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Introduction
Atherosclerosis, a chronic lipid-driven arterial inflammatory 
disease (1), develops at sites of local endothelial activation, a 
proinflammatory shift in endothelial cell phenotype (2). Local 
hemodynamic shear stress, a frictional force of blood flow on the 
endothelium (3), confers protection or susceptibility to endothe-
lial activation, with atheroprotective laminar flow limiting endo-
thelial activation and atheroprone disturbed flow stimulating 
endothelial activation, characterized by cytoskeletal remodeling, 
endothelial stiffening, and nuclear factor-κB–driven (NF-κB–
driven) proinflammatory gene expression (3–5). Activated endo-
thelial cells recruit monocytes from the circulation, and in the 
context of hypercholesterolemia, these monocytes accumulate 
lipid to drive early fatty streak formation (6). Recruitment of 
smooth muscle cells from the underlying media contribute to 
atheroma formation and drive the production of a collagen-rich 
protective fibrous cap that limits plaque vulnerability to rup-
ture (7). Although recent results from the Canakinumab Anti- 
Inflammatory Thrombosis Outcomes Study (CANTOS) highlight 
the important role of limiting inflammation in the treatment of 
atherosclerosis (8), our understanding of the mechanisms regu-
lating flow-induced endothelial activation remain limited.

The Nck family of adaptor proteins (Nck1 and Nck2) are ubiq-
uitously expressed and share approximately 68% amino acid 
identity (9). Nck adaptor proteins lack enzymatic activity but con-
trol the formation of signaling complexes through 3 tandem Src 
homology 3 (SH3) domains and 1 C-terminal SH2 domain (10). 
SH2 domains bind with high affinity to tyrosine-phosphorylated 
proteins, whereas the SH3 domains bind to proline-rich sequences 
(PXXP) in signaling partners, suggesting that Nck serves to couple 
tyrosine kinase signaling to the activation of downstream path-
ways (11). The 2 highly similar Nck proteins are expressed by dif-
ferent genes (11) that play redundant roles during development, 
as deletion of both Nck isoforms results in an embryonic lethal 
phenotype due to impaired vasculogenesis, while deletion of only 
one isoform does not (9). Although Nck1 and Nck2 play redun-
dant roles in regulating angiogenesis in mouse models of reti-
nopathy (12), Nck2 may play a dominant role in PDGF-induced 
actin polymerization in NIH3T3 cells (13). In contrast, Nck1 plays 
a more dominant role in T cell receptor–induced ERK activa-
tion (14), suggesting noncompensating roles during phenotypic 
regulation after development. However, the signaling effects of 
Nck1/2 outside the context of cytoskeletal remodeling are incom-
pletely understood.

We have previously demonstrated that treatment with a mem-
brane-permeant peptide corresponding to a Nck-binding PXXP 
sequence blunts flow-induced endothelial activation in vitro and 
significantly reduces both inflammation and vascular permea-
bility at atheroprone areas exposed to disturbed flow in vivo (15). 
However, this peptide could be reducing atherosclerotic inflam-
mation through off-target effects on other SH3-containing adap-
tor proteins. Furthermore, the antiinflammatory effects observed 
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transfection. The efficiency of transfection was confirmed using  
Western blotting, with a 70% knockdown of Nck1 and 84% knock-
down of Nck2 (Figure 1A). Endothelial cells subjected to acute 
laminar shear stress show an early upregulation of proinflam-
matory signaling, driven in part by the same signaling pathways 
that mediate cytoskeletal alignment (20). As such, these signals 
are diminished as the cells adapt to laminar flow but are sus-
tained in disturbed flow due to the inability of the cells to adapt. 
Because the acute endothelial response to shear stress models the 
sustained signaling observed with chronic disturbed flow (20), 
endothelial cells were subjected to acute shear stress for 0, 5, 15, 
or 30 minutes, and the early signaling effects were measured. 
NF-κB activation was assessed by measuring p65 S536 phosphor-
ylation or nuclear translocation. Nck1/2-knockdown cells showed 
a significant reduction in both NF-κB phosphorylation (Figure 1, 
B and C) and NF-κB nuclear translocation (55% ± 7.8% mock vs. 
13% ± 1.4% in Nck1/2 siRNA, P < 0.0001) (Figure 1, D and E). 
To confirm the combined effect of Nck1/2 knockdown, we used 

in vivo could be due to effects of this peptide on other cell types 
besides endothelial cells (16). Interestingly, the Nck1 gene locus 
at chromosome 3q22.3 has been associated with atherosclerosis 
susceptibility and myocardial infarction (17), and a genome-wide 
association study identified Nck1 as a novel coronary artery dis-
ease susceptibility locus (18). Herein, we used both cell culture and 
animal models of disturbed blood flow and high fat diet–induced 
atherosclerosis to characterize the noncompensating functions of 
Nck1 and Nck2 in disturbed flow–induced endothelial activation.

Results
Nck1/2 deletion and its effects on shear stress–induced endothelial acti-
vation. Using the EndoDB database of endothelial transcriptomics 
data (19), we found that Nck1 and Nck2 show similar expression 
across a variety of human and mouse endothelial cell studies. 
To investigate the direct roles of Nck1/2 in shear stress–induced 
endothelial activation, we adopted a loss-of-function model in 
which the cellular levels of Nck1 and Nck2 were reduced by siRNA 

Figure 1. Nck1/2 deletion ameliorates shear stress–induced NF-κB activation. (A) Human aortic endothelial cells (HAECs) were transfected with siRNA 
specific for Nck1/2, and transfection efficiency was assessed using Western blotting. (B and C) HAECs were subjected to acute shear stress for the indi-
cated times, and NF-κB activation was assessed by detection of p65 serine 536 phosphorylation using Western blotting. Densitometric analysis was per-
formed using ImageJ. (D and E) p65 nuclear translocation was measured after 45 minutes of shear stress in Nck1/2 siRNA–treated and mock control cells. 
Images were analyzed using NIS Elements software. Scale bar: 50 μm. Data are presented as the mean ± SEM, n = 4. *P < 0.05, **P < 0.01, ****P < 0.0001 
by 2-way ANOVA followed by Bonferroni’s post hoc test. HPF, high-power field. (F and G) HAECs were transfected with Nck1/2 siRNA, and oscillatory shear 
stress–induced (OSS-induced; ±5 dynes/cm2 with 1 dyne/cm2 forward flow) proinflammatory gene expression (VCAM-1, ICAM-1) and proinflammatory 
signaling (p-NF-κB Ser536) were assessed by Western blotting. n = 4 in G. *P < 0.05 by Kruskal-Wallis test. (H) HAECs were treated as in F, and mRNA 
expression was assessed by qRT-PCR (n = 4). ***P < 0.001, ****P < 0.0001 by 2-way ANOVA followed by Bonferroni’s post hoc test.
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activation (Figure 1, F and G) and mRNA expression of ICAM-1 
and VCAM-1 (Figure 1H). Shear stress–induced expression of the 
atheroprotective gene Klf2 was not affected by Nck1/2 depletion 
(Figure 1H). Consistent with these data, Nck1/2-DKO endothelial 
cells show a similar reduction in OSS-induced NF-κB activation 
(Supplemental Figure 1, H and I) and VCAM-1/ICAM-1 expression 
(Supplemental Figure 1, H–J). Taken together, these data suggest 
that Nck1/2 expression is required to couple atheroprone hemody-
namics to NF-κB activation and proinflammatory gene expression.

