacts with PAK through its
SH3.1 to mediate its activation in response to OSS.

DISCUSSION

In summary, we have identified a novel role for the
Nck1 adaptor protein in regulating disturbed flow-
induced endothelial permeability, and we showed
through its interaction with PECAM-1 that it recruits
PAK to PECAM-1, facilitates PAK's activation. To date,
the association of Nck and PAK has been ascribed
functional significance primarily as a signaling interac-
tion upstream of actin cytoskeletal reorganization.?5:3¢
Here, we extend this interaction by showing that Nck
but not Nck2 is capable of using its SH3.1 domain to
bridge PAK with PECAM-1 to promote OSS-induced
endothelial permeability.

The vascular endothelium regulates the selective
exchange of water, solutes, and plasma proteins be-
tween flowing blood and surrounding tissues.3° A sig-
nificant limitation to our model system is the limited
analysis of only permeability to plasma proteins and
not the permeability to water and solutes. However,
the role of permeability in atherosclerotic inflamma-
tion primarily involves the leak of plasma proteins into
the growing neointima, whereas solute exchange
and water flow out of the vessel play a major role
in tissue edema during inflammatory responses.’
Hemodynamic shear stress acts locally to regulate
vascular permeability by controlling cytoskeletal re-
modeling and endothelial cell-cell junctional stabil-
ity.*0 While laminar flow improves the barrier integrity,
dysregulation of this barrier has been observed at
atheroprone areas secondary to disturbed oscillatory
blood flow.*" A second limitation to this model is that
the changes in endothelial layer were compared with
that of static conditions in vitro and to areas of stable
laminar flow in vivo. However, both models involve
endothelial cells responding to a change in their flow
environment, and the current models of endothelial
mechanotransduction suggest that these changing
hemodynamic forces dominantly regulate the endo-
thelial activation response to disturbed flow at ath-
eroprone sites.! A final limitation to the study is the
sole focus on oscillatory flow in the PCL model, in-
stead of other potential mechanical stimuli such as an
increase in local pressure. Consistent with enhanced
pressure in this model, extending the model to time
points beyond our current study (=3 weeks) results
in vessel stiffening.*> However, local pressure was
shown to not affect the uptake of albumin and low-
density lipoprotein in the porcine aorta,*3 suggest-
ing that any change in pressure is not likely to play
a dominant role in the local permeability response.

In the present study we reveal that formation
of paracellular pores and subsequently enhanced
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Figure 3. Conditional endothelial deletion of Nck (noncatalytic region of tyrosine kinase) 1 but not Nck2 blunts partial
carotid ligation-induced permeability.

A, Schematic of targeting strategy to construct Nck1 fl/fl mice. Nucleotide substitutions were made in exon 2. Embryonic stem cells
transfected with the targeting constructs were screened for homologous recombination by polymerase chain reaction (PCR). PCR
showing heterozygous Nck1 fl/+ and homozygous Nck1 fl/fl mice with the expected products at 490 bp (targeted alleles) and wild-type
(Nck1+/+) at 377 bp. B, Pulmonary endothelial cells isolated from different experimental groups after tamoxifen injection and 2 weeks’
recovery, Nck1 and Nck2 expression were assessed by immunoblotting n=2 per group. C, Schematic of the study in which 4 groups
of mice were subjected to the ligation surgery as indicated animal genotypes and time of surgery. D, Nck1 but not Nck2 knockout
mice showed less Evans blue extravasation and (E) fluorescein isothiocyanate (FITC)-dextran in ng/uL after ligation, n=5 or 6 per
group. Data are expressed as mean+SEM and analyzed by 2-way ANOVA and Bonferroni posttest (*P<0.05, **P<0.01) cKO indicates
conditional knockouts; M, marker; Neo, neomycin; SDA, self-deletion anchor site.

permeability in response to disturbed flow is pre- Nck isoforms results in embryonic lethalities caused

vented by selective depletion of Nck1 but not Nck2.
The 2 highly similar Nck proteins (Nck1 and Nck?2)
are expressed by different genes** that play redun-
dant roles during development, as deletion of both
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by impaired vasculogenesis, while deletion of only one
isoform does not.?® Nck1 and Nck2 also play redun-
dant roles in regulating angiogenesis in mouse mod-
els of retinopathy*®; however, individual nonredundant
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Figure 4. SH3 domains of Nck (noncatalytic region of tyrosine kinase) 1 are essential for flow-induced endothelial
permeability.

