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L ining the innermost layer of blood vessels, the endothe-
lium is in direct contact with circulating blood elements

and, consequently, is affected by mechanical forces gener-
ated by blood flow. Among these forces, fluid shear stress
site-specifically regulates endothelial cells (ECs): In regions
where the flowing blood is multidirectional (low shear stress
or disturbed flow), ECs are activated and atherosclerotic
plaque is detected; in regions where the flowing blood is
unidirectional (high shear stress or laminar flow), ECs are
normal and atherosclerotic plaque is not detected. These 2
flow patterns differently trigger changes, not only morpholo-
gies and functions but also biochemical and biological events
of ECs.1 Responding to high shear stress, ECs release
vasoactive substances including prostacyclin, EC-derived
hyperpolarizing factor, and nitric oxide (NO)—important
factors that mediate EC-dependent vasodilation. NO increases
the production of 30, 50-cGMP, subsequently activates cGMP-
dependent protein kinase in vascular smooth muscle cells.
Consequently, ECs orchestrate vascular tone and vascular
homeostasis.2 Accordingly, EC dysfunction contributes to a
number of diseases, including atherosclerosis.3

Mechanosensory Pathways and Ion Channels
Several mechanosensory pathways such as PECAM-1
(platelet endothelial cell adhesion molecule 1)/vascular
endothelial cadherin/VEGFR2 (vascular endothelial growth

factor receptor 2)/VEGFR3 (vascular endothelial growth
factor receptor 3) have been proposed in ECs. One of the
important mechanosensory pathways is formed by groups of
ion channels including P2X receptors, TRPV4 (transient
receptor potential cation channel subfamily V member 4),
the epithelial Na+ channel, and Piezo1 (piezo-type
mechanosensitive ion channel component 1)/Piezo2 (piezo-
type mechanosensitive ion channel component 2). These
channels have a crucial role in regulating early Ca2+ sparklets
(localized Ca2+ influx) and subsequently increase NO by
upregulating Akt (protein kinase B) and PKA (protein kinase
A). In addition, voltage-insensitive small- and intermediate-
conductance Ca2+-activated K+ channels are also activated by
Ca2+ channels with outward-rectifying (with outward current)
Cl� channels, leading to membrane hyperpolarization. Inter-
estingly, Piezo1 regulates ATP secretion from ECs and
upregulates NO synthesis by activating the Gq/G11-coupled
purinergic receptor of P2Y2.4

Cholesterol Loading, Kir2.1, and EC
Dysfunction
In addition to Ca influx, the contribution of K+ channels in
regulating shear stress–induced EC hyperpolarization has been
reported. The Kir2.1 isoform is the major K+ channel in the
endothelium of mesenteric resistance arteries.5,6 Kir2.1 plays a
crucial role in shear stress–induced vasodilation through an
NO-dependent mechanism. Shear stress–induced Kir2.1 acti-
vation upregulates Akt kinase activity and subsequently
induces vasodilation via endothelial NO synthase activation.5

EC-specific Kir2.1 knockdown mice exhibit reduced TRPV4-
dependent vasodilatation.6 The elevation of lipid levels in blood,
namely, hyperlipidemia or hypercholesterolemia, is a major risk
factor for EC dysfunction and atherosclerosis.7,8 Elevated levels
of lipid in blood decrease NO bioavailability, impair
EC-dependent vasodilation, and activate mechanisms that
cause EC dysfunction and subsequent atherosclerotic plaque
formation. Of note, it has been reported that cholesterol loading
inhibits EC K+ channels9; however, the actual role of Kir2.1 in
regulating cholesterol loading-induced EC K+ channel activation
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and subsequent EC dysfunction and atherosclerosis formation
remains to be examined.

In this issue of Journal of the American Heart Association
(JAHA), Fancher et al have assessed the functional role of
cholesterol-mediated Kir2.1 channel suppression in a model
of hypercholesterolemia by performing patch clamp analyses
on isolated mouse ECs.10 The authors presented experimental
evidence demonstrating that Kir2.1 suppression is a con-
tributing factor in the impairment of shear stress–mediated
NO bioavailability and EC-dependent vasodilation induced by
hypercholesterolemia. When loading ECs isolated from the
resistance arteries with cholesterol using modified low-
density lipoproteins, the shear stress–mediated increase of
Kir2.1 current was inhibited. In microvascular ECs treated
with acetylated low-density lipoprotein or ECs isolated from
hypercholesterolemic apolipoprotein E–deficient (ApoE�/�)
mice, shear stress–induced Kir2.1 currents were significantly
suppressed while the Kir2.1 protein expression level remained
intact. In both scenarios, the suppression of Kir2.1 currents
was rescued when cholesterol was removed by using methyl-
b-cyclodextrin, confirming the role of cholesterol in suppress-
ing Kir2.1 currents. In addition, the authors found that the
shear stress–induced NO production and vasodilation of
mesenteric arteries were impaired by cholesterol in Kir2.1+/
�/ApoE�/� but not Kir2.1+/+/ApoE�/� mice. This impaired
Kir2.1 current observed in Kir2.1+/�/ApoE�/� mice was
irreversible even if cholesterol was removed. Importantly, in
this setting, the small- and intermediate-conductance Ca2+-
activated K+ channel function appears largely intact. With
these findings, the authors suggest that the reduction of
Kir2.1 current is a key event in hypercholesterolemia-induced
reduction of NO production and vasodilation under shear
stress. Last, the authors found that reduced Kir2.1 expression
in the hypercholesterolemic setting (Kir2.1+/�/ApoE�/�) led
to an increase in atherosclerotic lesion formation, particularly
in the atheroresistant area in the descending aorta. These
data suggest the key role of Kir2.1 in hypercholesterolemia-
induced EC dysfunction and atherosclerosis formation.