Deletion of Nck1, but Not Nck2, ameliorates shear stress–induced 
endothelial activation. Even though they are expressed by differ-
ent genes, Nck1 and Nck2 proteins share a high sequence identity 
(68% overall) (10) and their functions are generally regarded as 
overlapping (22). However, emerging evidence has suggested the 
independent contribution of the 2 isoforms in a variety of respons-
es, including T cell activation, cytokinesis, and podocyte cytoskel-
etal dynamics (23–25). To investigate the selective roles of Nck1 
and Nck2, we used Nck1- and Nck2-selective siRNAs that result 

CRISPR/Cas9 editing to generate a stable human aortic endo-
thelial cell (HAEC) line lacking in both Nck1 and Nck2. Nck1/2  
double-knockout (Nck1/2-DKO) cells show a similar decrease in 
shear stress–induced NF-κB phosphorylation (Supplemental Fig-
ure 1, A and B; supplemental material available online with this 
article; https://doi.org/10.1172/JCI135552DS1) and nuclear trans-
location (Supplemental Figure 1, C and D) compared with scram-
bled controls (Supplemental Figure 1, A–D). Similar results were 
also observed in mouse aortic endothelial cells (MAECs) isolated 
from endothelial cell–specific Nck1/2-DKO mice (iEC-Nck1/2 
DKO; VE-cadherinCreERT2tg/?, Nck1–/–, Nck2fl/fl, ApoE–/–) (Supple-
mental Figure 1, E–G).

In response to chronic oscillatory shear stress (OSS), NF-κB 
activation drives proinflammatory gene expression, including 
ICAM-1 and VCAM-1 (21). We found that siRNA-mediated Nck1/2 
depletion reduced OSS-induced VCAM-1 and ICAM-1 protein 
expression (Figure 1, F and G). Compared with the mock con-
trols, Nck1/2 siRNA–treated cells showed significantly less NF-κB 

Figure 2. Nck1, but not Nck2, deletion ameliorates shear stress–induced activation. (A) Transfection efficiency of selective Nck1 and Nck2 knockdown 
in HAECs using siRNA. (B–E) HAECs lacking either Nck1 or Nck2 were subjected to acute shear stress for the indicated times, and NF-κB activation was 
assessed by measuring (B and C) NF-κB phosphorylation and (D and E) nuclear translocation. Scale bar: 50 μm. Data are the mean ± SEM, n = 4. (F and G) 
HAECs were transfected with either Nck1 or Nck2 siRNA, and oscillatory shear stress–induced (OSS-induced, 18 hours) proinflammatory gene expression 
(ICAM-1/VCAM-1) and signaling (p-NF-κB Ser536) were assessed by Western blotting. (H) Cells transfected as in F and mRNA expression of Klf2, VCAM-1, 
and ICAM-1 were measured using qRT-PCR. Data are from n = 4 and presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by 
2-way ANOVA followed by Bonferroni’s post hoc test.
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control mice (iEC-Control; VE-cadherinCreERT2tg/?, ApoE–/–), 
Nck1-KO (VE-cadherinCreERT2tg/?, Nck1–/–, ApoE–/–), endothelial 
cell–specific Nck2-KO (iEC-Nck2-KO; VE-cadherinCreERT2tg/?, 
Nck2fl/fl, ApoE–/–), and endothelial cell–specific Nck1/2-DKO mice 
(iEC-Nck1/2 DKO; VE-cadherinCreERT2tg/?, Nck1–/–, Nck2fl/fl, 
ApoE–/–) were subjected to partial carotid ligation (PCL) to induce 
disturbed flow–associated endothelial activation specifically in 
the left carotid artery (26, 27). Changes in endothelial mRNA 
expression were assessed after 48 hours, whereas changes in 
inflammatory gene expression and macrophage recruitment were 
assessed after 7 days (Figure 3A). To assess endothelial activation, 
endothelial mRNA was isolated from the left and right carotid ves-
sels by TRIzol flush after tissue harvesting (28). The purity of inti-
mal mRNA and medial/adventitial mRNA was confirmed by mea-
suring platelet endothelial cell adhesion molecule-1 (PECAM-1) 
and α-smooth muscle actin (SMA) expression (Supplemental 
Figure 4, A and B). Furthermore, endothelial cell–specific dele-
tion of Nck2 was confirmed in iEC-Nck2-KO and iEC-DKO mice, 
as Nck2 mRNA expression was depleted in the intimal but not 
the medial/adventitial fractions (Supplemental Figure 4, C and 
D). Klf2 showed decreased expression in the ligated left carotid  
compared with the right carotid control, confirming an OSS 
flow–associated gene expression profile (Figure 3B). However, 
this downregulation did not differ among experimental animals. 
Nck1 knockouts showed a pronounced reduction in oscillatory 
flow–induced VCAM-1 and ICAM-1 mRNA expression (Figure 3B). 
However, Nck2 deletion (iEC-Nck2-KO) did not affect disturbed 
flow–induced VCAM-1 and ICAM-1 expression, and VCAM-1/
ICAM-1 mRNA expression did not significantly decrease in iEC-
Nck1/2-DKO mice compared with Nck1-KO mice (Figure 3B).

To examine early atherogenic remodeling in the ligated carotid  
arteries, tissues were collected 7 days after ligation and assessed 
for markers of inflammation by immunohistochemistry. Consis-
tent with early changes in mRNA expression, VCAM-1 and ICAM-1  
protein levels were significantly reduced in Nck1-KO mice after 
PCL compared with iEC-Control mice (Figure 3, C–F), whereas 
iEC-Nck2-KO animals were similar to controls. Similarly, Nck1-
KO mice showed a significant reduction in intimal macrophage 
recruitment (Mac-2+ area) compared with iEC-Control mice 
(Figure 4, A and B). Nck1-KO mice also showed significantly 
reduced adventitial macrophage content (Figure 4, A and C), 
but endothelial Nck2 deletion (iEC-Control vs. iEC-Nck2-KO;  
Nck1-KO vs. iEC-Nck1/2-DKO) did not affect intimal or adven-
titial macrophage infiltration (Figure 4, A–C). Specificity of the 
Mac-2 staining was verified using isotype-control antibodies 
(Supplemental Figure 5). Taken together, our data suggest a direct 
role for Nck1 in regulating endothelial activation and macrophage 
recruitment under atheroprone hemodynamics.