A, Schematic showing the domain structure of Nck1 and Nck2 and 2 chimera of Nck1 SH2/SH3 and Nck1 SH3/Nck2 SH2.
B, Western blot analysis showing comparable Nck1/2 re-expression following transduction of constructs in (A) in Nck1/2
double knockout (DKO) cells. C and D, Permeability of endothelial cells after oscillatory shear stress (OSS) as assessed by
streptavidin-biotinylated gelatin trapping assay. Data are analyzed by 2-way ANOVA and Bonferroni posttest (*P<0.05; ns,
nonsignificant, from n=4). E, Schematic diagram suggesting that Nck1/2 bind to PECAM-1 (platelet endothelial cell adhesion
molecule-1) in response to shear stress, but only Nck1 through its SH3 domains regulates the permeability.

roles have recently emerged. For example, Nck2 plays growth factor-induced axon and dendrite tree in pri-
a dominant role in platelet-derived growth factor—in- mary rat cortical neurons.?* By contrast, Nck1 plays
duced actin polymerization in NTH3T3*® and nerve a more prominent role in T-cell receptor-induced
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Figure 5. Nck (noncatalytic region of tyrosine kinase) 1 and Nck2 bind to PECAM-1 (platelet endothelial cell adhesion
molecule-1) in response to shear stress but Nck1 is required for bridging PAK (p21-activated kinase) 2/PECAM-1 and
activation.

A, Immunoblotting showing PECAM-1 coimmunoprecipitations and confirms the interactions with Nck1 and Nck2 are shear stress
dependent. B, Graphical representation of the levels of Nck1 in PECAM-1 coimmunopreciptation showing statistical significance.
C, Immunofluorescence staining to PECAM-1 (red) and Nck1/2 (green) after shears stress. Scale bar=50 um. D, phospho-PAK2 is
detected in PECAM-1 coimmunopreciptation and (E) PAK membrane translocation and PECAM-1 binding is enhanced by shear stress
and impaired after knocking down of Nck1. F and G, PAK2 activation as assessed by phosphorylation is downregulated by Nck1
ablation but not by Nck2 deletion. Western blots are from n=4 independent experiments. Data are mean+SEM analyzed by either
1-way ANOVA and Tukey posttest or 2-way ANOVA and Bonferroni posttest (*P<0.05, ****P<0.0001).

ERK activation and inflammation,*” suggesting the
noncompensating roles are during phenotypic regu-
lation postdevelopment and points to differences in
specific binding affinities between Nck1 and Nck2,
despite their overall sequence homology.?” The phys-
iological significance of the noncompensating roles of
Nck1/2 in cardiovascular disease has yet to be deter-
mined. Our study shows for the first time that in vivo
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endothelial deletion of Nck1 remarkably reduced the
permeability induced by disturbed flow underscor-
ing the physiological relevance of Nck1 within the
vascular endothelium. Even though single Nck2 KO
showed a slight increase in endothelial permeability,
Nck1/2 DKO showed less permeability. While we did
not observe any remarkable changes in their endog-
enous levels following either Nck1 or Nck2 deletion,
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Figure 6. Nck (noncatalytic region of tyrosine kinase) 1 first SH3 domain regulates PAK2 (p21-activated kinase 2)-induced
endothelial permeability.

A, Schematic of Nck1 point mutations in each of the SH3 domains and the nomenclature used to inactivation of SH3 domains. B, Lysates
from human aortic endothelial cells (HAECs) transiently transfected with Nck1 variants with inactivated SH3 domains. C and D, Flow-
induced permeability using biotinylated gelatin/Alexa 647-streptavidin assay. 4',6-Diamidino-2-phenylindole (blue; nuclei), phalloidin
(green; F-actin fibers), and streptavidin (red; exposed biotinylated gelatin) Images analyzed using NIS-Elements software from n=4.
Scale bar=200 um. Data were reported as box and whiskers with scatter plots and analyzed by Kruskal-Wallis test (*P<0.05,P<0.01,
***P<0.001). E, Lysates and graphical quantifications from HAECs Nck1/2 double knockout (DKO) transiently transfected with either
hNck1 or Nck1 SH3.1* and were immunoprecipitated for PECAM-1 (platelet endothelial cell adhesion molecule-1). Blotted for phospho-
PAK2 S141. F, HAECs Nck1/2 DKO either transfected with hNck1 or Nck1 SH3.1* were lyzed after shear stress exposure (0-30 minutes)
and immunoblotted for phospho-PAK2 S141 and GAPDH served as a loading control. Data are from n=3-4, expressed as mean+SEM,
and analyzed by 2-way ANOVA and Bonferroni posttest (*P<0.05,"***P<0.0001).
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Nck2 depletion might alter Nck1 signaling interactions
and thus promots the slight increase in permeability.
In support of this, a previous report by Kebache and
colleagues*® showed that Nck2 depletion in HEK293
cells enhanced Nck1 signaling activation.