Posttranslational Modification of Kir2.1 and
Lipidation
Because the authors could not find any change of Kir2.1
expression by shear stress and cholesterol loading, it is most
likely that posttranslational modification of Kir2.1 may have
some contribution for this activity change. The authors’ group
showed the possible role of direct binding of cholesterol with
Kir2.1 in regulating its function and sensitivity (Figure 1).11

But especially under the condition of shear stress, posttrans-
lational modification of Kir2.1 may have a significant role in
regulating Kir2.1 function. The Swiss-Prot knowledge data-
base (https://www.nextprot.org/entry/NX_P63252/seque

nce) and the PhosphoSitePlus database (https://www.phos
phosite.org/proteinAction.action?id=18795&showAllSites=
true) list the following 5 co- or posttranslational modification
sites in human Kir2.1 (KCNJ2 [potassium voltage-gated
channel subfamily J member 2]): (1) N-myristoyl glycine
(MG2SVRTNR), (2) phosphoserine (S10), (3) phosphotyrosine
(Y242), (4) phosphoserine (S425), and (5) S-nitrocyteine
(TTC76VDIRW; Figure 1).

Lipidation
Mixtures of lipid and proteins are the major components of
biological cell membranes. The proteins can be directed to the
cell membrane by co- or posttranslational modifications with
specific lipids, which is called lipidation. Several lipidation
processes have been reported on the basis of the identity of
the attached lipids such as N-myristoylation, S-palmitoylation
(S-acylation), S-prenylation, and the glycosylphosphatidylinos-
itol anchor.12 N-myristoylation is an important lipid modifica-
tion of proteins containing a saturated acyl group of 14
carbons attached to the NH2-terminal glycine via an amide
bond after cleavage of the initiating methionine. This process
is catalyzed by N-myristoyl transferase, which recognizes a
general consensus myristoylation sequence of glycine-X-X-X-
(serine/threonine/cysteine) containing the NH2-terminal gly-
cine. This modification is generally regarded as cotransnla-
tional and as a constitutive process, but it can occur
posttranslationally. Caspase activation during apoptosis, for
example, cleaves an internal glycine residue of the proapop-
totic protein Bid and increases its N-myristoylation posttrans-
lationally, leading to Bid mitochondrial translocation and
subsequent apoptosis. It has been reported that cholesterol
loading itself did not show any effect on EC apoptosis, but

Figure 1. Scheme of Kir2.1 with posttranslation modification
sites and cholesterol recognition regions.
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cholesterol oxides (oxysterols) can increase EC apoptosis.13

Because flow can increase ONOO�, it is possible that
cholesterol loading under flow increases oxysterols and
induces EC apoptosis, which increases caspase activity and
subsequently upregulates N-myristoylation of Kir2.1
and changes Kir2.1 function.

Phosphorylation (Y242 and S425)
Hinard et al14 and Zhang et al15 reported that protein tyrosine
kinase inhibitors inhibit Kir2.1 currents, and the mutation of
Y242 downregulates this inhibition. Vega et al have reported
that PKA inhibits outward Kir currents, which were eliminated
by the Ser425 mutation.16 The increases in activation of
various tyrosine kinases and cAMP/PKA signaling after shear
stress have been reported. Consequently, the contribution of
Y242 and S425 phosphorylation by shear stress to Kir2.1
activation remains unclear.

Phosphorylation (S10)
This site was detected by mass spectometry as the substrate
of AMPK.17 Although the functional consequence of Kir 2.1
S10 phosphorylation has not been reported, it is well known
that shear stress can upregulate AMPK activity and inhibit EC
activation; therefore, it is possible that AMPK activation
induced by shear stress phosphorylates Kir2.1 S10 and
activates its activity. In addition, it is well known that the
activation of AMPK restores cellular energy balance by
switching on catabolic pathways and switching off anabolic
pathways and inhibits cholesterol content in the cellular
membrane. Consequently, the interplay between shear
stress–induced AMPK activation and cholesterol loading
may be important to determine the activity of Kir2.1.