Nck1 deletion reduces atherosclerotic plaque formation. Ath-
eroprone flow establishes local susceptibility to endothelial acti-
vation and to diet-induced atherosclerotic plaque development 
(29). Having observed differential effects for Nck1 and Nck2 in 
response to atheroprone flow-induced endothelial activation, we 
sought to determine if atherosclerotic plaque development was 
altered in Nck1-KO mice. iEC-Control, Nck1-KO, iEC-Nck2-KO, 
or iEC-DKO mice were fed high-fat diet (HFD) for 12 weeks to 
induce spontaneous atherosclerosis. No significant differences 

in a 75% and 85% knockdown, respectively, without affecting the 
expression of the other isoform (Figure 2A). In response to shear 
stress, Nck1-depleted cells showed significantly less NF-κB p65 
phosphorylation (Figure 2, B and C) and nuclear translocation 
(Figure 2, D and E), whereas Nck2 depletion did not affect NF-κB 
activation by flow. To confirm these effects, we used lentiviral 
shRNA constructs to selectively deplete Nck1 (100% knockdown) 
and Nck2 (90% knockdown) (Supplemental Figure 2A). Similar 
to the siRNA data, only HAECs expressing Nck1 shRNA showed 
significant amelioration of NF-κB phosphorylation (Supplemen-
tal Figure 2, B and C) and nuclear translocation (Supplemental 
Figure 2, D and E), whereas cells expressing Nck2 shRNA did 
not significantly differ from cells expressing scrambled shRNA. 
MAECs isolated from Nck1-KO mice showed similar results, with 
remarkable reduction in NF-κB activation following shear stress, 
whereas MAECs from iEC-Nck2–KO mice showed the usual shear 
stress–induced NF-κB activation (Supplemental Figure 2, F–H). 
To assess the specific role of Nck1 in atheroprone disturbed flow 
models, HAECs transfected with Nck1 and Nck2 siRNA or shRNA 
were exposed to OSS for 18 hours, and proinflammatory signaling 
(NF-κB) and proinflammatory gene expression (VCAM-1/ICAM-
1) were assessed. Oscillatory flow–induced NF-κB activation (p65 
Ser536 phosphorylation) and VCAM-1/ICAM-1 protein expression 
(Figure 2, F and G) and mRNA levels (Figure 2H) were blunted by 
Nck1 siRNA (Figure 2, F–H) and Nck1 shRNA (Supplemental Fig-
ure 2, I–K), whereas Nck2 depletion (siRNA and shRNA) had no 
significant effects on any of these responses.

Although these data identify Nck1 as a critical regulator of 
NF-κB activation and proinflammatory gene expression by ath-
eroprone hemodynamics, Nck1 did not affect all shear stress 
responses. Neither Nck1 nor Nck2 depletion affected Klf2 
expression under OSS (Figure 2H and Supplemental Figure 
2K) or activation of other classic shear stress–induced signal-
ing pathways, such as Akt, eNOS, and ERK1/2 phosphorylation 
(Supplemental Figure 3). Collectively, these data demonstrate 
a critical role for Nck1 in endothelial activation by atheroprone 
flow, whereas Nck2 has no effect.

Nck1 mediates disturbed flow–induced endothelial activation in 
vivo. Having shown that Nck1 regulates endothelial activation by 
atheroprone flow in vitro, we sought to investigate the differential 
effects of Nck1 and Nck2 in an in vivo model of disturbed flow. Fol-
lowing tamoxifen induction, inducible endothelial cell–specific  

Figure 3. Ablation of Nck1, but not Nck2, blunts partial carotid ligation– 
induced inflammation. (A) Schematic of the study in which 4 groups 
of mice were subjected to the ligation surgery at the indicated time. (B) 
Endothelial mRNA analysis from iEC-Control, Nck1-KO, iEC-Nck2-KO, 
and iEC-Nck1/2-DKO mice. mRNA from the ligated left carotid (LC) was 
normalized to the unligated right carotid (RC) and to the housekeeping 
gene β-microglobulin. **P < 0.01; ***P < 0.001 by 2-way ANOVA followed 
by Bonferroni’s post hoc test. (C–F) ICAM-1 (red) and VCAM-1 (white) in 
the ligated left carotid compared with the unligated right carotid arteries 
among experimental groups. Endothelial cells were stained for von Wil-
lebrand factor (vWF in the dashed boxes) and the nuclei counterstained 
with DAPI. Scale bars: 200 μm (left 2 columns in C and E) and 50 μm (right 
columns). Images analyzed using NIS Elements software, from n = 7–10 
mice/group. Data are the mean ± SEM. **P < 0.01; ***P < 0.001; ****P < 
0.0001 by 1-way ANOVA followed by Tukey’s post hoc test.
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were observed in body weight over the 12 weeks of HFD feeding, 
though Nck1-KO mice tended to be smaller (Supplemental Figure 
6A), and no changes were noted for heart weight (Supplemental 
Figure 6B) or for plasma cholesterol, triglycerides, or HDL levels 
among the experimental groups (Supplemental Figure 6, C–E). 
However, Nck1-KO mice showed significant reductions in the  
plasma levels of several proinflammatory mediators, including 
interleukin 1α (IL-1α), IL-1β, TNF-α, and MCP-1 (Supplemental 
Figure 7), highlighting the proinflammatory role of Nck1. Ath-
erosclerotic lesion formation was assessed in 4 different vascular 
sites, including the aorta, the aortic roots, the brachiocephalic 
artery, and the right and left carotid sinuses. En face analysis of 
atherosclerosis in the aorta was assessed by Oil red O staining and 
calculated as the percentage lesion area compared with the total 
surface area of the aorta (Figure 5A). Although iEC-Nck2-KO mice 
did not differ from iEC-Controls, Nck1-KO mice show a signifi-
cant reduction in plaque burden in the aorta (Figure 5, A and B), 
the carotid sinus (Figure 5, C and D), and brachiocephalic artery 
(Figure 5, H and I). Atherosclerosis did not decrease further in the 
iEC-Nck1/2-DKO compared with the Nck1-KO mice, suggesting 
that Nck1 is the key regulator and the endothelial Nck2 does not 
significantly contribute to atherogenic endothelial activation.

To assess atherosclerotic plaque characteristics in this model, 
plaques were stained for macrophage (Mac-2+ area) and smooth 
muscle (SMA+) levels. Compared with iEC-Control mice, Nck1-KO  
mice show a significant reduction in macrophage area in both 
the carotid sinus (Figure 5, E and F) and brachiocephalic arteries 
(Figure 5, J and K). Similarly, Nck1 deletion reduced the plaque 
smooth muscle (SMA+) area (Figure 5, G and L) and lipid core area 
(Supplemental Figure 8A) at these sites, consistent with the very 
early stages of plaque formation observed in Nck1-KO and iEC-
Nck1/2-DKO mice. Atherosclerotic lesions in the brachiocephalic  
artery and carotid sinuses tend to be less well developed than 
the plaques in the aortic root, potentially due to delayed onset 
of plaque formation at these sites (30). Unlike other sites, we did 
not observe any differences in plaque size in the aortic root (Sup-
plemental Figure 8B). However, the plaques that formed showed 
reduced macrophage area (Supplemental Figure 8, C and D) and 
enhanced smooth muscle area (Supplemental Figure 8, C and E), 
suggestive of enhanced plaque stability.