Nck1 and Nck2 share ~68% amino acid identity??
and it was suggested that they differ with respect
to their SH2 (phosphotyrosine) or SH3 (proline-rich)
binding properties.*® For example, Nck2 through its
SH2 domain preferentially binds to platelet-derived
growth factor to regulate actin polymerization.*®
Nck1, on the other hand, is shown to interact with
RhoA through its SH3 domains to promote actin
stress fibers.®° This points to the differences in the
specific binding affinities of Nck1 and Nck2 SH2/SH3
domains. With the domain-swapping experiments,
now we provide evidence for the redundant binding
of Nck1/2’s SH2 domains and a nonredundant func-
tion for Nck1 SH3 domains. Recruitment of Nck to
the plasma membrane typically involves enhanced
interactions between Nck’s SH2 domain and phos-
photyrosine residues.>" Although multiple proteins in
the endothelial cell adherens junctions can be tyro-
sine phosphorylated, shear stress stimulates phos-
phorylation of the vascular endothelial growth factor
(VEGF) receptor VEGFR2 and the cell-cell adhesion
molecule PECAM-1. Nck recruitment to VEGFR2 me-
diates VEGF-induced focal adhesion turnover, actin
remodeling, and cell migration.? However, shear
stress does not stimulate VEGFR2 interactions with
Nck.%3 Alternatively, we found that OSS promotes
the coimmunopreciptation of Nck1/2 and PECAM-1.
Moreover, we and others demonstrated that Nck
binds to tyrosine phosphorylated PECAM-1 via its
SH2 domain.?>%* We now show a nonredundant role
for Nck1 in endothelial permeability by illustrating that
despite the fact that both Nck1 and Nck2 bind to
PECAM-1, only Nck1 SH3 (1-3) domains are involved
in regulating endothelial permeability, demonstrating
that a Nck1-specific downstream mediator is involved
in OSS-induced endothelial permeability.

Previous work from our group and others demon-
strates an important role for the Ser/Thr kinase PAK
in endothelial permeability.5'® PAK signaling can pro-
mote endothelial barrier function®>%; however, it has
been demonstrated that endothelial deletion of PAK2
increased vascular permeability.>” These conflict-
ing data suggest that endothelial PAK signaling can
both promote and limit endothelial permeability, with
the signaling context likely tuning PAK’s functional ef-
fects. Nck binding is likely to contribute to context-
dependent PAK signaling, as a PAK-Nck-blocking
peptide reduces permeability and inflammation in a
variety of pathological conditions.®?® Both Nck1 and
Nck2 can promote PAK membrane translocation and
activation,®® yet, depending on the cellular context,
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PAK could be preferentially activated by either one
of them. For instance, Thevenot et al®® demonstrated
that Nck2 rather than Nck1 preferably recruits PAK
to mediate synaptic transmission. It is intriguing to
speculate that OSS enables Nck1 (and not Nck2)
to mediate the changes in PAK-induced endothelial
permeability. Therefore, Nck1 deletion may not limit
all PAK activity but rather the specific PAK signaling
at the cell-cell junctions that is required to promote
permeability.

Moreover, here we propose that the nonredundant
effect of Nck1 on PAK activation is caused by the first
SH3 domain of Nck1. Previous studies suggest that
Nck binds to PAK through its second SH3 domain.3859
Here we make the unanticipated observation that spe-
cific point mutations to inactivate Nck1 SH3.2 did not
show any effect on endothelial permeability, whereas
the first Nck1 SH3 domain is required for the perme-
ability effect. A limitation to previous studies on PAK
binding to Nck SH3.2 were that Nck1 domains and
PAK interactions have been tested outside a cellular
environment, in vitro. In support of Nck1 SH3.1 and
PAK, Bokoch et al®® showed that each domain of Nck
SH3 could bind with PAK depending on the availabil-
ity of domains to bind. Future studies are clearly war-
ranted, however, to identify the impact of PAK binding
on the second and third domains of Nck and whether
that might mediate some other cellular responses.
However, at least in OSS-induced permeability, Nck1
SH3.1 domain interactions are required for PAK
activation.