S-Nitrosocyteine (TTC76VDIRW)
NO can selectively modify catalytically active protein cysteine
residues to form S-nitrosocysteine, and this cysteine
S-nitrosylation can regulate protein function, localization,
and stability induced by the formation of S-nitrosoproteins
(protein S-nitrosothiols). S-nitosylation of Drp1, for example,
causes hyperactivation and excessive mitochondrial fission,
and the nitrosylation mutant of Drp1 (C644A) significantly
downregulates amyloid b–mediated mitochondrial fission and
apoptosis. In the current study, Fancher et al found that shear
stress can increase Kir2.1 activation, and it is well known that
shear stress increases NO production; therefore, it is possible
that Kir2.1 C76 S-nitrosylation is upregulated by shear stress.
In fact, Hoffmann et al18 and Huang et al19 reported that
shear stress increases S-nitrosylation in various molecules
such as caspase 3, p21ras, and thioredoxin.

Cholesterol-Rich Lipid Raft and Myristoylated
Akt
In the previous section we discussed the possible role of
Kir2.1 co- or posttranslational modification in regulating its
function. In the current study, the negative role of cholesterol
loading in Kir2.1 function was suggested, but the molecular
mechanism of this inhibition remains unclear. Cholesterol is
not only a critical component of biological membranes but
also an important component of the detergent-resistant
microdomain of the plasma membrane called lipid rafts.
Caveolae, which have been suggested as playing a
mechanosensing role, are lipid raft structures that are
specialized by containing caveolin proteins. Adam et al
reported the functional role of lipid rafts in regulating Akt
activation (Figure 2).20 They showed that myristoylated Akt1,

Figure 2. Scheme showing Akt (protein kinase B) activation in nonlipid and lipid rafts.20 Blue indicates
cholesterol.
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which is the constitutively active form of Akt, is expressed
mainly in the lipid raft fraction compared with wild-type Akt;
the activated Akt in the lipid raft is attenuated by membrane
cholesterol depletion, and cholesterol repletion restored this
Akt activation. Interestingly, the authors proposed that the
translocation of Akt to the cholesterol-rich lipid raft from the
nonraft compartment is the key event for Akt to be fully
activated. It is well known that myristoylation makes Akt
localized to the cell membrane, leading to full activation by
constitutive phosphorylation of threonine 308 and serine 473
of Akt. Adam et al proposed that not only the process of
myristoylation but also the localization of Akt in the
cholesterol-rich lipid raft is crucial for fully activating Akt.
Because Kir2.1 activation was also regulated by cholesterol
loading and depletion, as shown in the current study, it is
possible that both the posttranslational modifications and the
cholesterol-rich lipid raft localization of Kir2.1 may affect
Kir2.1 activation. Further investigation will be necessary.

Is Activation of Kir2.1 a Good Therapeutic
Target for Inhibiting Coronary Events?
Because overexpression of Kir2.1 can inhibit cholesterol
loading–induced EC dysfunction, it is reasonable to assume
that the activation of Kir2.1 can be a good target for inhibiting
coronary events; however, Kir2.1 V93I mutation on chromo-
some 17q24.3, which is a gain-of-function mutant, was
reported in familial ATFB9 (atrial fibrillation 9).21 Consequently,
systemic Kir2.1 activation may not be a good strategy. It will be
necessary to consider endothelial-specific approaches to
activate Kir2.1. In particular, the regulatory mechanism of
cholesterol loading–mediated inhibition of Kir2.1 function
remains unclear. Because attenuating the cholesterol load-
ing–mediated inhibition of Kir2.1 function may not overactivate
Kir2.1 function, even systemically, this may be a good strategy
to inhibit atherosclerosis. This strategy simply impairs the
hypercholesterolemia-induced attenuation of Kir2.1 function.
These issues support further investigation to determine the
functional role of posttranslational modifications of Kir2.1
under hypercholesterolemia and shear stress.

EC dysfunction and atherosclerosis are major risk factors
for cardiovascular diseases. The contribution of the impair-
ment of the K+ channel in hypercholesterolemia-induced EC
dysfunction has been suggested, but the exact mechanism
remains unclear. Fancher et al have nicely shown the crucial
role of Kir2.1 in cholesterol loading–induced EC dysfunction
and atherosclerosis formation both in vitro and in vivo.10 The
role of ion channels as part of mechanosensory pathways has
attracted substantial attention.22 These findings provide us
with a novel mechanism of hypercholesterolemia-induced
vascular dysfunction and support the importance of endothe-
lial Kir2.1 channels as a novel target for combating this

disease. The overactivation of Kir2.1 may cause atrial
fibrillation. Consequently, it will be crucial to determine how
Kir2.1 function is inhibited by cholesterol loading to further
explore Kir2.1 as a therapeutic target for suppressing
coronary disease.
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