Deletion of Nck1 confers atheroprotection in resident vascular bed 
cells compared with myeloid lineage cells. To determine the relative 
contribution of Nck1 deletion in either vascular cells or myeloid 
cells to atherosclerosis formation, we performed bone marrow 
transplantation experiments where Nck1-KO or Nck1-WT bone 
marrow was transplanted into irradiated Nck1-KO or Nck1-WT 
recipients. Successful chimeras were confirmed with the alter-
ation in Nck1 expression in the myeloid lineage cells (Supple-
mental Figure 9, A and B). After 12 weeks of HFD, there were no 
significant changes in body weights (Supplemental Figure 10A) or 
plasma cholesterol levels (Supplemental Figure 10B) in mice lack-
ing Nck1 expression in myeloid cells compared with other experi-
mental groups. Consistent with our in vitro observations on endo-
thelial activation, Nck1-KO mice still showed significant reduction 
in aortic atherosclerosis when reconstituted with Nck1-WT bone 
marrow, whereas Nck1-WT mice receiving bone marrow from 
Nck1-KO mice did not show any significant difference compared 

with Nck1-WT mice receiving Nck1-WT bone marrow (Figure 6, 
A and B). Similarly, carotid (Figure 6, C and D) and brachioce-
phalic atherosclerotic (Figure 6, H and I) lesions were 2- to 3-fold 
less in Nck1-KO mice receiving Nck1-WT bone marrow compared 
with controls (P < 0.0001, P < 0.05, respectively). Cross-sectional 
analysis of Mac-2+ and SMA+ areas within carotid (Figure 6, E–G) 
and brachiocephalic artery (Figure 6, J–L) lesions showed signifi-
cant reductions in carotid Mac-2+ and SMA+ areas only when Nck1 
was depleted in the resident vascular cells but not when Nck1 was 
depleted in the bone marrow. These data support the role of vas-
cular wall Nck1 in atherogenic inflammation and atherosclerotic 
plaque development and suggest that myeloid Nck1 expression 
does not contribute to atherosclerotic plaque formation.

Nck1 exerts the nonredundant effects on endothelial activation 
via its SH2 domain. To mechanistically understand why Nck1 but 
not the highly homologous Nck2 regulates endothelial activation, 
we conducted domain-swap experiments mixing the Nck1 SH2 
domain with the Nck2 SH3 domains and the Nck2 SH2 domain 
with the Nck1 SH3 domains (Figure 7A). We confirmed similar 
expression levels of transfected constructs encoding Nck1, Nck2, 
the Nck1 SH2/Nck2 SH3 chimera, and the Nck2 SH2/Nck1 SH3 
chimera in Nck1/2-DKO cells by Western blotting (Figure 7B). 
Nck1, but not Nck2, reexpression restored OSS-induced NF-κB 
activation (Figure 7C), VCAM-1 expression (Figure 7D), and 
ICAM-1 expression (Supplemental Figure 11) in the Nck1/2-DKO 
cells. However, only the Nck1 SH2/Nck2 SH3 chimera showed 
a similar restoration, suggesting that the Nck1 SH2 domain is 
essential to form the signaling complex required for oscillatory 
flow–induced endothelial activation. However, the redundancy  
of the Nck1 and Nck2 SH3 domains does not exclude them as 
important for the activation of this response. To gain further 
insight into the Nck1 domains regulating oscillatory flow–induced 
NF-κB activation, we introduced single point mutations (Figure 7, 
E and F) to inactivate the Nck1 SH2 domain (R308M, Nck1 SH2*), 
the first SH3 domain (W38K, Nck1 SH3.1*), the second SH3 
domain (W143K, Nck1 SH3.2*), or the third SH3 domain (W229K, 
Nck1 SH3.3*) (31). Following OSS exposure, NF-κB activation and 
VCAM-1 expression were only blunted in cells expressing the 
Nck1 SH2* and the Nck1 SH3.1* constructs (Figure 7, G–I), sug-
gesting critical roles for Nck1 SH2–based phosphotyrosine bind-
ing and Nck1 SH3.1–based binding partners.

Nck1 interacts with IL-1 type I receptor kinase-1 in response to ath-
eroprone hemodynamics. While these data suggest a critical role for 
Nck1 in atherogenic endothelial activation, the Nck1 binding part-
ner involved remains unknown. A proteomics study by Jacquet 
et al. identified IL-1 type I receptor kinase-1 (IRAK-1) as a Nck1- 
specific interacting partner (25). IRAK-1, a serine/threonine kinase 
extensively investigated in the IL-1 signaling pathway, is required 
for IL-1–induced NF-κB activation (32). To test the hypothesis 
that IRAK-1 phosphorylation requires Nck1, IRAK-1/Nck1 inter-
actions were assessed by coimmunoprecipitation in endothelial 
cells exposed to flow. Following shear stress exposure, Nck1 inter-
actions with IRAK-1 were significantly enhanced (Figure 8, A–C), 
whereas Nck2 did not interact with IRAK-1 (Figure 8A), confirm-
ing the differences between Nck1 and Nck2 in shear stress sig-
naling. Moreover, we exposed human endothelial cells to either 
atheroprotective laminar flow or atheroprone OSS, and assessed 
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activation of IRAK-1 (Ser/Thr209 phosphorylation). Although 
we did not observe any significant changes in Nck1 and IRAK-1 
total protein levels, cells exposed to atheroprotective laminar flow 
showed marked reduction in IRAK-1 phosphorylation, whereas 
those exposed to the atheroprone OSS showed marked induction 
of IRAK-1 phosphorylation (Figure 8, D and E), suggesting that 
OSS promotes IRAK-1 activation. To test whether IRAK-1 activa-
tion is Nck1 dependent (Figure 8F), Nck1-depleted HAECs were 
subjected to OSS, resulting in a marked reduction in IRAK-1 phos-
phorylation (Figure 8G). Following PCL in vivo, phospho-IRAK-1 

staining was markedly enhanced in the 
ligated carotids, predominantly within 
the endothelium (Figure 8H). However, 
endothelial cell IRAK-1 phosphorylation 
was significantly abolished in Nck1-KO 
and Nck1/2-DKO mice (Figure 8, H and 
I). Consistent with these data, brachio-
cephalic atherosclerotic plaques showed 
enhanced phospho-IRAK-1 staining 
in the endothelium that was markedly 
reduced in Nck1-KO mice (Supplemen-
tal Figure 12), confirming the role of 
Nck1 in IRAK-1 activation at atheroscle-
rosis-prone sites.

Nck1 and IRAK-1 contribute to early  
atherogenic endothelial activation. To 
determine if IRAK-1 contributes to dis-
turbed flow–induced NF-κB activation, 
IRAK-1 was depleted in HAECs using  
siRNA SMARTPool treatment (Figure 
9A), and the cells were exposed to OSS for 
18 hours. IRAK-1 knockdown significantly  
blunted NF-κB activation and proin-
flammatory gene expression in response 
to OSS (Figure 9, A and B). Finally, we 
assessed Nck1 and phospho-IRAK-1 
staining in endothelial cells overlying 
early (stage 1) human atherosclerotic 
plaques. Both Nck1 and phospho-IRAK-1 
showed enhanced staining in endothelial 
cells associated with early atherosclerotic  
plaques in humans (Figure 9C) but not 

healthy human coronary sections (Figure 9D).
Collectively, our data reveal a role for Nck1 in endothelial 

activation by atheroprone hemodynamics and demonstrate a link 
between Nck1 and IRAK-1 activation in mediating disturbed flow–
induced endothelial activation.

