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Nck1is a critical adaptor between proatherogenic blood
flow, inflammation, and atherosclerosis
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A link between disturbed blood
flow and inflammation

Endothelial cells (ECs) form the inner
lining of blood vessels, acting as both a
protective barrier and sensor for detecting
changes in blood flow. When ECs are
exposed to unidirectional steady flow
(s-flow) that occurs in straight parts of
vessels such as the thoracic aorta, there
is relatively little atherosclerosis. In con-
trast, at curved parts of vessels such as
the coronary cusp and the inner curvature
of the aorta, flow is slower and turbulent,
which is referred to here as disturbed
(d-flow). These regions of d-flow are
much more prone to atherosclerosis than
s-flow. Over the last decade, it has become
clear that atheroprone regions of d-flow
occur due to both loss of atheroprotective
signals from s-flow and increased athero-
prone signals from d-flow. Inflammation
appears to be the major player in the dif-
ferent flow signaling pathways.
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Atherosclerosis is an inflammatory condition of the arteries that has
profound incidence and increasing prevalence. Although endothelial cells
detect changes in blood flow, how endothelial activation contributes to
atherogenic inflammation is not well understood. In this issue of the JCI,
Alfaidi et al. used mouse models to explore flow-induced endothelial
activation. The authors revealed a role for Nck1 and a specific activator of the
innate immune response, the downstream interleukin receptor-associated
kinase-1 (IRAK-1) in NF-kB-mediated inflammation and atherosclerosis
susceptibility. These results link disturbed blood flow to NF-xB-mediated
inflammation, which promotes atherosclerosis, and provide Nck1 as a
potential target for the treatment of atherosclerosis.

In this issue of the JCI, Alfaidi et al.
examine a pair of highly related signaling
adaptors, Nckl and Nck2, in ECs under
d-flow and revealed a unique role for Nck1
in binding to interleukin receptor-asso-
ciated kinase-1 (IRAK-1), an activator of
the innate immune response (1). IRAK-1
stimulation of NF-kB increased expres-
sion of proinflammatory leukocyte adhe-
sion factors and NF-kB-dependent cyto-
kines, establishing a link between d-flow
and inflammation. Further, the authors
showed that in a mouse model of athero-
sclerosis, removal of Nck1 in ECs blocked
development of atherosclerosis. More-
over, in human carotid artery plaques,
ECs expressed abundant Nckl and active
IRAK-1. These data highlight the impor-
tance of Nckl and IRAK-1 activation by
d-flow and other circulating mediators,
and reveal another mechanism for cardio-
vascular disease. The proinflammatory
and proatherosclerotic role for Nckl in
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ECs exposed to d-flow is consistent with
human data from a large 2018 GWAS
study, which identified Nck1 as a coronary
artery disease susceptibility locus (2).

Noncompensatory roles

of Nck1and Nck2 in
inflammation

Nckl and Nck2 are paralogous adap-
tor proteins with essential and initially
redundant functions via the EC lineage
in embryonic blood vessel and heart
development (3). Originally, these adap-
tors were thought primarily to connect
receptor tyrosine kinases (RTKs) to actin
cytoskeleton regulators (4, 5). In Alfaidi
et al., the authors demonstrate that in
Nckl-depleted ECs under d-flow, NF-«B
activation is attenuated; in contrast,
Nck2 depletion has little effect (1). These
data are consistent with the authors’ pre-
vious work, which identified a require-
ment for Nckl1, but not Nck2, in oxida-
tive stress-induced EC permeability
(6) and in recruitment of p21-activated
kinase-2 (PAK2) to PECAM-1 (7). Thus,
a major contribution of the authors’
present work is their identification of
Nckl as a mediator of d-flow-induced
endothelial inflammation, highlighting
a clearly nonredundant functional dif-
ference between Nck1 and Nck2.

A model that incorporates the major
findings of Alfaidi et al. (Figure 1) shows
that under s-flow, there is no signaling
by the Nck1/IRAK-1/NF-kB p65 pathway
(1). Under s-flow, the flow sensor, which
is probably an RTK, likely remains unac-
tivated. Alternatively, the RTK binds and
inhibits Nckl. In d-flow, the RTK binds
Nck1 and activates the Nck1 proinflamma-
tory pathway, and/or Nck1is released from
the membrane.

Nck1, d-flow, atherosclerosis,
and NF-«xB activation

Nckl regulates at least 3 key pathways
involved in progression of atherosclero-
sis. First, previous work by the Orr labo-
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Figure 1. Flow-dependent regulation of Nck1 adaptor and IRAK-1. (A) In endothelial cells (ECs) under
steady laminar flow (s-flow), homeostatic mechanisms are activated: flow mechanosensors include
ion channels (e.g., TRPV4, TRPC1, Piezo1/2), G protein-coupled receptors and heterotrimeric G proteins
(Gag/11), and the primary cilium; the junctional complex (containing Vegfr2/FIk-1, VE-cadherin, and
PECAM-1) detects EC-EC junctions, and the basal mechanosensors (integrin receptors) linked to the
extracellular matrix detect adhesion. Receptor tyrosine kinases (RTKs) present in ECs are EGFR, Fgfr-1,
and Vegfr2; the SH2 domains of Nck1and 2 may bind to RTKs. In s-flow, downstream of flow sensors
and RTK, the kinases MEKK2/3 activate MEK5 and phosphorylate ERKS5, which activates transcription
factors KLF-2/KLF-4, leading to increases in eNOS and VEGFR2 to promote quiescence. (B) A sim-
plified diagram of ECs under disturbed flow (d-flow) focuses on the Nck/IRAK-1 pathway to inflam-
mation. An unknown mechanosensor signals to promote the binding of Nck1 to IRAK-1 under d-flow,
which may involve Nck1 binding to PECAM-1 (5). Nck1 was shown previously to bind to the kinase PAK2
(6). The direct interaction with Nck1 leads to IRAK-1 phosphorylation, possibly by PAK2, to become
active. p-IRAK-1then phosphorylates IxB kinase (IKK), which in turn phosphorylates IxB and p65; kB
releases p65, which translocates to the nucleus to upregulate proinflammatory gene expression (e.g.,