Nck1 SH3.1 differs from Nck2 SH3.1 in that it ex-
hibits a significantly weaker negative charge® be-
cause of the presence of a DY pocket,®! a shallow
pocket in SH3.1, but not in other domains of Nck
SH3(2-3). The DY pocket is uncommon and has only
been described in a handful of proteins, including
the Eps8 family of proteins.®? The physiological rele-
vance of this pocket in Nck is unclear. Interestingly,
it has been reported that a small molecule inhibitor
of the Nck1 SH3.1 DY pocket (AX-024) limits T-cell
function and reduces inflammation.?” In our sys-
tem, pretreatment of endothelial cells with AX-024
reduces PAK/Nck1 interactions, suggesting that
AX-024 may serve as a therapy to reduce endo-
thelial permeability in vivo. A limitation to inhibiting
Nck signaling in atherosclerosis is that Nck adaptor
proteins critically regulate angiogenesis, suggesting
that Nck inhibition would be detrimental in condi-
tions where angiogenesis promotes proper healing,
such as ischemic injury. Since multiple groups have
shown that both Nck1 and Nck2 must be inhibited
to reduce angiogenesis,*® our data suggest that by
selective inhibition of Nck1 may allow for improved
barrier function without compromising the angio-
genic response.
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CONCLUSIONS

It has been widely hypothesized that PECAM-1 must
be involved in sensing and responding to mechanical
signals, including hemodynamic shear stress.®® We
now present Nck1 as a molecular bridge, integrating
PECAM-1 tyrosine phosphorylation at the adherens
junction and PAK Ser/Thr kinase activation. These
findings support the burgeoning role of Nck1 in mech-
anosensing, and they have implications for our under-
standing of the endothelial response to shear stress
and endothelial barrier regulation.
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Figure S1. Deletion of Nckl and Nck2 adaptor proteins blunt shear stress-induced
endothelial permeability.
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a) A representative blot showing deletion of Nckl and Nck2 in Nck1/2
DKO cells. b-c) Endothelial monolayer integrity was assessed in Nck1/2 DKO or
Scramble cells after shear stress (30 minutes) and stained with PECAM-1
(Red) for paracellular pore formation (stars). All data are from n=4, mean = SEM,

analyzed by 2-way ANOVA, and Bonferroni’s post-test, **p<0.01. ****p<0.0001.
Scale bars=100um.



Figure S2. Ablation of Nckl1 but not Nck2 adaptor protein blunts shear stress-induced
endothelial permeability.
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(a &b) PECAM-1 stained cells showing paracellualr formation (arrows) in Nckl
and Nck2 siRNA treated cells. Images analyzed using Nis Elements software from

n=4. Scale bars=200um. Data are analyzed by 2-Way ANOVA and
Bonferroni’'s post-test,

*p<0.05.



Figure S3. Conditional Nck1 and Nck2 KO is endothelial specific after tamoxifen injection.
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Figure S4. a) A representative Doppler carotid echocardiographic images from
mice subjected to partial carotid ligation surgery showed a low and oscillatory
flow. b) wall dimension changes of left carotid artery before and after ligation
among experimental groups. ¢) Plasma total cholesterol levels showing non-
-significant (ns) changes among experimental groups. Data are mean + SEM,
analyzed by 1-Way ANOVA.



iEC-control Nck1 KO iEC-Nck2 KO iEC-DKO

-
on
1

s
o
1

FG Area x104um?

0=

Ligated LCA

Figure S5. a-b) Nckl KO mice showed significantly less Fibrinogen (FG, red)
staining in ligated carotid arteries. Images analyzed using NIS-Elements software,
from n=5-7 mice per group. Data are mean + SEM, analyzed by 1-Way ANOVA
and Tukey’s post-test, *p<0.05, **p<0.01. Sale bars= 100-200um.



Figure S6. A representative blot from endothelial cell lysates from either
Nck1siRNA treated or untreated cells after oscillatory shear stress (= 5

dynes/cm?with 1 dyne/cm?forward) showing phospho PAK s141, total PAK and
Nck1 levels. B-tubulin was used a loading control, from n=3.
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Figure S7. A representative blot from Nckl co-immunoprecipitations after being treated
with or without AX-024 (50nM) and the cells were subjected to shear stress for
30minutes, showing phospho PAK s141, and Nckl levels, from n=3.
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