Discussion
Atherogenic endothelial activation promotes vascular perme-
ability and enhances adhesiveness for circulating leukocytes 
(29). In early atherosclerosis, atheroprone disturbed flow (low 

Figure 4. Nck1 deletion reduces macrophage 
infiltration in the partial carotid ligation 
model of disturbed flow. (A) Macrophages 
(Mac-2+, green) in the ligated and the unli-
gated carotid arteries among experimental 
groups. Smooth muscle cells (α-smooth 
muscle actin+ [SMA+], red), and endothelium 
(vWF+, white). Scale bars: 200 μm (left 2 
columns) and 50 μm (right column). (B and 
C) Graphical quantification of intimal and 
adventitial Mac-2–positive cells. Images 
analyzed using NIS Elements software, from n 
= 7–10 mice/group. Data are the mean ± SEM. 
*P < 0.05; **P < 0.01; ****P < 0.0001 by 1-way 
ANOVA followed by Tukey’s post hoc test.
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of both Nck1 and Nck2 by siRNA blunts oxidative stress–induced 
NF-κB activation in models of ischemia/reperfusion injury (15), 
but isoform-specific roles were not addressed. Our current data 
provide the first direct evidence to our knowledge that Nck1 med-
itates inflammation due to atheroprone flow and demonstrate an 
unexpected isoform-selective role in mediating disturbed flow–
induced NF-κB activation and proinflammatory gene expression 
within the endothelium.

Composed exclusively of SH2/SH3 domains, Nck proteins 
have no enzymatic activity but regulate multiple signal transduc-
tion pathways by controlling protein localization and signaling 
complex formation (10, 23). Although the modular structure of 
Nck1/2 allows for numerous individual and probably simultane-
ous protein-protein interactions (11), our data specifically identify 
a role for the Nck1 SH2 domain and a redundant role for the first 
Nck1/2 SH3 domain as the critical sites mediating endothelial 
activation by atheroprone flow. Despite the fact that the consensus 
SH2 binding sequences for Nck1 and Nck2 are highly similar (36), 
the Nck1 and Nck2 SH2 domains are able to bind distinct phos-
photyrosine sequences on growth factor receptors (36) and at sites 
of cell adhesion (36). Consistent with this selectivity, phosphor-
ylated Nephrin selectively recruits Nck1 and not Nck2 through 
Nck1’s SH2 domain in vivo (31). To our knowledge the binding and 
signaling properties of individual Nck1 SH3 domains have yet to be 
systematically explored. The critical SH3.1 domain in Nck1 binds 
an atypical PXXDY motif that undergoes negative regulation by 
tyrosine phosphorylation, providing a potential negative feedback 
response that would be expected to limit atherogenic endothelial 
activation. However, future studies will be required to identify the 
Nck1 SH3.1 binding partners important for endothelial activation 
by atheroprone flow.

To explore the noncompensating role of the Nck1 SH2 and 
SH3.1 domains in disturbed flow–induced endothelial acti-
vation, we sought to identify potential binding partners that 
could mediate endothelial activation by disturbed flow. A 
previous report using the BioID proximity biotinylation sys-
tem to identify Nck1 and Nck2 binding proteins found IRAK-1 
as a specific interacting partner for Nck1 (25). Although this 
interaction was proposed to be SH2 dependent using computer 
modeling software, the specific domain mediating this interac-
tion was not determined. Our coimmunoprecipitation studies 
confirm the direct interactions between IRAK-1 and Nck1, but 
not Nck2, and demonstrate enhanced interactions following 
exposure to disturbed flow.

IRAK-1 was first identified through its association with IL-1 
receptors (IL-1Rs) at the plasma membrane (32) and is a critical 
mediator of IL-1–induced NF-κB activation (37). Ubiquitously  
expressed, IRAK-1 has been extensively studied in immune cells 
(38) and is activated in response to Toll-like receptor (TLR) and 
IL-1R signaling. Interestingly, IRAK-1 activation is critically 
dependent on T209 phosphorylation (39), and T209 was highly 
phosphorylated in HAECs exposed to OSS. Activation of TLRs 
and IL-1Rs induces binding of MyD88, a signaling scaffold that 
recruits IRAK-1 to promote its maximum activation and couple 
it to downstream signaling partners (37). Although Nck1 and 
MyD88 have disparate domain structures, Nck1 may similarly 
mediate IRAK-1 recruitment to activated cell surface receptors 

magnitude blood flow with complex features including turbu-
lence, oscillations, separation, and reattachment) promotes 
endothelial activation (2). Elucidating the pathogenic mecha-
nism of disturbed flow–induced endothelial activation in early 
lesion formation may lead to interventions that delay or even 
prevent lesion progression and complications. In this study, we 
demonstrate what we believe is a novel, isoform-specific role 
for Nck1 in atherogenic endothelial activation in vitro and in 
vivo. We show that Nck1 is a critical signaling mediator of dis-
turbed flow–induced NF-κB activation and proinflammatory 
gene expression, and we demonstrate important roles for the 
Nck1 SH2 domain and first SH3 domain in mediating this effect. 
We provide the first validation to our knowledge that IRAK-1 
serves as a Nck1-specific binding protein, show a vital role for 
Nck1 in flow-induced IRAK-1 activation, and demonstrate that 
IRAK-1 is required for chronic NF-κB activation by disturbed 
flow. Although highly similar to Nck1, endothelial Nck2 expres-
sion is dispensable for flow-induced endothelial activation. In 
vivo, only vascular Nck1 deletion reduces endothelial proin-
flammatory gene expression, monocyte recruitment, and early 
plaque formation in both the PCL model of disturbed flow and 
in diet-induced spontaneous atherosclerosis, and both Nck1 and 
phospho-IRAK-1 show enhanced staining in early human ath-
erosclerotic plaques. Taken together, these data clearly identify 
an isoform-specific role for Nck1 in mediating endothelial acti-
vation under atheroprone hemodynamics.

The Nck adaptor proteins have been extensively studied in 
diverse signaling events, most often affecting pathways leading 
to cellular morphogenesis (10). Previous studies have identified 
at least 60 Nck1- and Nck2-associated proteins, mostly involved 
in cytoskeletal organization (23, 33). In models of cell migration 
and tissue remodeling, Nck1 and Nck2 appear to be largely redun-
dant. Deletion of both Nck1 and Nck2 during development hin-
ders vasculogenesis, whereas individual deletion of either Nck1 or 
Nck2 did not (22). In the ischemic retinopathy model, deletion of 
both Nck1 and Nck2 were required to reduce angiogenesis asso-
ciated with diminished endothelial cell and pericyte migration 
(12, 34). However, Guan et al. (35) demonstrated that Nck1 and 
Nck2 can act independently in dermal fibroblasts’ migration and 
T cell activation (14). We previously demonstrated that depletion 