VCAMT, ICAM1, IL-1, IL-6, and MCP-1).

ratory demonstrated that Nckl binds to
PECAM-1 in the adhesion junction com-
plex to regulate vascular permeability (6,
7). Vascular permeability is increased by
d-flow, allowing uptake of low-density
lipoproteins (LDLs) and other plasma
components that stimulate inflamma-
tion in the vessel wall (8, 9). These data
provide a direct link between Nck1 bind-
ing to PECAM-1 and LDL deposition

in the intima (10). Second, both Chen
et al. and Alfaidi et al. demonstrated
that Nckl, but not Nck2, increases oxi-
dative stress in ECs, which decreases
nitric oxide, promoting EC dysfunction
(11). Third, Nckl is a major regulator of
d-flow-mediated NF-xB signaling, as
shown by Alfaidi et al., who demonstrated
that knockdown of Nck1/2, or loss of
Nck1 alone, in ECs under d-flow attenu-
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ated NF-«B signaling and EC activation in
vitro (1). Furthermore, the authors found
in ligated carotids (a model for d-flow)
of Nck1-KO and EC-Nck1/2-DKO mice
that Nckl was specifically required for
EC activation, as measured by decreased
expression of proinflammatory VCAM-1,
ICAM-1, and Mac-2 in d-flow.

Together, the present results linking
d-flow to Nckl1, and Nckl to IRAK-1 in the
activation of IkB kinase (IKK) in NF-«xB
signaling, define a new pathway of
flow-mediated inflammation. Because
IRAK-1 phosphorylation/activation in ECs
depends on the presence of Nckl, a major
contribution by Alfaidi and coauthors was
to show Nck1 as a pivotal point in this path-
way. Thisstudy emphasizesthat multifunc-
tional adaptors represent key signaling
hubs that participate in transducing both
homeostatic EC function (quiescence)
and stimulation of multiple pathologic
events (inflammation, permeability, and
oxidative stress) (1, 12).

Inflammation and NF-«xB
activation by IRAK-1/IRAK-4
IRAK-4 is the endogenous activator of
IRAK-1, a critical kinase upstream of
NF-«B activation (13). Following activa-
tion of IL-1R or TLR, MyD88 binds to the
receptor complex, and then to IRAK-4,
which recruits and phosphorylates IRAK-1
to activate it in the myddosome complex.
Subsequent recruitment of TRAF6 leads
to activation of IKK, p65 nuclear trans-
location, and expression of the proin-
flammatory phenotype (14, 15). IRAK-1
activity is directly inhibited by Shp-1
phosphatase, which in turn suppresses
NF-«B activation (16).

The findings by Alfaidi et al. that (a)
Nckl and p-IRAK-1 interact under shear
stress, and (b) p-IRAK-1 levels increase
in ECs following carotid ligation, place
IRAK-1 in the d-flow-response pathway in
ECs in vivo (1). Additionally, loss of IRAK-1
in ECs decreases NF-kB activation and
downstream proinflammatory expression
of VCAM-1 and ICAM-1, which clearly
identifies IRAK-1 as a downstream effector
of Nck1 in d-flow-mediated EC inflamma-
tion (1). It would be interesting to observe
how the effects of loss of EC IRAK-1 com-
pare with loss of EC Nck1 in d-flow and in
a model of atherosclerosis. Is IRAK-1 the
only signaling factor between Nckl and
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NF-«B activation in flow-responsive sig-
naling, and what are the specific upstream
regulators for IRAK-1in EC flow signaling?

Future directions for endothelial
Nck adaptors and IRAK-1

Although the Alfaidi et al. study clearly
places endothelial Nck1 upstream of IRAK-1
in the d-flow-response pathway to inflam-
mation and atherosclerosis susceptibility
(Figure 1), there are several questions
that remain unanswered (1). What is the
flow-sensing receptor upstream of Nck1?
Is PECAM-1 relaying the signal to Nckl in
d-flow, or some other tyrosine-phosphor-
ylated mechanosensor? The known inter-
action of Ncks with RTKs IL-1R, IRS-1, and
EGFR points to their potential importance
in the Nck-regulated d-flow-mediated path-
way. Further, the study of Nck interactors by
Jacquet et al. should provide candidates for
future research (17). The relative contribu-
tion of each Nck to different d-flow-respon-
sive proinflammatory pathways remains
to be elucidated. In addition, does Nckl
promote EC inflammation by suppressing
s-flow signaling (e.g., KIf2/Klf4 expression)
in parallel with its proatherogenic d-flow
signaling? Alternatively, does Nckl serve
different roles in s-flow versus d-flow? Nck1l
is known to regulate EC polarity and coordi-
nate VEGF-A/Sit2 signaling (18), indicating
a vital function in nonactivated ECs. And
finally, are other adaptors playing critical
roles in mediating the integration of s-flow
and/or d-flow signals? Future studies to
identify key integration points between sig-
naling pathways will allow us to more clearly
understand the coordinated responses of
ECs to atherogenic stimuli.
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