Figure 5. Global deletion of Nck1, but not Nck2, blunts high-fat diet–
induced atherosclerosis. iEC-Control, Nck1-KO, iEC-Nck2-KO, and iEC-
Nck1/2-DKO mice were fed high-fat diet (HFD) for 12 weeks. (A) Repre-
sentative en face morphometric images of total aortic lesion area and (B) 
calculated whole aortic atherosclerosis (percentage of the total surface 
area). Scale bar: 1 mm. (C) Representative images of hematoxylin and 
eosin–stained (H&E-stained) atherosclerotic carotid and (D) quantification 
of carotid atherosclerotic area among experimental groups. (E–G) Analysis 
of carotid plaque cellular content following staining for macrophages 
(Mac-2+, green), and smooth muscle cells (α-smooth muscle actin+ [SMA+], 
red). (H) H&E staining of brachiocephalic arteries (BCAs) after HFD feeding 
in iEC-Control, Nck1-KO, iEC-Nck2-KO, and iEC-DKO mice. (I) Quantification 
of atherosclerotic burden in BCAs among experimental groups. (J) Plaque 
composition assessed by staining for macrophages (Mac-2+) and smooth 
muscle cells (SMA+) in brachiocephalic lesions. (K) Quantification of Mac-2+ 
and (L) SMA+ areas in BCAs. Data are the mean ± SEM, n = 6–10/group. *P 
< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 1-way ANOVA followed 
by Tukey’s post hoc test. Scale bars: 100 μm (C, E, H, and J).
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mation without hindering angiogenesis in ischemic tissue, as 
Nck2 can compensate for Nck1 in this regard. Because inhibition  
of either isoform alone is not sufficient to reduce angiogenesis 
(12, 34), targeting Nck1 may represent a realistic therapeutic 
strategy to limit endothelial activation without affecting angio-
genic tissue remodeling.

In conclusion, our results provide the first data to our knowl-
edge linking endothelial Nck1 signaling to atherogenic endothelial 
activation and atherosclerotic plaque development. Furthermore, 
we identified the Nck1 SH2 domain and IRAK-1 as critical media-
tors of atheroprone flow-induced NF-κB activation and proinflam-
matory gene expression. Taken together, our findings extend our 
current understanding of endothelial cell activation in response to 
atheroprone hemodynamics and identify inhibition of Nck1 as a 
potential future therapeutic approach to treating atherosclerotic 
cardiovascular disease.

Methods
Cell culture, plasmids, and RNA interference. HAECs (CELL Appli-
cations) were maintained in MCDB131 containing 10% (v/v) fetal 
bovine serum and supplemented with bovine brain extract (24 μg/
mL), 2 mmol/L-glutamine, 10 U/mL penicillin, and 100 μg/mL 
streptomycin. Cells were used between passages 6 and 10. HAEC 
transformation was induced by transduction of HAECs with a len-
tiviral vector expressing SV-40 T-antigen, as previously reported 
(45). MAECs from Nck1+/+ Nck2fl/fl and Nck1–/– Nck2fl/fl (gift of the 
late Tony Pawson, Samuel Lunefeld Research Institute, Toronto, 
Canada) were isolated from aortic rings as previously described (46) 
and the cells were kept in MCDB131 containing 10% (v/v) media. To 
induce Nck2 KO or DKOs, the cells were infected with adenovirus 
expressing either GFP (1 × 108 PFU/mL) or GFP-2A-iCre (improved 
mammalian expression, conjugated to GFP, 2 × 108 PFU/mL; Vec-
tor Biolabs) and sorted for GFP positivity. For shRNA delivery, the 
lentiviral vector used was pLV-(shRNA)-mCherry:T2A:Puro-U6 
(Nck1 target sequence: GGGTTCTCTGTCAGAGAAA; Nck2 tar-
get sequence: CTTAAAGCGTCAGGGAAGA; VectorBuilder) with 
third-generation lentiviral components provided from Addgene; 
pMD2.G (plasmid 12259), pRSV-Rev (plasmid 112253), pMDLg/
pRRE (plasmid 112251); all were deposited by Didier Trono (47). 
The resulting plasmids were used to package lentiviruses and infect 
target cells. Transfection with SMARTpool siRNAs targeting Nck1 
(L-006354, IDT) and Nck2 (L-019547, IDT) was performed using 
Lipofectamine 3000 (Invitrogen) according to the manufacturer’s 
recommendations. CRISPR/Cas9 deletion of Nck1 and Nck2 used 
double-guide RNA (dgRNA) sequences targeting Nck1 (GTCGT-
CAATAACCTAAATAC), Nck2 (TGACGCGCGACCCCTTCACC), 
or scrambled sgRNA (GCACTACCAGAGCTAACTCA). The lentivi-
ral vectors encoding the full-length Nck1 and Nck2 were generated 
in the pLV-EXP-mCherry:T2A:Puro-CMV>Nck vector. The domain-
swap experiments used pLV-EXP-mCherry:T2A:Puro-CMV>Nck 
constructs containing Nck1 SH2 and Nck2 SH3 domains or Nck2 
SH2 and Nck1 SH3 domains. Point mutations in Nck1 SH2 and SH3 
domains were generated by the Redox Molecular Signaling Core 
(COBRE Center for Cardiovascular Diseases and Sciences, LSU 
Health Sciences Center, Shreveport, Louisiana, USA). Nck1 domain 
point mutations were verified by cloning PCR and sequencing (Euro-
fins Genomics) before being used for experiments.

and facilitate its coupling to downstream signaling components 
to activate NF-κB by disturbed flow. Indeed, phospho-IRAK-1 
was reduced when Nck1 was deleted in our in vitro and in vivo 
systems, suggesting that in endothelial cells Nck1 is an upstream 
mediator of IRAK-1 activation.

Significantly, phospho-IRAK-1 and Nck1 show enhanced 
staining within the endothelium in early human atherosclerosis.  
In line with this finding, a genome-wide association study in 
34,541 coronary artery disease patients of European biobanks 
identified Nck1 as a novel coronary artery disease suscepti-
bility locus (18). To our knowledge, these data provide the first 
description of Nck1’s potential role in regulating this enhanced 
susceptibility. However, the pathways upstream of disturbed 
flow–induced Nck1/IRAK-1 signaling remain unknown. Poten-
tial activators of Nck1/IRAK-1 signaling include direct recruit-
ment and activation by mechanosensitive signaling pathways 
or indirect activation by secretion of IL-1R/TLR ligands. Other  
groups have shown inflammasome activation and IL-1β pro-
cessing in response to disturbed flow (40), and disturbed 
flow–induced TLR4 signaling has been shown to correlate with 
enhanced deposition of fibronectin containing the EIIIA domain 
predicted to bind TLR4 (41). Interestingly, both disturbed flow–
induced inflammasome activation and induction of fibronectin 
EIIIA deposition require the fibronectin-binding integrin 5β1 
(40, 42). However, additional research will be needed to identify  
the upstream pathways mediating Nck1/IRAK-1 activation in 
response to disturbed flow.

Owing to its known role in vasculogenesis and angiogenesis, 
Nck1/2 signaling was previously viewed as a poor target to treat 
atherosclerotic cardiovascular disease. A blocking peptide mim-
icking the Nck1/2 SH3.2 (second SH3) domain reduces angiogen-
esis in vivo (43), blunts vascular permeability in models of isch-
emia/reperfusion injury (15) and atherosclerosis (44), and limits 
inflammation in atherosclerosis and LPS-induced lung injury 
(39, 40). However, targeting both Nck1 and Nck2 with this inhib-
itor is unlikely to be beneficial in treating atherosclerotic disease, 
as the inhibitor would limit angiogenesis in ischemic regions 
affected by the plaque. Our findings suggest the possibility of 
selectively targeting Nck1 to limit plaque-associated inflam-

Figure 6. Nck1 deletion from vascular wall, but not hematopoietic cells, 
has atheroprotective effect. Nck1-WT (WT) and Nck1-KO mice were irradi-
ated and received bone marrows from either Nck1-WT or Nck1-KO mice. Two 
weeks after irradiation, the 4 groups of mice were fed HFD for 12 weeks. (A) 
Representative en face morphometric images of total aortic lesion area and 
(B) calculated whole aortic atherosclerosis (percentage of the total surface 
area). Scale bar: 1 mm. (C) Representative images of H&E-stained ath-
erosclerotic carotid artery and (D) quantification of carotid atherosclerotic 
area among experimental groups. (E–G) Analysis of plaque cellular content 
following staining for macrophages (Mac-2+, green), and smooth muscle 
cells (α-smooth muscle actin+ [SMA+], purple). (H) H&E staining of brachio-
cephalic arteries (BCAs) after HFD feeding in WT→WT, WT→KO, KO→WT, 
and Nck1-KO→Nck1-KO mice. (I) Quantification of atherosclerotic burden 
in BCAs among experimental groups. (J) Plaque composition assessed 
by staining for macrophages (Mac-2+) and smooth muscle cells (SMA+) in 
brachiocephalic lesions. (K) Quantification of Mac-2+ and (L) SMA+ areas in 
BCAs. Data are the mean ± SEM, n = 4–11/group. *P < 0.05; **P < 0.01; ***P 
< 0.001; ****P < 0.0001 by 1-way ANOVA and Tukey’s post hoc test. NS, not 
significant. Scale bars: 100 μm (C, E, H, and J).
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for 18 hours. Chronic laminar shear stress was induced by subjecting 
the cells to 12 dynes/cm2 for 18 hours. After cessation of flow, the cells 
were rapidly lysed using 2× Laemmli buffer for Western blot, TRIzol 
(Thermo Fisher Scientific) for qRT-PCR, or fixed in 4% (v/v) formal-
dehyde for immunostaining.

Western blot. Proteins in the cell lysates were separated using 
SDS-PAGE gels and transferred to PVDF membranes (Bio-Rad). 

Induction of acute-onset and chronic shear stress in vitro. Shear 
stress experiments were performed using parallel-plate flow cham-
bers, as we previously published (48, 49). To test the early onset of the 
proinflammatory endothelial activation, cells were subjected to acute 
shear stress (12 dynes/cm2) for up to 45 minutes. Static cell culture 
was used as a negative control. OSS was induced using a syringe pump 
(±5 dynes/cm2 with a superimposed 1 dyne/cm2 for waste exchange) 

Figure 7. Nck1 regulates shear stress–induced inflammation via its SH2 domain and the first of its 3 SH3 domains. (A) Schematic showing the domain 
structure of Nck1 and Nck2 and the 2 chimeras consisting of Nck1 SH2/Nck2 SH3.1–SH3.3 and Nck2 SH2/Nck1 SH3.1–SH3.3. (B) Western blot analysis show-
ing comparable transduction efficiency of the Nck1/2 chimeras after transducing the constructs into Nck1/2-DKO cells. n = 3. (C and D) Nck1/2-DKO HAECs 
were transduced with the constructs in A, and OSS-induced proinflammatory signaling (p-NF-κB Ser536) and gene expression (VCAM-1) were assessed. (E) 
Schematic of Nck1 SH3 domain point mutations, and (F) Western blot analysis showing the efficiency of reexpression of different Nck1 mutants in Nck1/2-
DKO HAECs. (G–I) Nck1/2-DKO HAECs were transiently transfected with Nck1 or Nck1 variants described in E, and OSS-induced proinflammatory signaling 
and gene expression assessed as indicated above. Data are from n = 4–6 and presented as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001 by 2-way ANOVA followed by Bonferroni’s post hoc test. NS, not significant.
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Figure 8. Nck1 interacts with IRAK1, and IRAK1 activation requires Nck1 in response to shear stress. (A) Immunoblotting showing Nck1 and IRAK-1 coim-
munoprecipitation (Co-IP), confirming Nck1 and IRAK-1 interaction and that it is shear stress dependent. (B and C) Graphical representation of the levels 
of p-IRAK-1 in Nck-1 Co-IP and Nck1 levels in IRAK-1 Co-IP showing statistical significance after shear stress. Data are from n = 4 and are presented as the 
mean ± SEM. *P < 0.05, **P < 0.01 by 1-way ANOVA  and Tukey’s post hoc test. (D and E) Human aortic endothelial cells (HAECs) were subjected to laminar 
shear stress (LSS; 10 dynes/cm2, 18 hours) or oscillatory shear stress (OSS; ±5 dynes/cm2 with 1 dyne/cm2 forward flow, 18 hours). Cell lysates were assessed 
using Western blotting for Nck1, p-IRAK-1, and IRAK-1 levels. GAPDH was used a loading control. Representative blots from n = 4. Data were analyzed by 
2-way ANOVA followed by Bonferroni’s post hoc test. (F) Schematic representation of the pathway activation. (G) Lentiviral shRNA–transduced HAECs were 
subjected to shear stress (±5 dynes/cm2 with 1 dyne/cm2 forward flow, 18 hours). Cell lysates were assessed using Western blotting for p-IRAK-1 and IRAK-1 
levels. GAPDH was used a loading control. Representative blots from n = 4; data presented as the mean ± SEM. **P < 0.01 by 2-way ANOVA followed by  
Bonferroni’s post hoc test. (H) Immunostained ligated left carotid arteries from iEC-Control, Nck1-KO, iEC-Nck2-KO, and iEC-Nck1/2-DKO mice. p-IRAK-1 
(red), predominately within the endothelium (vWF+, green), is reduced in Nck1-KO mice. Scale bar: 200 μm. (I) Graphical quantification showing the signifi-
cance of the data from H. Data presented as the mean ± SEM. ***P < 0.001;****P < 0.0001 by 1-way ANOVA and Tukey’s post hoc test.
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Figure 9. IRAK1 deletion ameliorates shear stress–induced activation. (A) HAECs were treated with or without IRAK-1 siRNA and subjected to oscillatory 
shear stress (OSS, 18 hours). Cell lysates were analyzed for VCAM-1, ICAM-1, and p-NF-κB using Western blotting. (B) Quantification of ICAM-1, VCAM-1, 
and p-NF-κB showing significant reduction in IRAK-1–depleted cells. Densitometric analysis was performed using ImageJ. Data are presented as the mean 
± SEM. ***P < 0.001, ****P < 0.0001 by 2-way ANOVA followed by Bonferroni’s post hoc test. (C) Type I human atherosclerotic lesions were stained for 
p-IRAK-1 and Nck1, and vWF was used as an endothelial marker. (D) Healthy coronary sections were stained for p-IRAK-1, Nck1, and vWF. Dashed marks 
indicate internal elastic lamina. Scale bars: 100 μm. Images analyzed using NIS Elements software, from n = 5 postmortem biopsy samples.
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their water for 2 weeks and at 4 weeks after radiation; 4 groups of mice 
received HFD for an additional 12 weeks.

For atherosclerosis studies, mice were fed HFD and their body 
weights were monitored weekly. After the duration of the study (12 
weeks), mice were euthanized by pneumothorax under anesthesia 
(isoflurane/O2 4% [v/v]) and blood was collected by inferior vena cava 
puncture into heparinized collecting tubes. Plasma was collected fol-
lowing centrifugation at 500 g for 5 minutes. Tissues were collected 
and stored in 10% (v/v) formalin until analysis.

Lipid analysis. Plasma total cholesterol, high density lipoprotein, 
and triglycerides were analyzed using commercially provided kits, as 
previously described (42).

Assessment of atherosclerotic lesions. The extent of atherosclerosis 
was assessed in the whole aorta by an en face method (45, 53). Lesion 
areas were analyzed using NIS Elements software (Nikon) and quan-
tified as percentage of the total surface area. A second assessment of 
atherosclerosis was conducted in serial cross-sectional aortic roots, 
right carotid sinus, left carotid sinus, and brachiocephalic arteries, as 
described previously and according to the AHA recommendation (45, 
52). Within each staining regimen, atherosclerotic sections were taken  
from multiple sites equidistant from an anatomical landmark (initi-
ation of aortic valve leaflets, brachiocephalic branching point from  
aortic arch, or carotid bifurcation).

Immunostaining. For immunofluorescent immunocytochemistry 
(IF-C), cells were fixed in 4% (v/v) formaldehyde/PBS for 10 minutes 
and then permeabilized with 0.1% (v/v) Triton X-100 for 5 minutes. 
After blocking (10% [v/v] horse serum/1% [v/v] BSA/PBS for 1 hour), 
the cells were stained with corresponding primary antibody (Supple-
mental Table 1, IF-C). For nuclear p65 quantification, at least 100 cells 
were counted in at least 3 random fields per experimental condition 
from 4 independent experiments. For immunohistochemistry (IHC-
IF), tissue was fixed with 10% (v/v) formalin, embedded in paraffin, 
and sectioned into 5-μm sections as we previously published (45). 
Heat-mediated antigen retrieval pretreatment using 10 mM sodium 
citrate buffer (Vector Biolabs) was used. All primary antibodies (Sup-
plemental Table 1, IHC-IF) were incubated at 4°C overnight. Images 
were captured with a Nikon microscope and analyzed using NIS Ele-
ments software. Analysis of positively stained areas was done within 
each atherosclerotic lesion. Areas outside the internal elastic lamina 
were excluded from quantification, with the exception of assessing 
adventitial macrophage area.

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

Plasma cytokine analysis. Freshly isolated plasma was rapidly col-
lected as previously published (42) and cytokine levels were assessed 
using LEGENDplex (BioLegend, catalog 740446) according the man-
ufacturer’s recommendations. Data analysis was performed using 
LEGENDplex v8.0 software.

Statistics. Data are presented as mean ± SEM and were analyzed 
using GraphPad prism software (version 8.4). Data were first test-
ed for normality using the Shapiro-Wilk test. Data showing a nor-
mal distribution were assessed for significance using the following  
multiple-comparisons tests: 1-way ANOVA followed by Tukey’s post 
hoc test or 2-way ANOVA and Bonferroni’s post hoc test. Data that 
did not show a normal distribution were analyzed using the non-
parametric Kruskal-Wallis test. Statistical significance was achieved 
when P was less than 0.05.

After blocking nonspecific binding with 5% (w/v) nonfat dry milk in 
TBS/0.1% (v/v) Tween 20, the membranes were incubated with pri-
mary antibodies (see Supplemental Table 1 for details) at 4°C over-
night. After secondary antibody incubation and chemiluminescence, 
densitometry was analyzed using NIH ImageJ software. See complete 
unedited blots in the supplemental material.

Quantitative real-time PCR. Total RNA was extracted from mouse 
carotid arteries using TRIzol as described previously (26), and HAECs 
of Nck1- and Nck2-knockdown and -KO cells. Reverse transcription 
was performed with an iScript kit (Bio-Rad, 1708890). qRT-PCR was 
performed using SYBR Green Master Mix (Bio-Rad, 1708882), and 
gene expression was quantified using the ddCt method. The gene 
expression was normalized to RPL13a and B2M (see Supplemental 
Tables 2 and 3).

Mouse experiments. The mice were housed at the LSU Health 
Sciences Center animal care facility under a standard 12-hour 
light/dark cycle and fed with standard rodent chow and water 
ad libitum. Sample size was determined for each experiment. 
ApoE–/– mice on the C57BL/6J background were purchased from 
the Jackson Laboratory. Mice containing alleles for global Nck1 KO 
(Nck1–/–) and conditional Nck2 deletion (Nck2fl/fl) were a gift from 
Tony Pawson (50), and mice containing the vascular endothelial  
(VE) cadherin–driven tamoxifen-inducible Cre (VE-Cadherin 
CreERT2) (51) were provided by Luisa Iruela-Arispe (UCLA, Los 
Angeles, California, USA). Mice were crossed with ApoE–/– mice 
to produce iEC-Control mice (ApoE–/–, VE-cadherin CreERT2tg/?), 
Nck1-KO mice (ApoE–/–, VE-cadherin CreERT2tg/?, Nck1–/–), iEC-
Nck2-KO mice (ApoE–/–, VE-cadherin CreERT2tg/?, Nck2fl/fl), and 
iEC-Nck1/2-DKO mice (ApoE–/–, VE-cadherin CreERT2tg/?, Nck2fl/fl,  
Nck1–/–). In humans, males show a higher predisposition to ath-
erosclerosis compared with premenopausal females (52). How-
ever, female ApoE-KO mice show higher levels of plaque forma-
tion, suggesting that these mouse models poorly model the sexual 
dimorphisms observed in humans (52). Because previous studies 
using the PAK-Nck blocking peptide were performed in male mice 
(15), we focused the current study on male mice. Male mice at 8–10 
weeks old were intraperitoneally injected with tamoxifen (1 mg/
kg, MilliporeSigma) for 5 consecutive days to induce Cre nuclear  
translocation and gene excision. After a 2-week recovery, the 4 
groups of animals were either subjected to PCL surgery as we pre-
viously reported (26) or fed HFD (TD 88137, Harlan-Teklad) for 
12 weeks to induce spontaneous atherosclerotic plaque formation. 
For PCL, after induction of anesthesia (4% [v/v] isoflurane/O2), 
the left external carotid (below the superior thyroid artery), inter-
nal carotid, and occipital arteries were ligated with 6-0 sutures, 
whereas the right carotid artery was left unligated and served as 
an internal control. Disturbed flow within the left common carotid 
artery below the ligation was confirmed using Doppler ultrasound 
(VisualSonics VEVO3100 System), as previously described (27). 
Mice were euthanized either 48 hours after ligation surgery for 
TRIzol flush and intimal/medial and adventitial mRNA isolation 
or 7 days after ligation surgery for immunohistochemistry.

For bone marrow transplant experiments, Nck1-WT or Nck1-KO 
mice at 8–10 weeks were irradiated with 2 cycles of irradiation (5.25 
Gy each cycle) and then received 2 × 106 bone marrow cells by retro- 
orbital injection from donor mice (Nck1 WT or Nck1 KO). The animals 
were maintained on 0.2% (w/v) neomycin sulfate (MilliporeSigma) in 
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